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This fourth version of the Olkiluoto Site Report, produced by the OMTF (Olkiluoto Modelling Task
Force), updates the Olkiluoto Site Report 2008 (Posiva 2009) with the data and knowledge obtained up to
December 2010. A descriptive model of the site (the Site Descriptive Model, SDM), i.e. a model
describing the geological and hydrogeological structure of the site, properties of the bedrock and the
groundwater and its flow, and the associated interacting processes and mechanisms. The SDM is divided
into six parts: surface system, geology, rock mechanics, hydrogeology, hydrogeochemistry and transport
properties.
The main advances since Site Report 2008 are:















The geological model has been revised according to new data and interpretations.
The lithological and ductile deformation 2D and 3D models are better connected and integrated,
due to an increase in the number of data from drillholes, trenches and the ONKALO tunnel.
The conceptual understanding of the ductile deformation history is more advanced.
The alteration model has been revised and improved, showing more detailed rock volumes and
their correspondence with certain fault zones. In addition, the chemistry and mineralogy of the
altered rocks are better understood.
The concept of the brittle deformation history has been revised, with new kinematic data from
Olkiluoto and the surrounding area of Satakunta. Also, a deterministic model of brittle fault zones
has been developed, based on new data, especially in the eastern area. The incorporation of new
high-resolution reflection seismic data in the model has been helpful in this regard.
The geological DFN model has been updated. This revision makes use of considerably more
ONKALO mapping data, but the revision is also driven by modifications to features, such as the
fracture domains etc.
A revised stress model has been developed via semi-integration data analysis and numerical stress
simulations.
The thermal property model includes new data on the rock’s in situ temperature, the temperature
gradient, the heat flow density and the radiogenic heat production of the rocks.
A new version (v2) of the rock mechanics model has been developed, which includes rock
mechanics and thermal property data. The continuing POSE experiment has provided further data
on spalling mechanisms.
A revised HZ model has been developed that focuses on being consistent with the BFZ model,
although the new model is essentially consistent with the HZ models presented in earlier Site
Reports.
A revised Hydro-DFN model has been developed that considers the updated HZ model and the
fracture domains of the updated geological DFN model. The model revisions are not driven
primarily by new data, but have resulted from a revision in the methodology.
Revised Littorina simulations have been carried out, motivated by the updated salinity model and
also adapted to the local conditions seen in the monitoring drillholes.
Blast-induced fracturing is likely to occur, whatever form of drill and blast method is employed in
the underground excavation work, and that some of these fractures may be water-conducting.
However, the GPR data also suggest that this blast-induced fracturing does not form a continuous,
connected network over larger distances along a tunnel – even in the floor of a tunnel where the
EDZ is best developed.








There has been an improvement in the understanding of groundwater compositions in 3D and
under poorly-transmissive conditions. The first palaeohydrogeological model has been
developed, which integrates chemical and isotopic data of fracture groundwaters, matrix pore
waters and fracture minerals together with groundwater flow dynamics. However, the model
includes uncertainties in time frames of separate episodes, which result from the differences in
approaches to interpret various data.
New information on dissolved sulphide has been compiled from recent monitoring data.
Occasional high sulphide concentrations in groundwater seem to result from short-term mixing
of SO4-rich and CH4-rich groundwaters caused by investigation/construction activities and the
contents tend to disappear after hydrogeological conditions are stabilised. The new data also
suggest that in microbial SO4 reduction the use of CH4 as an energy source is very limited.
Detailed fracture mineral studies support the long-term stability of the hydrogeochemical
system against the chemical activity of surface water infiltrations. A strong buffering capacity
is also indicated by the results of the Infiltration Experiment.
A revision of the flow-related parts of the transport model has been developed, based on the
updated Hydro-DFN model. Matrix properties have been revised based on updated porosity
data.

There is a high level of confidence in key aspects of the current Olkiluoto SDM. The main reason for
this confidence is the relative wealth of data from the central area and the consistency between
independent data from different disciplines. There is, however, less confidence in some aspects of the
SDM. This lack of confidence is handled by providing wide uncertainty ranges and bounding
estimates, or by the development of alternative models. Most, but not all, of the low confidence aspects
are judged to be of relatively limited importance for long-term safety. More specifically, a preliminary
assessment of site suitability against the Suitability Factors according to Guide STUK-YVL D.5 (§406)
and against the Factors indicating unsuitability, according to Guide STUK-YVL D.5 (§410), has been
undertaken. It is found that the site fulfils all these factors. The key remaining issues concern the
following matters:







If areas outside the central area are to be used for repository development, more surface-based
drillholes may be needed in these volumes of rock in order to more firmly establish the location
of the large BFZs. However, it is possible to assess the general suitability of these volumes
based on current knowledge.
Further advancing the understanding of the rock stress and rock strength regime for stability
estimations at relevant repository depths. However, the uncertainty is much reduced compared
with SR2008. Since SR2008 new stress data have been obtained, including convergence
measurements, overcoring stress measurements with the new LVDT cell, hydraulic fracturing
data, core disking observations, borehole breakout observations and observations from the
ONKALO tunnels.
Further advancing the hydrogeochemical understanding of the processes affecting the life-time
of dissolved sulphide and the relationship between groundwaters and matrix pore waters.
Further advancing the understanding of detailed-scale migration properties, including sitespecific data on matrix properties. However, it is already judged possible to provide bounding
estimates of the retention capability of the rock.
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Olkiluodon loppusijoituspaikan kuvaus 2011 on paikankuvauksen neljäs versio. Se on OMTF-ryhmän
(Olkiluoto Modelling Task Force) tuottama, ja se on Olkiluodon paikankuvausraportin 2008 (Posiva 2009)
päivitys sen tiedon perusteella, joka on kerätty vuoden 2010 loppuun mennessä. Loppusijoituspaikan malli
on kuvaus paikan geologisesta ja hydrogeologisesta rakenteesta, geosfäärin ominaisuuksista, pohjavedestä
ja sen virtauksesta ja näissä vaikuttavista mekanismeista ja prosesseista. Paikankuvaus on jaettu kuuteen
osaan:
pintasysteemi,
geologia,
kalliomekaniikka,
hydrogeologia,
hydrogeokemia
ja
kulkeutumisominaisuudet.
Tämän paikankuvauksen tärkeimmät edistysaskeleet vuonna 2008 tehtyyn versioon nähden ovat:















Geologinen malli on päivitetty uuden kartoitusaineiston ja tulkintojen perusteella.
Litologian ja duktiilin deformaation 2D- ja 3D-kuvaukset on esitetty yhtenäisemmin pääasiassa
lisääntyneen kairareikä-, pinta- ja tunneliaineiston avulla.
Käsitys duktiilin deformaation historian konseptista on edistynyt, minkä vuoksi mallin kuvaaminen
on kehittynyt.
Muuttuneisuuden kuvausta on kehitetty ja ilmiöt esitetään yksityiskohtaisemmin. Lisäksi
muuttuneiden kivien kemia ja mineralogia tunnetaan aikaisempaa paremmin.
Hauraan deformaation konseptuaalinen malli on uudistettu Olkiluodosta ja lähialueilta kerätyn
aineiston avulla. Vastaavasti hauraan deformaation 3D-kuvaus on päivitetty uuden aineiston
perusteella varsinkin Olkiluodon itäisen alueen osalta. Tätä on edistänyt uusi korkean erotuskyvyn
heijastusseisminen (HIRE) aineisto.
Geologinen rakoverkkomalli (Geo-DFN) on päivitetty, ja päivityksen tukena on huomattava määrä
tunnelista kerättyä aineistoa. Mallin perusteet on uusittu mm. rakoilutilavuuksien osalta.
Uudistettu jännitystilamalli on kehitetty data-analyysin ja numeeristen simulaatioiden osittaisella
yhdistämisellä.
Termisten ominaisuuksien mallinnukseen on lisätty uutta aineistoa kallioperän in situ lämpötiloista, lämpögradienteista, lämpövuosta ja kivien radiogeenisestä lämmöntuotosta.
Raportissa esitetään kalliomekaanisen mallin versio 2, joka sisältää viimeisimmät kalliomekaaniset
ja termiset aineistot. Edelleen käynnissä oleva POSE-koe on tuottanut lisäaineistoa
hilseilymekanismien kuvaamiseen.
Olkiluodon hydrogeologisen rakenteen kuvaus tutkimuspaikan mittakaavassa on aikaisempaa
paremmin sopusoinnussa hauraan deformaation mallin kanssa.
Hydrogeologinen rakoverkkomalli (Hydro-DFN) on päivitetty ottaen huomioon päivitetty
hydrogeologinen rakennemalli ja uusi geologinen rakoverkkomalli. Myös mallinnuksen
metodologiaa on kehitetty.
Päivitettyä suolaisuusmallia varten on tehty uusia paikallisiin oloihin ja mm. kairareikähavaintoihin
sovitettuja menneen aikakehityksen simulointeja.
Louhinnan aiheuttamaan rakoilua (EDZ) todennäköisesti esiintyy aina, kun käytetään porausräjäytysmenetelmää. Osa aiheutuneesta rakoilusta voi olla vettäjohtavaa. Maatutka-aineisto osoittaa
kuitenkin, että räjäytysten aiheuttama rakoilu ei muodosta laaja-alaista jatkuvaa rakoverkkoa edes
tunnelin lattiassa, jossa EDZ:n syntyminen on selkeintä.








Pohjavesikemian 3D-vaihtelu heikosti vettäjohtavissa olosuhteissa ymmärretään aikaisempaa
paremmin, ja uusi vesikemian datan, isotooppiaineistot, huokosvedet, rakomineralogian ja
pohjaveden liikkeet yhdistävä paleohydrogeologinen malli on kehitetty. Mallissa on kuitenkin
eri aineistojen tulkintaeroista johtuvia epävarmuuksia.
Uudesta monitorointiaineistosta on koottu tietoa liuenneesta sulfidista. Pohjavedessä ajoittain
havaitut suuret sulfidipitoisuudet vaikuttavat olevan seurausta tutkimus- ja rakennustoiminnan
aiheuttamasta lyhytaikaisesta SO4- ja CH4-pitoisten vesien sekoittumisesta. Pitoisuudet
näyttävät tasoittuvan, kun olosuhteet stabiloituvat. Uuden aineiston perusteella voidaan myös
olettaa, että mikrobien aiheuttama sulfaatin pelkistyminen metaani energialähteenään on hyvin
vähäistä.
Yksityiskohtaiset rakomineralogian tutkimukset vahvistavat käsitystä hydrogeokemiallisen
systeemin stabiilisuudesta suotautuvien pintavesien kemiallista aktiivisuutta vastaan.
Suotautumiskokeen tulokset kertovat voimakkaasta puskurikapasiteetista.
Kulkeutumismallinnuksen pohjaveden virtaukseen liittyvät osat on uudistettu päivitettyyn
Hydro-DFN-malliin
perustuen.
Matriisin
ominaisuudet
on
päivitetty
uuden
huokoisuusaineiston avulla.

Olkiluodon paikankuvauksen todetaan erittäin luotettavaksi olennaisten asioiden osalta.
Luotettavuuden tärkein peruste on johdonmukaisen kuvan antava suuri, poikkitieteellinen ja keskenään
riippumaton aineisto etenkin tutkimuspaikan keskeiseltä alueelta. Paikankuvauksessa on kuitenkin
myös epäluotettavuutta joidenkin asiakokonaisuuksien osalta. Näitä käsitellään epävarmuustarkastelun
ja vaihtoehtoisten tulkintojen avulla. Paikankuvauksen vähemmän luotettavat osat ovat pääsääntöisesti
sellaisia, jotka eivät vaikuta pitkäaikaisturvallisuuteen. Loppusijoituspaikan soveltuvuutta on
alustavasti arvioitu Säteilyturvakeskuksen ohjeen YVL D.5 perusteella käsittelemällä soveltuvuutta
puoltavia (§406) ja sitä vastaan olevia tekijöitä (§410). Olkiluodon voidaan osoittaa täyttävät
loppusijoituspaikalle asetetut vaatimukset. Tärkeimmät jäljellä olevat kysymykset koskevat seuraavia
seikkoja:







Jos Olkiluodon keskeisen alueen ympärillä olevia alueita päätetään käyttää
loppusijoituslaitoksen tarpeisiin, saatetaan tarvita lisää maanpinnalta tehtäviä
tutkimuskairauksia rakennemallien tarkentamiseen. Nykyisellä tiedolla voidaan kuitenkin
arvioida kalliotilavuuksien soveltuvuutta yleisellä tasolla.
Jännitystilasta ja kiven mekaanisista ominaisuuksista tarvitaan laajempi ymmärrys kallion
stabiilisuuden arvioimiseksi loppusijoitussyvyydellä. Epävarmuudet ovat kuitenkin jo selvästi
vähentyneet verrattuna vuoden 2008 paikankuvaukseen, koska viimeisinä vuosina on saatu
lisää aineistoa jännitystilasta konvergenssimittauksilla, uudella LVDT-irtikairausmenetelmällä,
hydraulisella murtamisella, kairanäytteiden ja kairareikien jännitystilavaurioitumishavainnoilla
sekä tunnelihavainnoilla.
Lisäselvityksiä tarvitaan liuenneen sulfidin viipymään vaikuttavista prosesseista ja rakovesien
ja huokosvesien välisestä suhteesta.
Pienen mittakaavan kulkeutumisominaisuuksien ymmärtämiseksi tarvitaan lisäselvityksiä, joita
varten kerätään Olkiluoto-kohtaista tietoa kalliomatriisin ominaisuuksista. Kallion
pidätysominaisuuksille on kuitenkin esitettävissä raja-arvioita.
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PREFACE
This Olkiluoto Site Report 2011 has been produced by the OMTF (Olkiluoto Modelling
Task Force) and covers the subject areas of: the surface system, geology, rock
mechanics, hydrogeology, hydrogeochemistry and transport properties. The outline and
general content of the report have been developed by the OMTF Core Group and
discussed at its meetings. Several authors have contributed to the text, according to the
following list:
Overall structure, confidence assessment and integrated site description: Johan
Andersson, (JA Streamflow AB).
Compilation of data: Pauliina Aalto (Posiva Oy), Ismo Aaltonen (Posiva Oy), Susanna
Aro (Posiva Oy), Mari Lahti (Posiva Oy), Mia Ylä-Mella (Posiva Oy).
Surface system: Jani Helin (Posiva Oy), Tuomo Karvonen (Helsinki University of
Technology), Ari Ikonen (Posiva Oy), Reija Haapanen (Haapanen Forest Consulting),
Anne-Maj Lahdenperä (Pöyry Environment Oy), Teija Kirkkala (Pyhäjärvi Instituutti).
Geology: Ismo Aaltonen (Posiva Oy), Jussi Mattila (Geological Survey of Finland),
Seppo Paulamäki (Geological Survey of Finland), Markku Paananen (Geological
Survey of Finland), Seppo Gehör (Kivitieto Oy), Aulis Kärki (Kivitieto Oy), Kai Front
(VTT), Aaron Fox (Golder Associates AB), Kimmo Kemppainen (Posiva Oy) and
Nicklas Nordbäck (Geological Survey of Finland).
Rock Mechanics: John A. Hudson (Rock Engineering Consultants, UK), Erik Johansson
(Saanio & Riekkola Oy), Matti Hakala (KMS Hakala Oy), Jonny Sjöberg (Vattenfall
AB), Pauli Syrjänen (WSP Gridpoint at WSP Finland Oy), Harri Kuula (WSP Finland
Oy) and Kimmo Kemppainen (Posiva Oy).
Hydrogeology: Lasse Koskinen (Posiva Oy), Henry Ahokas (Pöyry Environment Oy),
Tiina Vaittinen (Pöyry Environment Oy), Lee Hartley (Serco), Jari Löfman (VTT),
Ferenc Mészáros (The Relief Laboratory).
Hydrogeochemistry: Petteri Pitkänen (Posiva Oy), Lasse Koskinen (Posiva Oy), Sami
Partamies (VTT), Ville Pietilänen (VTT), Paolo Trinchero (Amphos 21), Jorge
Molinero (Amphos 21), Karsten Pedersen (Microbial Analytics Sweden AB), Malin
Bomberg (VTT), Merja Itävaara (VTT), Elina Sahlstedt (University of Helsinki),
Florian Eichinger (University of Bern), H. Nick Waber (University of Bern) and John
A.T. Smellie (Conterra AB).
Transport properties: Antti Poteri (VTT) and Ismo Aaltonen (Posiva Oy).
In addition, Tim McEwen, (McEwen Consulting, UK), has edited the report, both in
terms of identifying and correcting mistakes and improving the English. This has been a
major task. The contribution of the Safety Assessment group representative on the
OMTF, Pirjo Hellä (Saanio & Riekkola), is also gratefully acknowledged. The report
has been reviewed by Paul Degnan (IAEA), Mike Thorne (Mike Thorne and Associates
Limited), Andreas Gautschi (Nagra) and Joe Pearson (FJ Pearson Groundwater
Geochemistry).
Johan Andersson (Chairman of the OMTF).
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1

INTRODUCTION

This current Olkiluoto Site Description: Version 2011 is a description of the Olkiluoto
Site, in which knowledge from various scientific disciplines has been integrated to
produce a coherent picture. It represents a major part of the input from the technical and
scientific activities that support Posiva’s safety case and is based on the data available
up to about September 2010, i.e. when the excavation of the ONKALO facility had
reached a tunnel length of approximately 4500 m, 420 m below the surface. Monitoring
data obtained at a later date are, however, sometimes considered, if appropriate. This
Site Description supplements Olkiluoto Site Description 2008 (Posiva 2009), which is
referred to as SR2008, and previous versions of Olkiluoto Site Descriptions, which are
referred to respectively as SR2004 (Posiva 2005) and SR2006 (Andersson et al. 2007).
1.1

Background

Posiva is the nuclear waste management organisation in Finland and is responsible for
research into the final disposal of spent nuclear fuel and for the construction, operation
and eventual backfilling and closure of the final disposal facility. In 2001 the Parliament
ratified the Government’s favourable Decision in Principle (DiP) on Posiva’s
application to locate the repository at Olkiluoto, where spent fuel from the Finnish
nuclear power reactors is planned to be disposed of in a KBS-3 type repository, to be
constructed at a depth of between 400 and 600 m in the crystalline bedrock.
In line with the guidelines given by the Ministry of Trade and Industry (KTM, now the
Ministry of Employment and Economy, TEM), Posiva aims to submit an application for
a construction licence for the disposal facility by the end of 2012. The current plans and
activities for attaining this goal are described in Posiva’s Programme for Research,
Technical Design and Development (RTD for 2010–2012 (TKS-2009, Posiva 2009b)).
Regarding the rock, an important part of this programme is the continued construction
of the underground rock characterisation facility, the ONKALO, which started in
autumn 2004, as well as further surface-based characterisation of Olkiluoto Island.
Olkiluoto is a large island (~10 km2) on the Baltic Sea coast and separated from the
mainland by a narrow strait. The Olkiluoto nuclear power plant, with two reactors in
operation, a third under construction and a fourth at the planning stage, as well as the
VLJ repository for low and intermediate waste, are all located in the western part of the
island. It is intended that the repository for spent fuel will be constructed in the central
and eastern part of the island (Figure 1-1).
A site characterisation programme at Olkiluoto has been taking place for over 20 years
by means of ground- and air-based methods, from shallow and deep (300 – 1000 m)
drillholes and from the ONKALO; and there is an ever increasing level of confidence in
the Olkiluoto Site Description. Complementary site investigations are still being carried
out, both from the surface and from the ONKALO. A monitoring programme at
Olkiluoto has been established to monitor the effects of the construction of the
ONKALO, by measuring the impact of this construction in terms of rock mechanics,
hydrogeology, hydrogeochemistry, environmental impact and the presence of foreign
materials underground. Both surface-based drillholes and drillholes from the ONKALO
are monitored and the results are reported annually by each discipline.
When completed, the underground parts of the ONKALO will consist of a system of
exploratory tunnels accessed by an access tunnel and shafts. The main characterisation
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level is located at a depth of about 420 m. Demonstrations and tests of repository
technologies are mainly carried out at the main characterisation level, but
characterisation of the rock mass has already taken place during the excavation, using
pilot holes drilled along parts of the tunnel axis, prior to its excavation, by tunnel
mapping and by monitoring the impact of construction, and in special investigation
niches, as outlined in the programme for Research, Technical Design and Development
(RTD) in report TKS-2009 (Posiva 2009b). Surface-based investigations, including the
drilling of additional deep drillholes and the excavation of further investigation
trenches, are also taking place, mainly in the eastern part of the Island.

Figure 1-1. Deep drillholes at Olkiluoto. The size of the grid squares is 500 x 500 m.
The ONKALO, as well as other characterisation activities at Olkiluoto, produces a
substantial number of data. These data need to be incorporated into models of the site to
be used as input, both for the further construction of the ONKALO and for use in
subsequent safety analyses and licence applications.
The Olkiluoto Modelling Task Force (OMTF) has been established for integrating the
results of the investigations and for undertaking the modelling work of the various
disciplines. The main duty of the OMTF is to develop Site Descriptive Models (SDMs)
of the Olkiluoto site, as well as predicting and evaluating the disturbance created by the
construction of the ONKALO access tunnel and the characterisation tunnels. The
resulting (geo)syntheses are reported in a series of Site Reports. The Olkiluoto Site
Description 2004 (Posiva 2005) was the first such synthesis, followed by Olkiluoto Site
Description 2006 (Andersson et al. 2007) and Olkiluoto Site Description 2008 (Posiva
2009). However, investigations have been taking place at Olkiluoto for many years and
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several site syntheses were compiled before construction of the ONKALO commenced,
including Anttila et al. (1999) and the Baseline report (Posiva 2003a).
TKS-2009 (Posiva 2009b) states that site modelling will continue during the TKS-2009
programme period (2010-2012), so that the required supporting information for the
safety case is produced well in advance of submitting the application for the
construction licence for a disposal facility. In practice, this means that the next Site
Model will be prepared in such a manner that the information contained in it can be
taken into account in the compilation of the safety case.
Furthermore, to support the licence application, conclusions regarding the suitability of
the site for disposal purposes and on the performance of the host rock as a natural
barrier need to be presented. It is proposed that these will be addressed mainly in the
RSC (Rock Suitability Classification) report (McEwen et al. 2012, in prep.), However,
as the Site Description summarises the geoscientific understanding of the site,
preliminary conclusions regarding the site’s suitability, based on the current site
properties and its past evolution, are also presented in this report. The Performance
Assessment report (Posiva 2012c) will specifically address the fulfilment of the
requirements set for host rock under different time frames and with reference to the
most likely evolution of the repository and the site.
In the conclusions of the previous Site Description some development needs were
identified. These have been further assessed and expanded in TKS-2009 and are
presented in Section 1.3 as specific objectives for the current Site Description.
1.2

Role of the Site Description Report in the safety case

The demonstration of long-term safety supporting the licence application, which is
planned for submission in 2012, is based on a safety case, which, according to the
internationally adopted definition, is a compilation of the evidence, analyses and
arguments that quantify and substantiate the safety and the level of expert confidence in
the safety of the planned repository. According to Posiva’s plan for producing a safety
case (Posiva 2008), the safety case will be based on several reports. The original
reporting plan has been modified based, in part, on the review comments by the
regulator. The portfolio of safety case reports comprises:


Synthesis



Design Basis



Description of the Disposal System



Features, Events and Processes



Performance Assessment



Formulation of Radionuclide Release Scenarios



Models and Data for the Repository System and Data Basis for the Biosphere
Assessment summarising the models and data that have been applied
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Analysis of radionuclide release scenarios is presented in two reports, namely:
Assessment of Radionuclide Release Scenarios for the Repository System, and
Biosphere Assessment; and



Complementary Considerations.

The Olkiluoto Site Description report is one of the main supporting documents to the
safety case portfolio reports and is to provide the geoscientific basis of the safety case.
The SDM presents a synthesis of the geoscientific understanding gained by the site
characterisation activities and the Site Description will thus provide key input to the
following safety case portfolio reports:
1. The Design Basis report (Posiva 2012e), which will describe the requirements
set for the different components of the repository system from a long-term safety
perspective. The report also discusses the basis of these requirements. The
development of the site-specific requirements for the host rock which affect the
repository layout and the selection of the locations for the deposition holes is
mainly carried out within the RSC programme (see below). This work naturally
relies on the results of the Site Description.
2. The Description of the Disposal System report (Posiva 2012d), which
summarises the initial state of the system. The input from the Site Description
includes the characteristics of the site and the impact of the construction on the
site properties. In order to describe the initial state of the host rock around the
repository and the deposition holes, the Site Description needs to be
complemented by information on the application of the RSC on the quality of
the excavation procedures and on the impact of the repository operation.
3. The Features Events and Processes report (Posiva 2012f) will summarise the
features, events and processes affecting the evolution of the disposal system,
including the site, and also radionuclide transport. The understanding of the
geosphere processes operating at the site is to great extent based on the
information given in the Site Description.
4. The Performance Assessment report (Posiva 2012c) presents the analysis of the
performance of the repository system under the most likely future evolution.
Also the conditions that may lead to incidental deviations from the performance
targets and target properties are identified and assessed. It aims at presenting the
evidence to support the performance requirements, as described in the Design
Basis report and the arguments used to demonstrate confidence in that the
overall safety function of containment will be met. The Site Description
provides the basis and the models to be used to assess the future conditions at
the site, and those around the repository in particular, which are required for
analysing the performance of the repository system and evaluating the fulfilment
of the geosphere-related target properties, as presented in regulatory Guide
STUK-YVL D.5.
5. Finally, the Models and Data for the Repository System report (Posiva 2013)
summarises and discusses the production, quality and uncertainties, as well as
the selection, of the key data and models to be used in the safety case, both for
the description of the site and for the evolution of the repository. Such
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information will support the formulation of scenarios and be used for analysing
the release and transport of the radionuclides and in assessing the doses.
According to regulatory Guide STUK-YVL D.5, safety functions for the barriers and
performance targets (referred to as target properties in the case of the host rock) for the
safety functions need to be defined. These will be presented in the Design Basis report.
Posiva has set up a special RSC programme to develop a process for identifying rock
volumes suitable for disposal purposes, as well as assessing the suitability of deposition
tunnel sections and deposition holes (Hellä et al. 2009, McEwen et al. 2012, in prep.).
The target properties for the host rock are developed within this programme in close
cooperation with the safety case project and will utilise the Site Description as a main
input.
The information needed for the safety case is discussed in more detail in Appendix A.
1.3

Objectives and scope

The objective of this fourth version of the Olkiluoto Site Description is to update
SR2008 with the data and knowledge obtained up to September 2010 and thereby
describe the present state and past evolution of the Olkiluoto site, such that it can
provide the necessary input to the safety case, as outlined in Section 1.2. The report also
assesses the uncertainties and confidence in the Site Description and addresses
developments in relation to the main issues identified in SR2008, with a focus on those
issues judged to be most important for the safety case. More specific objectives are
taken from TKS-2009 (Posiva 2009b), which lists the following updates and
developments required in Site Report 2011:


further development of detailed model descriptions of the eastern area of the
investigation site, based on the findings from the new holes drilled there during
the first half of 2010,



further development of both the geological and hydrogeological detailed-scale
fracture network models, on the basis of more extensive investigation data on
bedrock which is representative of the disposal conditions (i.e. below HZ20)
produced from the ONKALO,



extension of the material analysed for fracture network modelling to cover other
survey material, such as the fracture-filling minerals and their thicknesses and
the properties of the rock surrounding the bedrock fractures, in addition to
geometric and hydraulic conductivity properties,



provision of an update to the geological model of Olkiluoto version 2.0 to
version 2.1 and publication of it as part of the Site Model update,



production of a stress state model covering the entire investigation area,
extensively based on different stress state indicators and rock mechanical
properties of the rock types present at Olkiluoto and supported by the up-to-date
geological model, and



development of a more detailed description of hydrogeochemical processes
affecting, among other things, the sulphide concentration in groundwater, the
origin of methane and the distribution of groundwater salinity at a detailed scale
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(including a description of matrix pore water). Any further details regarding the
presence of saline water in the bedrock fractures at Olkiluoto, possibly produced
by the assessment of representative electric conductivity measurements initiated
in 2009, will also be taken into account.
However, it may also be noted that TKS-2009 foresaw production of a detailed model
description of the bedrock properties for use in assessing the suitability of the bedrock,
based on the RSC process. Such a model is being developed, but for practical reasons is
to be published separately and is thus not discussed in this report.
To support the licence application, conclusions on the suitability of the site for disposal
purposes and on the performance of the host rock as a natural barrier need to be
presented. It is planned that this should be addressed mainly in the RSC report
(McEwen et al. 2012, in prep.), however, as the Site Description summarises the
geoscientific understanding of the site, preliminary conclusions regarding the suitability
of the site, based on the current site properties and its past evolution, are presented. This
is of relevance with regard to Guide STUK-YVL D.5 (§406)) which states that the
following are required of the geological barrier:


stable and intact rock with low groundwater flow around disposal canisters



rock with low groundwater flow, reducing and otherwise favourable
groundwater chemistry and capacity of the rock to retard dissolved substances.

Further, in paragraph §410 of Guide STUK-YVL D.5, factors indicating the
unsuitability of a disposal site are said to include at least:


proximity of exploitable natural resources



abnormally high rock stresses with regard to the strength of the rock



predictable anomalously high seismic or tectonic activity



exceptionally adverse groundwater characteristics, such as lack of reducing
buffering capacity and high concentrations of substances which might impair the
safety functions.

The evolution of the host rock properties with time will be described in the Performance
Assessment (the most likely line of evolution and also the conditions that may lead to
incidental deviations from the performance targets and target properties are identified
and assessed) and the Formulation of Radionuclide Release Scenarios report (Posiva
2012a) (which also considers situations where there is a substantially reduced
performance of the safety functions due to unlikely events or processes impairing the
long-term safety). Combining the site information on groundwater flow characteristics,
geological structures, changes of hydraulic conductivity, groundwater chemistry and
stress/strength relationships with depth, and also information on the long-term evolution
of the site, the RSC programme will further classify the structures and develop ways of
locating the disposal tunnels and deposition holes, such that their suitability is
enhanced. The results will be reported in the RSC report (McEwen et al. 2012, in prep.).

17

1.4

Reviews

The Olkiluoto Site Description 2008 (Posiva 2009) was reviewed by experts outside
Posiva before its publication. Their comments were incorporated in the final version of
the report and have also been considered in planning the current report.
After publication, STUK's ONKALO Expert Group (SONEX) reviewed the report
(Mazurek (ed.) 2010) and made the following main comments:


Extensive with respect to the amount of information and its size - a major
achievement



Logical structure and well written



Major additions in hydrogeology (DFN modelling and first step towards modelling
RN transport)



Also includes in situ observations and predictive modelling from the ONKALO,
including perturbations due to its construction



The amount of information obtained from the ONKALO is still limited



There is adequate data density in the WCA (Well Characterised Area) but
insufficient in the east (this is acknowledged in the report).

In addition, several much more detailed comments on the different discipline chapters
were made on the report.
In 2011 STUK also presented a Review of the preliminary construction license
application documentation, which among other reports, also concerns Site Report 2008.
While it concludes that the site characterisation work done is extensive and in many
respects adequate it also states that the suitability of the site, and factors indicating
unsuitability were not considered or not sufficiently addressed.
The reviews have been a most valuable input to the planning of the current Site
Description. Most of the more detailed comments made are addressed in the different
discipline chapters. A special section in Chapter 10 is also devoted to assessing the
suitability of the site and considering factors indicating unsuitability.
1.5

Integrated modelling methodology

The OMTF consists of modelling teams covering the subjects of geology, rock
mechanics, hydrogeology and hydrogeochemistry. A Task Force Core Group, consisting
of representatives from the modelling teams, plus the Task Force Leader, has been
established. The Task Force Core Group meets regularly and frequently, plans the
modelling work, assesses progress and discusses all major findings, in order to ensure
that the information and hypotheses generated in one discipline are disseminated and are
compatible with those in the other disciplines. In addition, its task is to identify
integration requirements and consider other critical issues. Cross-discipline interactions
are ensured by regular and comprehensive information-sharing sessions, which are one
of the main themes of the OMTF meetings, and by holding cross-discipline workshops.
The production of regular Site Reports further enhances such integration.

18

An integrated modelling methodology has been developed. It is based on:


A common format for developing the modelling components that will make up an
overall SDM;



Cross-discipline workshops to ensure a common basis for modelling;



Prediction/outcome studies that conform to a common methodology and



Carrying out an overall confidence assessment.

Site Descriptive Model (SDM)
The main product of the modelling is a descriptive model of the site, i.e. a model
describing the geometry, properties of the bedrock and the water, and the interacting
processes and mechanisms that are relevant for understanding the evolution of the site
to the present day and the potential for future radionuclide migration. This SDM is,
therefore, distinct from the measured data themselves. Modelling involves interpreting
data, extrapolating or interpolating between measurement points and calibrating the
numerical models used to simulate the system against data, based on the various
assumptions inherent in the conceptual model(s) being employed. The SDM is divided
into the following disciplines: surface system, geology, rock mechanics, hydrogeology
and hydrogeochemistry. These disciplines are presented in individual chapters in this
Site Report.
Integration of understanding across scientific disciplines is enhanced by requiring the
presentation of information from each discipline to follow a pre-set outline, including


Presentation of the conceptual model



Evaluation of information (in terms of its sufficiency, quality, whether it is
representative etc.)



Assessment of interaction with other disciplines



Presentation of the descriptive modelling



Evaluation of uncertainties.

The process of undertaking prediction/outcome studies and the need to complete an
overall confidence assessment, also enhance integration.
Although the SDM should be an integrated description, encompassing all different
disciplines, it is a necessary and practical requirement to divide such a model into
different discipline-specific models. The following nomenclature is used in this regard.
Geological model: For convenience of description and handling, the geological model
has been subdivided into a series of subsidiary descriptions, covering lithology,
alteration, ductile deformation, brittle deformation and fracturing. This subdivision is
for the convenience of handling different types of data and should not be regarded as of
fundamental significance. For example, the deformation zone model and fracture system
model (DFN model) both represent the effects of brittle deformation at the site,
describing deterministic, large-scale features and stochastic, small-scale features,
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respectively. However, this is clearly an artificial subdivision, geologically, since these
features are closely related with regard to their mode of formation. Similarly, the
lithological model may have considerable significance for the distribution of fracturing
in space. The geological model does not contain any kind of description of the
hydrogeological features.
Rock mechanics model: The rock mechanics model consists of the geometrical,
mechanical and thermal descriptions of the rock mass. The geometrical description is
based on the bedrock geological model, as described above. The mechanical description
includes the in situ stress state and the deformation and strength properties of the intact
rock, the fractures, the rock mass between deformation zones and the deformation zones
themselves. The thermal description is based on the thermal properties of the intact
rock. The rock mechanics model also includes a description of the effects of excavation.
Hydrogeological model: This model consists of the hydrostructure model and the flow
model. The hydrostructure model is the geometrical distribution of the
hydrogeologically-significant features of the rock and the hydraulic properties of these
features. It is clearly closely related to the geometrical structure of the geological
bedrock model, but is not identical, and one of the modelling tasks is to describe its
relationship with the geological model There is a need to introduce hydrogeological
zones or to combine geological features into less complex hydraulic ones; nevertheless,
the geometries of the two models should naturally be closely related. Furthermore, the
rock mass between the distinct hydrogeological zones also contains more sparsely
connected transmissive fractures. These rock volumes are described, both in terms of a
hydrogeological discrete fracture network model, as well as by their average porous
medium properties. The groundwater simulation model, with its boundary conditions
and assigned hydraulic properties, is called the flow model.
The hydrogeochemical model consists of a description of the distribution of
groundwater composition and an assessment of the processes controlling the evolution
of the composition in time and space. The model is divided into two parts. The salinity
model describes the salinity distribution and its evolution, taking into account
interactions with the hydrogeological system, but without considering
hydrogeochemical reactions, because the salinity variation depends mainly on
conservative mixing (advection) of different source waters at Olkiluoto. This model,
thus, reflects some key aspects of the hydrostructure model. The water-rock interaction
model, describes hydrogeochemical and microbial interactions between water and rock,
which control the pH and redox conditions in the groundwaters. This model is also
integrated with the hydrogeological system, because the mixing of waters and/or the
diffusion of chemical species in different hydrogeochemical states activates stabilising
geochemical reactions. These are, however, described more in terms of interfacespecific reactions in the various hydrogeochemical transition zones.
Prediction/outcome studies
The adequacy of the site model is tested by making different kinds of predictions, A, B
and C as the tunnel work progresses:
Type A predictions only use the latest version of the overall Site Model.
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Type B predictions also use data that were not available at the time of producing
the Site Model, such as results from recently-completed tunnel mapping and pilot
holes.
Type C predictions occur after excavation and involve establishing whether the
modelling methods applied could indeed have predicted the known outcome by
judicious adjustment of input parameters.
Predictions concern both what will be encountered during construction of the
ONKALO, such as the lithology of the rock mass, deformation zone intersections and
the rock mechanics properties, and the disturbance caused by the construction, such as
drawdown and upconing.
The emphasis in this report is to compare existing A-predictions (i.e. made using Site
Model 2008) with more recent outcomes (pilot hole data, mapping or observed
disturbances) and address to what extent these affect the confidence in the Site Model.
Comparisons of B-predictions, based on pilot holes and findings made from tunnel
mapping after excavation, are also be made and presented in the report. However, a
more focused assessment of the implications of the ability to make detailed predictions
at the tunnel and deposition hole scale, using local data such as pilot holes are made and
reported as part of the RSC process.
Overall Confidence Assessment
The Site Descriptive Modelling is naturally associated with uncertainties and it is
necessary to assess the various types and levels of uncertainty in order to comment on
the resulting level of confidence in the modelling. Chapter 10 assesses the overall
consistency and confidence in Site Model 2011. It focuses on discussing the main issues
of importance that are judged still to require further attention. A more formal audit of
aspects of uncertainty, the handling of data, the need for alternative interpretations of
the data, interdisciplinary consistency and changes since Site Model 2008 is also
presented.
1.1

Quality Assurance

As further described in Posiva’s updated safety case plan (Posiva 2008), Posiva applies
a management system based on the ISO 9001:2000 standard for all activities, including
the production of the safety case reports, and requires the pursuit of the same quality
assurance principles from all its contractors and suppliers. The system was first
launched in 1997 and has later been subject to continuous maintenance, updating and
several internal and external audits.
The purpose of Posiva's management system is to ensure, in a documented and traceable
way, that Posiva's products - whether they abstract knowledge and information, are
published reports or physical objects - fulfil the requirements set for them. The general
quality objectives, requirements and instructions defined in Posiva's management
system will also in the future form the foundation of the quality management for safety
case activities. However, special attention will be paid to the management of the
processes that are applied to produce the safety case and its basis. The purpose of the
enhanced process control is to offer full traceability and transparency of the data,
assumptions, modelling and calculations.
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Whilst the approach is based on the ISO 9001:2000 principle “management by
processes”, the principle of a graded approach, as proposed in the safety guides for
nuclear facilities, is also pursued in the production of the safety case. The graded
approach means that the primary emphasis in the quality control and assurance of safety
case activities is placed on those parts of the assessment that have a direct bearing on
the arguments and conclusions on the long-term safety of disposal, whereas standard
quality measures may be applied in the supporting work.
The Models and Data for the Repository System report (Posiva 2013) will act as an
interface between the safety case activities and the principal supporting activities. The
information included in the Models and Data for the Repository System report is
selected on the basis of its safety relevance: the engineered barrier system (EBS) and
site data that directly provide the input to the safety case are discussed in these reports,
whilst more details can be found in the supporting background reports, such as in this
Site Description and the design reports for the EBS. The quality of this Site Description
is mainly ensured by adherence to rigorous Quality Management principles as well as
the application of scientific principles, whereas the methods of quality control for the
design of the engineered barriers and their implementation depend on the nature of the
materials and the technologies in question. The Models and Data for the Repository
System report captures the most significant information related to safety, the quality of
which is of primary importance for confidence in long-term safety. To support the
compilation of the Models and Data for the Repository System report, the quality
measures applied during the production of the site data need to be described in the Site
Description and its supporting documents. Furthermore, the Site Description supports
the Models and Data for the Repository System report by discussing the available data,
the different data processing and interpretation steps, the representativity of the data, the
uncertainties and potential limitations related to the data, as well as the conceptual
models and the assumptions used.
As noted above, the quality management of the site investigations and the processing of
the primary measurement and observations data is based on ISO 9000:2000 and is
covered by Posiva’s management system. The system also applies to the subsequent
modelling and interpretation activities regarding the responsibilities of the suppliers, the
supplier audits, the application of computer codes, the use of datasets, and the
documentation and product control. The quality achieved also relies, however, on the
application of scientific principles, such as the critical use of data and information, an
open publication policy, the repeatability of the experiments and the traceability of the
information used. In particular, the Olkiluoto Site Descriptions are subject to an expert
review before publishing. The outcome of the review is documented, together with the
responses taken on the basis of the comments.
1.2

This report

The essential elements of this report have been set out in the previous section and
Figure 1-2 shows, in diagrammatic form, the relationships between the chapters and the
data flows.
Chapter 2 provides a brief overview of the data used for producing the Site Description.
Chapters 3 to 8 present the descriptive modelling, which involves interpreting data,
interpolating or extrapolating between measurement points and calibrating the model
against data, based on the various assumptions made about each conceptual model. For
practical reasons, the SDM is divided into the various disciplines: surface system,
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geology, rock mechanics, hydrogeology hydrogeochemistry and transport properties,
which are presented in separate chapters. Chapter 9 presents the results of the
prediction/outcome studies performed during 2010 and Chapter 10 the overall
consistency and confidence assessment. The overall conclusions, together with a site
synthesis, are provided in Chapter 11. Chapter 12 presents the overall achievements of
the work and provides some concluding remarks.
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Chapter 1: Introduction
-- Objectives and scope of Site Report
-- Presentation of components of integrated
modelling methodology

Chapter 2: Applied Investigation Data
-- Presents site investigation data (surfacebased and from the ONKALO)
-- Explanation as to why data were collected
and how they have been used
-- (Data on surface conditions presented in
Chapter 3)

Chapter 3: Surface Conditions
-- Climate and meteorology
-- Ecosystems and land-use
-- Overburden
-- Interaction with other disciplines

Chapter 4: Bedrock Geology
-- Objectives and approaches to the geological
model
-- Geological data evaluation
-- Regional geological setting and bedrock
evolution
-- Site-specific evolution

Chapter 5: Rock Mechanics
-- Objectives and approaches to the rock
mechanics model(s)
-- Rock mechanics data evaluation
-- Interaction with other disciplines
-- Evaluation of uncertainties

Use of data for the SDM
-- Data input to model development (Chapters 4
to 7) and Transport properties (Chapter 8)
-- Data used as input to P-O studies (Chapter 9)
-- Related to main issues of Site Model and
Uncertainty Audit (Chapter 11)
-- Related to Overall Evaluation and input to
further characterisation (Chapter 12)

Geological Site Model
Five elements to model:
-- Lithological model
-- Alteration model
-- Ductile deformation model
-- Brittle deformation model
-- Stochastic fracture model

Chapter 6: Hydrogeology
-- Objectives of hydrogeological modelling
-- Hydrogeological data and information
-- Site scale groundwater flow model
-- DFN modelling
-- Consistency with other disciplines

Chapter 8: Transport properties
Chapter 7: Hydrogeochemistry
-- Objectives of hydrogeochemical modelling
-- Interpretation of hydrogeochemical
information
-- Hydrogeochemical modelling

Input from Chapter 2 to

Chapter 10: Overall consistency and
confidence assessment
-- Main issues concerning the 2008 Site
Model
-- Data support, confidence and uncertainty
in SDM input to the safety case

-- Objectives and applied approaches
-- Data evaluation
-- Transport model
-- Interaction with other disciplines

Chapter 9: Prediction of properties in
the ONKALO and impact of construction
-- Geology (the five elements of the model)
-- Rock mechanics
-- Hydrogeological impacts
-- Hydrogeochemistry
-- EDZ

Chapter 11: Site synthesis
Chapter 12: Concluding remarks

Figure 1-2. Structure of Olkiluoto Site Description 2011 showing the relationships
between chapters and the data flows.
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2

APPLIED INVESTIGATION DATA

This chapter provides a brief overview of the data collected since Site Report 2008
(SR2008) (Posiva 2009). The aim of this chapter is to provide traceable references to
the sources of the new data collected, not to present the data themselves.
2.1

Overview of investigations

Site investigations at Olkiluoto commenced in the late 1980s. An extensive drilling
programme with related drillhole investigations, including hydrogeological,
geophysical, hydrogeochemical and rock mechanical studies, has been carried out in the
central part of Olkiluoto Island and the results have been used in the development of
site-scale models for each of the various disciplines. The central part of the Island, now
referred as the central area1, where the ONKALO and most of the drillholes are located
(Figure 2-1), is already well known and the models concerning that part of the Island are
considered reliable.

Central area
Eastern area

Figure 2-1. Investigation site at Olkiluoto. The central area is defined as lying inside
the red rectangle and the eastern area defined as lying inside the black rectangle. The
central area has also been referred to as the Well Characterised Area (WCA) in
previous reports.
The geology of eastern part of the Island (Figure 2-1), referred as the eastern area,
which is needed for the proposed extension of the repository to the east, is less well
known and the surface-based investigations have mainly focused on this area. The
eastern part of the Island is now included within both the geological and the
1

This was previously referred to as the Well Characterised Area (WCA).
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hydrogeological models, but the levels of the uncertainty associated with this part of the
Island are larger than in the central area. The first results from the groundwater
chemistry programme have now been obtained from the eastern area.
SR2008 (Posiva 2009) noted the requirements for data for future modelling studies,
with many of data requirements stemming directly from the uncertainty assessments of
the different models. Some of the open issues noted by the OMTF modelling team are
related to considerations of the long-term safety of the final disposal facility, and the
majority of these long-term safety issues are considered when planning the site
investigations. In addition, the direct needs of the safety assessment group (e.g. colloid
studies of groundwater, investigations of low transmissive fractures, etc.) are also
driving the site investigation programme.
The key remaining issues listed in SR2008 concerned:


Characterising the eastern area, such that the level of understanding will be
comparable with that of the central area



Further advancing the rock stress and rock strength regime for stability estimations
at relevant repository depths.



Further advancing the hydrogeochemical understanding of processes of importance
for long-term safety, e.g. processes affecting sulphide content, origin of methane
and redox.



Further advancing the understanding of detailed-scale migration properties,
including site-specific data on matrix properties.

The third driving force of the site investigations is the layout planning for the ONKALO
and the final repository. The design of these two facilities requires detailed information
on the layout-determining structures from the ONKALO area and especially on the area
to the east of the central area (defined in Figure 2-2), which is the possible direction of
extension of the final repository. These requirements have influenced the planning of
the surface-based investigations and especially the deep drilling programme.
Monitoring the changes caused by the construction of the ONKALO has continued,
with some minor modifications to the plans presented in the monitoring report (Posiva
2003). The monitoring programme provides valuable information for site modelling and
model calibration, although to date only minor changes, most of which are believed to
be reversible, have been seen within the different disciplines. In some cases the
monitoring programme also provides input to issues that should be investigated at a
later date during more detailed site investigations.
The following chapters summarise the site investigation activities over the period 20082010 at and from the surface and also in the ONKALO. Many of the requirements listed
above have been taken into account in the planning the investigations and in their
execution; nevertheless, some of the issues are still open and have not yet been
successfully resolved. The majority of such issues, for example sulphate reduction,
spalling and the retention properties of the rock, are under investigations in the
ONKALO at a depth of 300 - 400 m. Also investigations in the eastern area are
continuing slowly and the amount of site information will still increase over the period
2010-2012.
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2.2

Biosphere data

Table 2-1 summarises the significant new site data collected between 2008 and the end
of the summer 2010, including continuously-measured time series started before 2008.
The data are divided between those used in developing a description of the surface
system in Chapter 3 and those used to develop an overall understanding of the site, but
not used directly in SR2011. For the purposes of the biosphere description (Haapanen et
al. 2009) many data not directly related to Olkiluoto, e.g. selected analogues of future
expected ecosystems at Olkiluoto, are gathered through field work, from literature
surveys and the from utilisation of datasets produced for other purposes. These other
data, including ones presented in Table 2-1, are presented in the Biosphere Description
2009 report (Haapanen et al. 2009 Chapter 12.1), which also presents recommendations
for new studies, with the aim of obtaining a better characterisation of the biosphere in
the future (Haapanen et al. 2009 Chapter 13).
Table 2-1. Biosphere data collected in the period 2008-2010. These are divided into
data applied directly in the preparation of SR2011, Chapter 3 or data used in
developing an overall understanding of the site, but not used directly.
Discipline

Study/data type

Reference to
data
Data collected 2008-2010 and applied in this report
Climate and deposition
Meteorological Direct, continuous Ikonen 2002,
observations
measurement
of 2005, 2007.
by the NPP
meteorological
Summarized
variables
annually:
Haapanen,
R.
(20052008);
Haapanen,
A. (2009 and
2010
Ch.
3.2.)
Meteorological Direct, continuous Ikonen 2002,
observations at measurement
of 2005, 2007.
forest
meteorological and Summarized
monitoring
micrometeorological annually:
plots
variables
Haapanen,
R.
(20052008);
Haapanen,
A. (2009 and
2010
Ch.
3.2.)
Snow
and Weekly snow data. Ikonen 2002,
ground
frost Both weekly and 2005, 2007.
measurements continuous ground Summarized

Method and Reference
reference
summary

to

Weather mast Haapanen et
observations
al. 2009 Ch.
(Ikonen 2007 3.2
Ch. 2.1)

Weather mast Haapanen
and weather al. 2009
station
Ch. 3.2
observations
above
and
inside forest
canopy (Aro
et al. 2010 Ch.
2.2.2)

Manual
observations
on

et

Haapanen et
al. 2009 Ch.
3.2
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frost depth data

annually:
Haapanen,
R.
(20052008);
Haapanen,
A. (2009 and
2010
Ch.
3.2.)

observations
plots
and
automatic,
continuous
ground frost
measurements
on some plots
(Ikonen 2007
Ch. 3-4)
Wet deposition Data on the amount Summarized Rain
water
monitoring
of precipitation on annually:
and
snow
open and forested Haapanen,
collectors with
areas and chemical R.
(2005- samples
analysis
of 2008);
manually
precipitation
Haapanen,
collected once
A. (2009 and per
month
2010
Ch. (snow) or per
3.4.2, 4.1.)
2 weeks (rain
water) (Aro et
al. 2010 Ch.
3.1)
Stable isotopes Monthly records of Kortelainen
Manually
in rainwater
the isotope content 2009
collected rain
of
atmospheric
water
precipitation
(Kortelainen
2009)
Terrestrial and aquatic overburden
Investigation
Data on overburden Huhta 2008, Excavator dug
trenches (OL- type and thickness 2009, 2010
trenches
TK14-17)
and
data
for
where
soil
chemical analysis
profiles
are
described and
soil samples
taken. (Huhta
2008, 2009,
2010)
Test pits (OL- Data on overburden Lahdenperä
Excavator dug
KK14-21)
type and thickness 2009; Lusa pits where soil
and soil and soil et al. 2009.
profiles
are
water
data
for
described and
chemical analysis.
soil samples
Sorption studies.
taken and in
some
also
lysimeters are
installed for
soil
water
samples
(Lahdenperä

Haapanen et
al. 2009 Ch.
3.2; 3.3

Haapanen et
al. 2009 Ch.
3.3

Lahdenperä
2009
Ch.1.3

Lahdenperä
2009 Ch. 4.

29

2009)
Acousticseismic
studies
(Kotilainen et
al.
2008;
Rantataro &
Kaskela 2009)
Seabed
Sediment type
sediments
mapping and
near-shore
sampling on
transects
transects by
diving.
(Ilmarinen et
al. 2009)
Statistical
An improved digital Pohjola et al. Field
terrain model
terrain model
2009
observations
of
single
elevation
points
interpolated to
a
surface
(Pohjola et al.
2009)
Terrestrial ecosystems
Game statistics Annual numbers of Jussila
& Studied
by
killed animals
Nieminen
interviewing
and inventories of 2010;
local hunters
the remaining stock, Haapanen et (Jussila
&
partly estimates
al. 2009 pp. Nieminen
93.
2010)
Bird surveys
Species composition Yrjölä 2008 Terrestrial
and
abundance
counting
estimates by habitats
transects and
waterfowl
counting
points (Yrjölä
2008)
Small mammal Species composition Nieminen et. Small
surveys
and
abundance al 2009
mammal traps
estimates by habitats
(Nieminen et.
al 2009)
Herpetofauna
Species composition Nieminen & Field
survey
Saarikivi
observations
2008
(Nieminen &
Saarikivi
2008)
Invertebrate
Species composition Santaharju et Insect pit traps
Seabed
Data on seabed
sediments in sediment types and
coastal area of thickness. Several
Olkiluoto
sediments
profile
samples
for
chemical analysis

Kotilainen et
al.
2008;
Rantataro
2002, 2003;
Rantataro &
Kaskela
2009.
Surface sediments Ilmarinen et
on type on 6 near-shore al. 2009
transects
and
sediments samples
for
chemical
analysis

Lahdenperä
2010

Lahdenperä
2010

Haapanen et
al. 2009 Ch.
4.1.6.

Haapanen et
al. 2009 Ch.
4.1.6.

Haapanen et
al. 2009 Ch.
4.1.6.
Haapanen et
al. 2009 Ch.
4.1.6.

Haapanen

et

30

survey

and
abundance al.
2008, (Santaharju et
estimates by habitats Nieminen et al. 2008), ants,
al. 2009
snails
and
earthworms
collected from
transects
(Nieminen et
al. 2009)
Tree
Stand transpiration Summarized Sap
flow
transpiration
rate and variability
annually:
measurements
Haapanen,
in trees (Aro
A. (2009 and et al. Ch 3.3)
2010
Ch.3.4.4.)
Radioactivity
Ikonen 2003, Regular
measurements
Roivainen
sampling of
for NPP
2005 Ch. 3- air, foodstuff,
5,
soil,
forest
Summarized plants (Ikonen
annually:
2003,
Haapanen,
Roivainen
R.
(2005- 2005 Ch. 2,
2008);
Haapanen, A.
Haapanen,
2009 pp. 20)
A. (2009 and
2010
pp.
111-122)
Aquatic ecosystems
Monitoring of
Summarized Regular water
physicoannually:
sampling
chemical water
Haapanen,
(Haapanen, A.
quality
R.
(2005- Ch. 3.6.1.)
2008);
Haapanen,
A. (2009 and
2010
Ch.
3.6.2.)
Monitoring of
Summarized Regular water
fauna in water
annually:
and
bottom
column and on
Haapanen,
sediment
the sea bottom
R.
(2005- sampling
2008);
(Haapanen, A.
Haapanen,
Ch. 3.6.1.)
A. (2009 and
2010
Ch.
3.6.)
Monitoring of
Summarized Regular water
flora in water
annually:
sampling and

al. 2009 Ch.
4.1.6.

Haapanen et
al. 2009 Ch.
4.1.3.

Haapanen et
al. 2009 Ch.
4.1.2.

Haapanen et
al. 2009, Ch.
7.1.3, 7.2.2,
7.3.

Haapanen et
al. 2009, Ch.
7.1.5, 7.2.3,
7.2.4, 7.3.

Haapanen et
al. 2009, Ch.
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column and on
the sea bottom

Fate
of
sediments
transported by
the
rivers
Eurajoki and
Lapinjoki

Haapanen,
R.
(20052008);
Haapanen,
A. (2009 and
2010
Ch.
3.6.)
Modelled transport Lauri 2008
of sediments and
estimates
of
sedimentation
in
nearby sea areas

vegetation
7.1.4,
diving
7.3.
transects
(Haapanen, A.
Ch. 3.6.1.)

7.2.4,

Field
Haapanen et
observations
al. 2009 Ch.
used as input 7.1.3.
for
a
numerical 3dimensional
hydrodynamic
model (Lauri
2008)
Radioactivity
Ikonen 2003, Regular water,
measurements
Roivainen
sediments,
for NPP
2005 Ch. 6., fauna
and
Summarized flora sampling
annually:
(Ikonen 2003,
Haapanen,
Roivainen
R.
(2005- 2005 Ch. 2,
2008);
Haapanen, A.
Haapanen,
2009 pp. 20)
A. (2009 and
2010
pp.
111-122)
Data used in achieving the overall understanding but not directly used in this report
Terrestrial ecosystems
Fine
root Fine root elongation Aro et al. Analysis
of Helmisaari et
investigations
and longevity
2010,
images taken al. 2009
Helmisaari
from root zone
et al. 2009
through
plexiglass
tubes (Aro et
al. 2010 Ch.
3.6,
Helmisaari et
al. 2009)
Understorey
Vegetation
Haapanen,
Field
Haapanen et
vegetation
coverage, biomass A. 2009 Ch. inventory and al. 2009 Ch.
and
chemical 3.4.3.
laboratory
4.3.- 4.6.
analysis
analysis
(Haapanen, A.
2009)
Soil solution
Amount
and Summarized Percolating
Haapanen et
chemical
annually:
water
al. 2009 Ch.
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composition
of Haapanen,
percolating water
R.
(20052008);
Haapanen,
A. (2009 and
2010
Ch.
3.4.3.)
Litterfall
Litterfall production Summarized
and
chemical annually:
composition
Haapanen,
R.
(20052008);
Haapanen,
A. (2009 and
2010
Ch.
3.4.5.)
Physical and
Results
chemical
available
characteristics
later
of forest and
crop plants
Aquatic ecosystems
Spring water Chemical analysis Summarized
quality
of spring water annually:
collected from 3 Haapanen,
nearby
spring A. 2009 and
several times per 2010
pp.
year
129.
Surface water Chemical analysis Summarized
quality
of surface water annually:
from ditches, River Haapanen,
Eurajoki
and A. (2009 and
Korvensuo reservoir 2010
pp.
several times per 109-110,
year
128
Surface water Observations from Lindfors et
quality
several
nearby al. 2008
ditches and rivers

collected with 4.1.3.
plate
and
suction-cup
lysimeters
(Aro et al.
2010 Ch. 3.2)
Litterfall and
branches
collected
using specific
traps (Aro et
al. 2010 Ch.
3.4)

Measurement
and sampling
campaign in
2010

Through-flow
mapping
of
manually
taken samples
(Lindfors et
al. 2008)
Bottom fauna Species
Ilmarinen et Sampling and
and
composition,
al. 2009
vegetation
macrophytes
abundance
and
coverage
on near-shore biomass estimates
mapping by
transects
diving
(Ilmarinen et
al. 2009)

Haapanen et
al. 2009 Ch.
6.8.2.

Not yet fully
summarized only
few
samples

Not yet fully
summarized
with
other
data

Bottom fauna
data to be
summarized in
late 2010
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Inventory
reed beds

of

Haapanen &
Lahdenperä
2011

Sea
water Observations from 2 Lindfors
quality
single
day al. 2008
mapping
measurement
campaigns

et Through flow
mapping from
boat
interpolated to
water quality
maps
(Lindfors et
al. 2008)
Sedimentation Sediment
load Results
Wave height,
study
in carried by rivers, available in currents, wind
Eurajoensalmi factors affecting the 2011
and sea and
Bay area
sediment
river waters
transportation
are monitored
on automatic
measuring
stations
(Haapanen, A.
2009
Ch.
3.6.1.)
Physical and
Results
Measurement
chemical
available
and sampling
characteristics
later
campaign in
of
aquatic
2010
plants
Microbes
Sampling
in Study of shallow Results
Infiltration
geomicrobiology
available
experiments
later
area
Land use
Aerial
Aerial images from
False colour
photography
Olkiluoto
and
and
visible
surroundings
band
aerial
images in May
2009
(Haapanen, A.
2010 pp. 91)
Hyperspectral
Hyperspectral
AISA
dual
imagery
dataset
from
imaging
Olkiluoto
and
spectrometer
surroundings
in June 2008
(Haapanen, A.
2010 pp. 91)

To
be
summarized
with data from
Eurajoensalmi
Bay
sedimentation
data in 2011
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2.3

Geological data

2.3.1 Surface-based geological investigations
Surface-based geological investigations have been carried out on several occasions
during the site investigations. Mapping of the outcrops and investigation trenches has
included the mapping of lithologies, the ductile deformation structures and, in
particular, the fractures and brittle deformation zones. Surface mapping has
concentrated on the Olkiluoto area and its vicinity and also on areas of migmatites and
the Eurajoki rapakivi granite. Since SR2008 (Posiva 2009) two new investigation
trenches (OL-TK13 and OL-TK14 have been excavated (Figure 2-2): OL-TK17 has
been excavated, investigated and reported on and OL-TK18 excavated and investigated.
New investigation trenches and other new geological data from surface investigations
are listed in Table 2-2.

Figure 2-2. The investigation area of Olkiluoto and the location of investigation
trenches and deep drillholes. New trenches OL-TK15 - OL-TK18 and drillholes OLKR51 - OL-KR55 are labelled.
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Table 2-2. Investigation trenches OL-TK15 - OL-TK18 and other new geological data
from surface investigations.
Investigation

Reason
location
orientation
trench

for Mapping
and Additional comments
and measurement
of programme

Mertanen,
S.
2008.
Paleomagnetism
of
Palaeomagnetism
diabase dykes, pegmatite
Palaeomagnetism,
of rock types in
granites
and
TGG
age determination
Olkiluoto
gneisses in the Olkiluoto
area. (Posiva Working
Report 2007-96).
The trench supplied
information from area of
thick overburden and few
outcrops. New data are
useful for revising and
The trench is
defining the geological
roughly
NS
model in the eastern area:
trending
and
e.g. characteristics of a
located
above
N-S trending magnetic
drillhole
Mapping
of
lineament cross-cutting
OLKR49.
The lithologies,
the trench appeared to be
OL-TK15
trenches OLTK15 structures
of
a sulphide-rich joint
and OL-TK16 are ductile
zone.
normal to each deformation and
other, and provide fractures
Vaarma, M. & Vuokko,
geological
J.
2009.
Geological
information from
mapping of investigation
the middle of the
trenches OL-TK15 and
eastern area.
OL-TK16
at
the
Olkiluoto study site,
Eurajoki, SW Finland.
(Posiva Working Report
2009-52).
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The trench is
roughly
EW
trending
and
located
above
drillhole
OLKR50.
Geological
data
acquisition from
the eastern area.
E-W
trending
profile
with
OLTK13 and OLTK14.

The trench crosscuts
several lineaments and is
located in a poorly
exposed area.

Mapping
of
lithologies,
Vaarma, M. & Vuokko,
OL-TK16
structures
of J.
2009.
Geological
ductile
mapping of investigation
deformation and trenches OL-TK15 and
fractures
OL-TK16
at
the
Olkiluoto study site,
Eurajoki, SW Finland.
(Posiva Working Report
2009-52).
Paulamäki, S. 2009.
Mapping
of Geological setting of the
The aim was to
Geological
lithologies
and Olkiluoto investigation
map selected key
mapping
of
structures
of site.
Excursion
localities for the
selected outcrops
ductile
guidebook.
(Posiva
excursion guide.
deformation
Working Report 200953).
Outcrops
were
Mattila,
J.
2009.
selected
for
Mapping
and Constraints on the Fault
Structural
mapping
and
kinematic
and Fracture Evolution at
mapping in the understanding the
analysis
of the Olkiluoto Region.
Olkiluoto region fracture evolution
fractures
(Posiva Working Report
of
Olkiluoto
2009-130).
region.
The trench crosscuts
lineaments and a large
TGG unit, and is mainly
located in a poorly
The trench is Mapping
of exposed area.
roughly NE-SW lithologies,
trending
and structures
of Lindberg,
A.
2010.
OL-TK17
forms a T in ductile
Geological mapping of
combination with deformation and investigation trench OLOL-TK14.
fractures
TK17 at the Olkiluoto
study site, Eurajoki, SW
Finland.
(Posiva
Working Report 201001).
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OL-TK18

Small
E-W
trending
trench
close to OL-KR2.
Trench intersects a
brittle fault zone
which is observed
in the ONKALO
and
by
geophysical
methods.

Mapping
of
lithologies,
Excavated and mapped in
structures
of
summer of 2010. Not yet
ductile
reported.
deformation and
fractures

The investigation site to date contains 55 deep drillholes. The main aim during the
period 2008 - 2010 has been to obtain data outside the central area, especially from the
eastern area (Figure 2-2). Drillholes OL-KR51 and OL-KR52 are located close to the
new accommodation village; the aim of OL-KR53 was to study the characteristics of an
bounding lineament in the Ilavainen area; and OL-KR54 and OL-KR55 were drilled
south of Kornamaa in the northeastern part of Olkiluoto, as there were no drillholes in
that part of the Island (Figure 2-1). A total of five new drillholes have been drilled using
triple core barrels over the period 2008-2010 and since the data available for the
preparation of SR2008 (Figure 2-2). More details about the aims of the drilling and the
related drillhole investigations are given in Table 2-3.
Table 2-3. Aims of the drilling programme and list of the related drillhole
investigations.
Drillhole Main
number purpose(s)
of
borehole
OLGeological,
KR51
hydrogeological,
chemical,
geophysical and
rock mechanical
data acquisition
in the SE area of
the investigation
site.

Reasons
for
location
and
depth of borehole
The area was
without drillholes
before the drillings
of OL-KR51 and
OL-KR52. Hole
was planned to
give
geological
data, e.g. from
brittle fault zone
OL-BFZ146 and
unknown
sitescale
zones
possibly located in
the area.
Geological,
The area was
hydrogeological, without drillholes
chemical,
before the drillings
geophysical and of OL-KR51 and
rock mechanical OL-KR52. Hole
data acquisition was planned to

Investigation
programme
in
borehole
Standard
geophysical
measurements*,
drillhole imaging,
hydrogeological
investigations,
hydrogeochemical
sampling,
geological
logging of the
drillcore, and rock
mechanical
mapping.

Report

OLKR52

Standard
geophysical
measurements*,
drillhole imaging,
hydrogeological
investigations,

Toropainen,
V.
2010.
Posiva
Working
Report 2009107.

Toropainen,
V.
2010.
Posiva
Working
Report 200973.
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OLKR53

OLKR54

OLKR55

in the SE area of provide geological
the investigation data, e.g. from
site.
brittle fault zone
OL-BFZ146 and
unknown
sitescale
zones
possibly located in
the area.
Geological,
The hole was
hydrogeological, planned
to
chemical,
intersect
the
geophysical and bounding
rock mechanical lineament
in
data acquisition between Olkiluoto
in the eastern and Ilavainen, in
area
of
the the Rumminperä
investigation
area.
site, especially
data
from
bounding
lineament
in
Ilavainen.
Geological,
The area south of
hydrogeological, Kornamaa
was
chemical,
without drillholes
geophysical and before the drilling
rock mechanical of OL-KR54 and
data acquisition OL-KR55.
in the NE area of Drillhole
was
the investigation planned to provide
site. In addition, information
and
continuation of characteristics of
matrix
pore lineaments,
and
water studies.
connect
widelyseparated
drillholes of the
area to the better
known
central
area.
Geological,
The area south of
hydrogeological, Kornamaa
was
chemical,
without drillholes
geophysical and before the drilling
rock mechanical of OL-KR54 and
data acquisition OL-KR55.
in the NE area of Drillhole
was
the investigation planned to provide
site. In addition, information
and

hydrogeochemical
sampling,
geological
logging of the
drillcore, and rock
mechanical
mapping.
Standard
geophysical
measurements*,
drillhole imaging,
hydrogeological
investigations,
hydrogeochemical
sampling,
geological
logging of the
drillcore, and rock
mechanical
mapping.

Toropainen,
V.
2010.
Posiva
Working
Report 2009111.

Standard
Working
Report 2010geophysical
*
measurements ,
82.
drillhole imaging,
hydrogeological
investigations,
hydrogeochemical
sampling,
geological
logging of the
drillcore, and rock
mechanical
mapping. Matrix
pore
water
investigation.

Standard
geophysical
measurements*,
drillhole imaging,
hydrogeological
investigations,
hydrogeochemical
sampling,
geological

Toropainen,
V.
2010.
Working
Report 201083

39

continuation of characteristics of logging of the
matrix
pore lineaments,
and drillcore, and rock
water studies.
connect
widely- mechanical
separated
mapping. Matrix
drillholes of the pore
water
area to the better investigation.
known
central
area.
*magnetic susceptibility, resistivity, density, natural gamma-gamma radiation, seismic P wave velocity,
calliper and fluid logging

2.3.2

ONKALO tunnel investigations

Geological mapping
The excavation of the ONKALO was started in September 2004, and in the summer of
2010 the access tunnel had reached a length of 4400 m (corresponding approximately to
the expected depth of the repository of 420 m). Geological mapping of the ONKALO
tunnel has been performed systematically in 5 m increments, corresponding to the
length of one excavation round. The mapping is carried out in two different stages:
round and systematic mapping. The mapping includes the determination of rock types,
the measurement of structural features, alteration and the detailed mapping of fractures.
The mapping parameters are listed Table 2-4 in and the data are used for planning rock
reinforcement, for geological and rock mechanical modelling and also for predictionoutcome studies. Initially, the mapping data are checked, approved and saved in the
Kronodoc documentation system and then subsequently transferred to the POTTI
database. Mapping data are being reported as memos and are later published as
geological "outcomes". The outcomes of the tunnel survey have been used in the
construction of the geological model. A total of three outcome reports have been
published from tunnel chainage 0 - 3116 m, and these are listed in Table 2-5.
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Table 2-4. Mapping parameters of the round mapping (1st stage mapping) and the
systematic mapping (2nd stage mapping).
1st stage – round mapping

2nd stage – systematic mapping

Chainage
Rock type
Grain size
Rock Quality Designation (RQD)
Joint set number (Jn)
Fracturing
10-20 main fractures
Length over 1 m
Orientation (dip and dip direction)
Joint roughness number (Jr)
Joint alteration number (Ja)
Rock type
Joint water reduction factor (Jw)
Stress reduction factor (SRF)
Provisional appraisal of rock quality

Chainage, tunnel direction and gradient
Rock Quality Designation (RQD)
Joint set number (Jn)
Rock types
Fracturing
All natural fractures (>0 cm)
Orientation
Length, joint roughness (Jr), joint alteration
(Ja), fillings, filling thickness, aperture,
terminations, undulation, rock type and
water leakages.
Foliation
Orientation
Type and intensity
Fold, fold axis, axial planes, lineations and
faults
Orientation
Fault kinematics
Weathering and water leakages
Intersection mapping
Sketch of mapped area, which includes
among the others fracturing, lithological
contacts

41

Table 2-5. Geological outcome reports from the ONKALO.
Chainage
(m)

from Chainage to (m)

0

990

990

1980

1980

3116

Report
Nordbäck, N., Engström, J. & Kemppainen,
K. 2008. Outcome of the geological
mapping of the ONKALO underground
research facility access tunnel, chainage 0990. Posiva Working Report 2008-84.
Nordbäck, N. & Engström, J. 2010.
Outcome of the geological mapping of the
ONKALO underground research facility
access tunnel, chainage 990-1980. Posiva
Working Report 2010-41.
Nordbäck, N. 2010. Outcome of the
geological mapping of the ONKALO
underground research facility access tunnel,
chainage 1980-3116. Posiva Working
Report 2010-42.

Pilot holes
The drilling of pilot holes has continued in the ONKALO. In 2009 and 2010 five pilot
holes were drilled in the ONKALO access tunnel and three pilot holes in the
demonstration facilities In addition, up to the end of 2010, three characterisation holes
were drilled from the ONKALO access tunnel. The purpose of the pilot holes is to
confirm the quality of the rock mass for tunnel construction and in, particular, to
identify water-conductive fractures. The logging of the drill core samples includes
lithology, foliation, fracturing, fracture frequency, RQD, fractured zones, core loss and
alteration. Table 2-6 lists all the pilot holes, characterisation holes and the related
investigations.
Table 2-6. Pilot holes OL-PH1, ONK-PH2 - ONK-PH17 and characterisation holes
and related investigations.
Pilot
hole
Number

OL-PH1

Chainage
numbers
and length
of
the
drillhole
(m)
0-137
137

Main
Investigation
purpose(s) of programme in drillhole
drillhole

Intact rock

Where
published
(and further
comments)

Standard
geophysical Niinimäki
measurements,
flow 2004
(WR
measurements
2004-05),
Julkunen et al.
2004
(WR-
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2004-11)
Lahti
&
Heikkinen
2004
(WR
2004-43)
Rouhiainen et
al. 2005
(WR 2005-18)

ONKPH2

135-257
122

Intact rock

ONKPH3

696-841
145

Intact rock

ONKPH4

874-970
96

HZ19a
intersection

ONKPH5

990-1192
202

HZ19b
intersection

ONKPH6

1404-1559
155

Intersect
minor
geological
features

ONKPH7

1880-1980
100

Intersect
minor
geological

Standard
geophysical
measurements,
flow
measurements,
hydrogeochemical
sampling

Öhberg et al.
2005
(WR
2005-63)
Lahti
&
Heikkinen
2004
(WR 2005-04)
Standard
geophysical Öhberg et al.
measurements,
flow 2006a
measurements, pressure (WR 2006-20)
build-up test,
water
injection
test
(water loss test- Lugeon
test), hydrogeochemical
sampling
Standard
geophysical Öhberg et al.
measurements,
flow 2006b
measurements, pressure (WR 2006-71)
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Flow
measurements, Öhberg et al.
hydrogeochemical
2006c
sampling
(WR 2006-72)
Standard
geophysical Öhberg et al.
measurements,
flow 2007a
measurements, pressure (WR 2007-68)
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical Öhberg et al.
measurements,
flow 2007b
measurements, pressure (WR 2007-97)
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features

ONKPH8

3116-3266
150

HZ20a
intersection

ONKPH9

3265-3415
150

HZ20b
intersection

ONKPH10

3459-3639
180

Intact
rock
and
minor
brittle
deformation
zones

ONKPH11

3922-4053
131

Intact
rock
and
minor
brittle
deformation
zones

ONKPH12

4092-4216
124

Intact
rock
and
minor
brittle
deformation
zones

ONKPH13

4201-4341
140

Intact
rock
and
minor
brittle
deformation
zones

build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements,
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),

Karttunen et
al. 2009
(WR 2009-16)

Karttunen et
al. 2010a
(WR 2010-09)

Mancini et al.
2010b
(WR 2010-21)
A single hole
interpretation
as a memo

Karttunen et
al. 2011
(WR 2011-03)
A single hole
interpretation
as a memo

Lahti et al.
2011
(WR 2011-02)
A single hole
interpretation
as a memo

A single hole
interpretation
as a memo
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ONKPH14

4314-4465
151

Intact
rock
and
minor
brittle
deformation
zones

ONKPH15

4483-4599
116

Intact
rock
and
minor
brittle
deformation
zones

ONKKR13

From 4219
120

Characterisati
on hole close
to
demonstratio
n facilities

ONKPH16

In
the Pilot hole for
second
demonstratio
demonstrati n facilities
on tunnel
~90

ONKPH17

In the first Pilot hole for
demonstrati demonstratio
on tunnel
n facilities
~90

ONKKR14

From 4219
75

Characterisati
on hole for
the planned
first
repository
panel volume

hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),
hydrogeochemical
sampling
Standard
geophysical
measurements,
flow
measurements, pressure
build-up
test,
water
injection test (water loss
testLugeon
test),

To be reported

To be reported

To be reported

To be reported

To be reported

To be reported
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ONKKR15

2.4

From 4080
80

hydrogeochemical
sampling
Characterisati Standard
geophysical To be reported
on hole for measurements,
flow
the planned measurements, pressure
first
build-up
test,
water
repository
injection test (water loss
panel volume testLugeon
test),
hydrogeochemical
sampling

Geophysical data

Geophysical ground-based surveys have continued, concentrating on the eastern area.
Underground investigations have been carried out in the ONKALO access tunnel and in
the holes drilled from the investigation niches. The results of the geophysical 3D
imaging of rock properties (seismic imaging, magnetic mapping, electromagnetic
sounding and mise-à-la-masse surveys) have been used in lithological and structural
modelling at the ONKALO and also in Site-scale modelling. Geophysical
interpretations were used in particular to examine the continuity and orientation of the
brittle fault zones (BFZs).
All new drillholes have been surveyed by standard geophysical logging methods
(magnetic susceptibility, resistivity, density, natural gamma radiation, full waveform
sonic, caliper, fluid temperature and resistivity logging and the drillhole imaging tool)
(Tarvainen, 2009 and 2010). Also acoustic imaging has been tested in several drillholes,
both to study the applicability of the method for estimating borehole breakouts and to
substitute optical imaging where drillhole visibility is poor (Tiensuu 2009).
The detailed airborne mapping that started in 2008 continued in 2009 to complement the
area surrounding Olkiluoto Island (Kurimo 2009). The results are available as highresolution geophysical magnetic, electromagnetic and radiometric maps, that provide
information for structural geological modelling and environmental mapping. Öhman et
al. (2009) present several modelling results that suggest the continuation of several
modelled BFZs and lithological units, based on the magnetic data acquired in 2008.
New mise-à-la-masse surveys were carried out in 2010 (Tarvainen 2010, Ahokas 2010).
The campaign was extensive consisting of 45 current earthings in the newest drillholes
(OL-KR49 to OL-KR53), and provides information of the continuation of previouslyknow structures towards the east. Measurements were also carried out in another 9
drillholes and in several ground profiles. Furthermore, the previously acquired data have
been revisited and compiled. Ahokas and Paananen (2010) present the results of
updated and integrated modelling of the 1995 to 2008 mise-à-la-masse results.
Electromagnetic soundings have been carried out early since 2004 to monitor the
conductivity changes in the bedrock, which indicate potential changes in the level of
saline groundwater. No significant changes have been detected to date, but the quality
of the sounding data is continuously degrading because of the electrical disturbance
caused by cables and power lines. In 2009 fifteen previously noisy stations were
removed from the programme and three new monitoring stations were established in the
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eastern area. The results of the 2009 and 2010 surveys are reported in Jokinen et al.
(2009) and Korhonen et al. (2010). Korhonen (2010) presents the interpretation and
modelling results of the 2004 to 2008 data. The purpose of this work was to study the
applicability and sensitivity of the method by modelling the data collected.
The field work of the high resolution reflection seismic survey (HIRE) was carried out
in July 2008. The survey consisted of three profiles and covered 28 km on roads in
Olkiluoto, Hankkila, Sorkka and Linnamaa. The results of the survey and the
interpretation were published in 2010 (Kukkonen et al. 2010).
A cross-hole tomographic survey, using radio wave imaging between drillholes OLKR40 and OL-KR45, was carried out in 2009 (Korpisalo & Niemelä 2010). The results
show that cross-hole radio wave imaging is applicable at Olkiluoto for detecting
conductive and resistive domains better than single fractures or narrow fractured zones.
For objects of adequate contrast to be observed, a minimum thickness is 20–30 m and a
length greater than this is required.
Geophysical investigations in the ONKALO include a seismic survey to characterise a
half cylindrical volume of bedrock from the access tunnel towards the demonstration
site and the possible first panel area. The 237 m long survey profile is located on the
right wall of the tunnel between chainage from 3345 to 3582. The field work was
carried out in 2009 and the results will be published in 2010 (Cosma et al. 2010).
Table 2-7. Geophysical measurements and investigations carried out in 2009 and 2010
on the surface and in the ONKALO.
Airborne and ground geophysics
Geophysical
Main purpose
survey
of survey
Airborne
Improve
the
magnetic,
structural and
electromagnetic lineament
and radiometric interpretation
survey
in
the
Olkiluoto area

Location of
survey
Olkiluoto and
vicinity
to
complement
the
2008
survey

Outcome
of
survey
The results are
detailed
geophysical maps
of the Olkiluoto
area that are a
basis for structural
modelling.
Electromagnetic OMO, yearly Vicinity of the Construction work
monitoring
repeated
ONKALO,
in the investigated
soundings
monitoring
extension to area is increasing
measurements eastern area
noise in the data,
to
study
only some weak
changes
in
changes in the
groundwater
resistivity values
conditions
(possible
increasing
salinity)
have
been detected at
greater depths.

Additional
comments
Kurimo 2009
(WR200967)

Jokinen et al.
2009
(WR200976)
Korhonen et
al.
2010
(WR2010xx)
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Downhole geophysics, surface-based drillholes
Geophysical
Main purpose Location
of
survey
of survey
survey
Acoustic
To study the OL-KR19,
drillhole
applicability of OL-KR40,
imaging
the
acoustic OL-KR46 and
image
for OL-KR46B
estimating the
presence
of
borehole
breakout.
Additionally
acoustic image
can
replace
optical image if
drillhole
conditions, such
as visibility, are
poor.
Geophysical
Expansion
of OL-KR45
(complement),
logging
and systematic
OL-KR49,
optical imaging method,
application to OL-KR50 and
new
and OL-KR50B
extended
OL-KR51,
drillholes.
OL-KR52,
Image:
documentation, OL-KR52B,
OL-KR53 and
geological
OL-KR53B
mapping.
Geophysics:
material
properties
(resistivity,
velocity,
density,
susceptibility,
temperature,
diameter).
Lithology
variation,
alteration,
deformation,
fracturing.
FARA (EMRE) Crosshole
Tomography
electromagnetic tomographic
between OLradio
wave survey
KR40 and OLimaging
KR45

Outcome
of
survey
A 360 degree
image of the
drillhole
wall
using acoustic
ultrasound
pulses. Recorded
amplitude
variation
and
centralised
travel
time,
variation of the
drillhole caliper.

Additional
comments
Tiensuu et
al.
2009
(WR200941)

Continuous,
dense material
properties.
A
ruler to be used
on
geological
mapping,
for
brittle
and
ductile
zone
delineation,
lithology
domain
delineation, and
as
parameter
information for
sounding
surveys through
the rock mass
(seismic,
electric,
electromagnetic)

Tarvainen
2010
(WR201023)

Electrical
imaging
indicates
the
domains where

Korpisalo &
Niemelä
2010
(WR2010-

Tarvainen
2010
(WR201074)
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Mise-à-lamasse
measurements
2010

To study the
continuation
and connections
of the identified
structures,
especially to the
newest
drillholes

rock mass is
continuously
resistive.
Conductive
domains
are
located as well.
in The results of
this survey are
used
in
geological and
and hydrogeological
site models.

Electrodes
OL-KR49,
OL-KR50,
OL-KR51,
OL-KR52
OL-KR53.
Measured
holes:
OLKR11,
OLKR40,
OLKR44,
OLKR45,
OLKR49,
OLKR50,
OLKR51,
OLKR52 and OLKR53,
N-S
directed
ground profiles
at the eastern
area
Tunnel geophysics and downhole geophysics in underground drillholes
Geophysical
Main purpose Location
of Outcome
of
survey
of survey
survey
survey
Pilot
hole Systematic
ONK-PH9
Tunnel
geophysics and characterisation
characterisation
optical imaging ahead
of ONK-PH10
pre-excavation.
tunnel, to be
Design
linked
with ONK-PH11
parameters for
geological
pre-grouting.
mapping and ONK-PH12
Recognition of
hydrology.
critical
rock
Imaging:
ONK-PH13
volumes.
fracture
orientations.
ONK-PH14
Geophysics:
anomalous
zones,
continuity,
orientation,
rock
mass
quality.

24)

Field work
reported by
Tarvainen,
2010
(WR201076)
and
interpretation
by Ahokas,
2010
(WR201075).

Additional
comments
Karttunen et
al.
2010
(WR201009)
Mancini et
al.
2010
(WR201021)

49

ONKALO
To
detect ONKALO
tunnel seismic structures such access tunnel,
survey
as lithological chainage 3345
contacts, brittle to 3582.
fault zones and
large fractures
outside
the
tunnel volume
Summary and interpretation reports
Geophysical
Main purpose Location of
survey
of survey
survey
Interpretation of To
find Olkiluoto and
geological
airborne
Eurajoensalmi
explanations for
mapping data
the significant
magnetic
features.

Updated
and
integrated
modelling
of
the 1995-2008
Mise-à-lamasse survey
data
in
Olkiluoto

To compile and
integrate
the
previously
acquired data to
support
the
updating of the
geological site
model.

Reflectivity and
events
to
distance of > 300
m
from
the
tunnel wall

Cosma et al.
2010
(WR2010xx)

Outcome
of
survey
Magnetic
modelling is a
suitable method
for defining the
properties
and
finding
reasonable
geological
explanations for
the
concealed
structures
that
are the source of
magnetic
anomalies. For
example
magnetic
signature
was
related to some
of the BFZs and
modelling
provides
information of
their continuity
and geometry.
Central
and Theoretical
eastern areas
modelling
supports
the
integrated
modelling
approach used in
this
report.
Instead
of
looking for best
galvanic
conductors the
modelling
has
concentrated to

Additional
comments
Öhman et al.
2009
(WR200928)

Ahokas
&
Paananen
2010
(WR201008)
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finding
geologically
reasonable
solutions.
Interpretation of
electromagnetic
Sampo
monitoring
soundings
of
Olkiluoto

Modelling
of
the
yearly
repeated
monitoring
measurements
to study the
sensitivity
of
the system and
to
improve
understanding
of the data
Summary
of Study of the
investigations
variation
of
in
personnel bedrock
shaft
pre- properties and
grouting
their
drillholes
predictability in
small scale.
HIRE-High
To study the
resolution
continuation of
reflection
the
identified
seismic survey
BDZs and get
more
information on
such BDZs

Central
and
eastern
investigation
areas

Korhonen
2010
(WR201020)

ONK-PP131,
ONK-PP134,
ONK-PP137
in ONK-KU1
at depth level 177 m to -280
m
OlkiluotoHankkila-V8,
SorkkaHankkilaLinnamaaVuojoki

Heikkinen et
al.
2010
(WR201034)

Expected
continuity
information on
large
scale
(subhorizontal)
reflecting events.
Tectonic setting
of the area.

Kukkonen et
al.
2010
(WR201057)

A list of reports describing the geophysical investigations carried out at Olkiluoto is
presented in Appendix 2. References to reports published since SR2008 are in bold.
2.5

Hydrogeological data

The collection of hydrogeological data has continued, mainly as described in the
monitoring report (Posiva 2003) and in the TKS-2006 and TKS-2009 programmes
(Posiva 2006, Posiva 2009).
Long-term monitoring of the groundwater table and the measurement of hydraulic heads
at depth with multi-packer systems has continued regularly since SR2004 (Posiva
2005). In total, 24 drillholes of the 55 that have now been drilled are equipped with
multi-packer systems (Figure 2-3). Multi-packer equipment has been removed from
some drillholes and re-installed in the case of malfunction or where there has been a
need to investigate parameters other than groundwater pressure. Where multi-packer
equipment has been removed, at a minimum PFL measurements have been carried out
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as way of detecting possible changes in flow conditions caused by the construction of
the ONKALO.
The measurements of hydraulic conductivity with the DIFF (Difference flow meter)
have been done systematically in all new surface-based drillholes. The fracture or
section-specific flow into or out of the drillhole is measured with and without pumping,
in order to measure the transmissivity and fresh water head of hydraulically-conductive
fractures. In addition, the EC of drillhole water and water from selected fractures has
been measured, as well as the temperature of the water and the single point resistance of
the drillhole wall. DIFF measurements have also been carried out systematically in all
the investigation drillholes in the ONKALO, as well as in injection drillholes and in
leaking probe holes. The measurements of hydraulic conductivity with the HTU
(Hydraulic Testing Unit) tool have continued in selected drillholes, mainly at repository
depths (i.e. below –300 m) in order to measure transmissivities T< 10-9m2 s-1. The
benefit of the HTU is that it detects smaller transmissivities than the DIFF tool. Both
types of equipment have been used for monitoring changes in the flow conditions at
several monitoring points. Hydraulic conductivities in shallow drillholes and
groundwater observation tubes have been measured once a year using slug tests.
Cross-hole flow measurements continued with the TRANS tool in surface-based
drillholes OL-KR14-OL-KR18 and OL-PP66-OL-PP69. The tool was modified in 2009
to meet the needs observed during the measurements in 2008 and 2009 and
measurements in OL-PP66-OL-PP69 were repeated with the new tool.
Systematic mapping of the inflow points into the ONKALO tunnel has also continued
and the results have been reported in the annual monitoring reports (Vaittinen et al.
2010). The total leakage into the ONKALO has been measured twice a month and at the
end of September 2010 was about 33 l min-1.
The hydrogeological measurements carried out in 2009−2010 from the surface and in
the ONKALO are listed in Table 2-8.
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Figure 2-3. Groundwater table monitoring points and multi-packered drillholes.
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Table 2-8. Hydrogeological measurements carried out in 2009−2010 from the surface
and in the ONKALO.
Hydrogeological
investigations
Hydrological
monitoring
- precipitation*

Location

- TVO weather mast
(WOM 1) and within
forest
intensive
monitoring
plots
(FIP4, 10 and 11)
standard
weather
masts WOM2-4.

Reason for
investigation or
analysis
To follow the
evolution of the
site,
both
underground and
on the surface,
during and after
the construction
of the ONKALO

The parameters
weirs marked with an
asterisk (*) are
included in the
- sea water table - Rauma mareograph, monitoring
of
data
by
Finnish programme
level*
Institute of Marine environment.
Research
- runoff*

- Measuring
OL-MP1-4

- infiltration*

- Lysimeters at FIP 4,
10
and
11
(+
infiltration
experiment/modelling)

- soil frost*

- FIP4 (also snow
cover measurements)

8
multi-level
groundwater level
and piezometers,
shallow
drillholes
hydraulic head
(OL-PP*,
OL-PA*,
OL-PR*, OL-L*),
groundwater
observation
tubes
(OL-PVP*),
open and packed-off
drillholes (OL-KR*)
- flow conditions

- In open drillholes
(OL-KR*)

Outcome of
survey

Additional
comments

Hydrogeological
monitoring
programme has
been carried out
as
stated
in
POSIVA 200305.
Some
changes to the
programme have
been
made,
mainly because of
the
emerging
needs of research.
Changes
and
monitoring results
are
reported
annually.

Väisäsvaara
et. al. 2008
(WR 200816)
Vaittinen et.
al.
2008
(WR 200823)
Väisäsvaara
et. al. 2008
(WR 200840)

Vaittinen et.
al.
2009
(WR 2009No
significant 43)
changes
in
Väisäsvaara
groundwater
et al. 2009
level.
(WR 2009Short- and long- 48)
term effects in
hydraulic
head Hämäläinen
deeper in the 2009 (WR
bedrock
have 2009-50)
been
detected.
Vaittinen et.
Short-term
2010
changes
have al.
been large, but (WR 2010have recovered. 43)
Long-term
changes caused Väisäsvaara
by rather stable & Pöllänen
leakage into the (WR 2010ONKALO have 48)
been in the order
of few metres Hämäläinen
near
the 2010 (WR
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ONKALO. Also,
in some drillholes
a strong decrease
in head has been
detected due to
low-T connection
to the ONKALO.

- In open drillholes
shallow
hydraulic (OL-KR*),
drillholes OL-PP and
conductivity
OL-PVP tubes
- in situ
(groundwater
salinity)

- In open drillholes
EC (OL-KR*)

Vaittinen et.
al.
2011
(WR 2011xx)

The changes in
flow conditions
have
indicated
some connections
between
the
ONKALO and the
drillholes.

- In ONKALO access
tunnel, 8 weirs and 6
- leakage of water channels on
groundwater into walls
tunnels
- In ONKALO access
tunnel, in Korvensuo
Reservoir
hydrological
/water balance

Installation
of OL-KR11, OL-KR22,
multi-packers
OL-KR19
into open deep
drillholes
OL-KR44, OL-KR40,
OL-KR39, OL-KR11

2010-49)

Small changes in
in situ EC have
mainly
been
detected
in
hydrogeological
structures due to
open
drillholes
(e.g. HZ20).

To
get
more
accurate
information of the
hydrogeological
and -geochemical
conditions in the
bedrock.

In 2007 8 deep
drillholes and in
2008 10 deep
drillholes and 4
B-holes
were
equipped
with
multi-packers as
planned in 2007the xx.

To study
known
hydrogeological
structures
and
gain
more
information
for
the
hydrogeological
and -geochemical
conceptual
models of the site.

In 2009 and 2010
3 and 4 drillholes
/
year
(respectively)
were packed-off.
In the future more
open
drillholes
will be packed-off
(2−3 / year).

Vaittinen et.
al.
2010
(WR 201043)
Vaittinen et.
al.
2011
(WR 2011xx)
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Difference flow
logging
and
electrical
conductivity
measurements by
using the DIFF
tool

OL-KR51−OL- To identify waterKR55, OL-PP66 - OL- conductive
sections
or
PP69
fractures and to
the
OL-KR22, -KR30, - determine
KR31, -KR35, -KR36, local
-KR40, -KR11, - transmissivity
KR39, -KR40, -KR44 distribution
related to the
(monitoring)
drillhole sections.
Systematically all the To clarify the
holes
drilled
in uncertainties
related
to
ONKALO:
- Leaking probe holes hydrogeological
zones and to
Characterisation characterize the
rock
volumes
holes (ONK-KR13)
outside the site
- Pilot holes (ONK- scale zones.
PH9−PH14)
- Groundwater stations
(ONK-PVA4−8)
- Investigation holes
in the investigation
niches
(HYDCO,
SURE,
POSE,
REPRO)
- Shaft injection holes

Hydraulic
conductivity

Measurements
have been carried
out successfully.
Some problems
have occurred in
the
ONKALO
during the flow
log measurements
of probe holes. A
new device has
been developed
and is currently
undergoing
testing.
Results form a
database
for
analysis carried
out
by
hydrogeologists,
hydrogeochemists
and
geologists.
Also, results are
used
as
supporting data in
the construction
of the ONKALO.

Väisäsvaara
et. al. 2008
(WR 200816)
Pekkanen
2008 (WR
2008-37)
Väisäsvaara
et. al. 2008
(WR 200840)
Sokolnicki
& Pöllänen
2008 (WR
2008-65)
Pekkanen &
Kristiansson
2008 (WR
2008-70)
Pekkanen
2009 (WR
2009-04)
Pöllänen
2009 (WR
2009-08)
Väisäsvaara
et al 2009
(WR 200948)
Pekkanen &
Väisäsvaara
2010 (WR
2010-02)
Väisäsvaara
2010 (WR
2010-16)
Pekkanen
2010 (WR
2010-32)
Väisäsvaara
& Pöllänen
(WR 201048)

To determine the Measurements
Hämäläinen
OL-KR19, -KR46, - hydraulic
have been carried 2009 (WR
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measurements by KR45, -KR49, -KR50, conductivity
in
HTU-tool
-KR53
situ
from
drillholes
OL-KR31 and -KR32
(monitoring)

Transverse flow OL-KR15…KR17
measurements
OL-PP66…PP69
OL-KR52
OL-KR39

Flow
and OL-KR6
electrical
conductivity
measurements
during long-term
pumping

out successfully.

2009-104)

Results from a
database
for
analysis carried
out
by
hydrogeologists,
hydrogeochemists
and geologists.

Hämäläinen
2009 (WR
2009-50)

To
test
the The tool has been
function of the modified and the
transverse flow measurements in
2010 have shown
meter.
promising results.
To
obtain
information about Results will be
used
in
the
the
numerical
hydrogeological
of
properties of the modelling
bedrock
at groundwater flow
Olkiluoto in order and geochemical
to assess the transport.
transport
properties to be Results will be
in
used in safety used
assessment of the
case studies.
changes caused
To follow the by the ONKALO
evolution of the (monitoring
site,
both aspect).
underground and
on the surface,
during and after
the construction
of the ONKALO
To obtain data on Flow rates of
flow and salinity detected fractures
changes
in as
well
as
conditions similar fracture-specific
to the ones caused EC have been
by the ONKALO mainly constant
during
the
measurements.

Väisäsvaara
2009 (WR
2009-23)

Hämäläinen
2010 (WR
2010-49)

Reports
prep.

in

Pekkanen
2008 (WR
2009-114)
Pekkanen
2010 (WR
2010-56)

Summary
A summary report report
in
of
the prep.

59

hydrogeological
and
hydrogeochemical
effects caused by
the pumping test
is in preparation.
Hydraulic
interference tests

In injection holes
To obtain data on
ONK-PP125, 127, 129 hydraulic
connections at the
small
scale
(1−10m)

HYDCO
TKU4):
ONK-PP262

The
Pekkanen
measurements
2009 (WR
were successful. 2009-40)
The analysis of
the small -scale
interference tests
will be developed
(ONK- To
characterise during
the
the
HYDCO
hydrogeological
investigations.
and
hydrogeochemical The
properties of the measurements
fracture network will be completed
at the small scale in 2011

A list of reports on the hydrogeological investigations carried out at Olkiluoto is
provided in Appendix 3. References to the reports published since SR2008 are shown in
bold in the list.

2.6

Hydrogeochemical and microbiological data

Groundwater sampling from shallow and deep groundwaters has continued, both from
the surface and in the ONKALO, as presented in TKS-2009 report (Posiva 2009). The
groundwater studies carried out in 2008-2010 are listed in Table 2-9.
The majority of the groundwater data are defined as monitoring data, and are related to
changes caused by the construction of the ONKALO. Some samples from the new
drillholes, however, are classified as baseline data, because they seem to be undisturbed.
Most of those samples have been collected from new drillholes (OL-KR45-550) drilled
in the eastern area. New data also includes groundwater samples from OL-KR47, which
was drilled under the sea (Figure 2-1). All the data have been reported in the annual
monitoring results reports (Pitkänen et al. 2009, Penttinen at al. 2011, 2012).
Dissolved gases and microbes have been studied from open drillholes, where the
samples can be taken with pressurised water sampling equipment (PAVE). Microbes
have also been studied from the ONKALO from different drillholes and from the walls
of the tunnel. The aim of the dissolved gas studies is still related to the collection of
general information from the whole depth interval of interest (0-1000 m).
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Microbiological sampling has focused on investigations of the content of the
microbiological population in groundwater and also on microbiological processes.
Detailed mineralogical and isotopic investigations of fracture filling calcites and pyrites
were started in 2008. The focus of the studies has been to gather hydrogeochemical
information from the latest precipitates in major hydrogeological zones (Sahlstedt et al.
2009, 2012a,b).
Matrix pore water studies have continued in one hole drilled from the surface (OLKR47) and in one pilot hole drilled in the ONKALO (ONK-PH9) through one major
hydrogeological zone (HZ20B). The aim of these studies is to obtain information on the
groundwater quality in intact rock (Eichinger at al. 2010a, 2012).
Colloids and humic and fulvic acids have been investigated in some of the ONKALO
samples. The main aim of these studies has been in developing sampling and analytical
methods for later use at repository depths. These data are required for evaluating the
long-term safety and are not used in site modelling.
Table 2-9. Hydrogeochemical and microbiological studies carried out in 2008-2010 at
surface and in ONKALO.
Hydrogeochemical
investigations

Location

Reason
for
investigation
or
analysis
Groundwater
Groundwate Monitoring of the
sampling of shallow r
tubes seasonal changes
groundwaters
(PVP)
and the influence
Shallow
of
different
drillholes
construction works
(PP)
at the site.

Outcome
survey

of Additional
comments

Changes caused by
the construction of
the ONKALO have
not
affected
groundwater
quality in shallow
groundwaters.

Pitkänen et
al.
2009
(WR 200944)

Penttinen et
al. 2011
The natural factors (WR 2010(e.g.
seasonal 44)
variation,
site
geology, closeness Penttinen et
of the sea, local al. 2012
climate and human (WR 2011impacts) have a 44)
greater influence
on
shallow
groundwater
quality.
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Groundwater
OL-KR30
sampling in deep open
drillholes
OLKR40...OLKR50

General
site
characterisation in
the northern and
eastern parts of
Olkiluoto
Monitoring of the
changes caused by
the construction of
the ONKALO

Groundwater
sampling in
multi-packered
drillholes

OL-KR1...
deep OL-KR5
OL-KR7...
OL-KR13
OL-KR19
OL-KR20
OL-KR22
OL-KR23
OL-KR25
OL-KR29
OL-KR37

Long term pumping OL-KR6
test

Monitoring of the
changes caused by
the construction of
the ONKALO

Monitoring
the
effects of long-term
pumping started in
2001

New information,
especially
on
dissolved gases and
salinity distribution
has been obtained
also below the sea.

Pitkänen et
al.
2009
(WR 200944)
Penttinen et
al. 2011
(WR 2010Information
on 44)
groundwater in the Penttinen et
main
al. 2012
hydrogeological
(WR 2011zones
(HZ19, 44)
HZ20 and HZ21)
has increased.
Many
of
the
drillholes
were
open years before Pitkänen et
2009
the packers were al.
installed, which has (WR 2009resulted in fresh 44)
water penetration
deep
into
the Penttinen et
al. 2011
drillholes.
Recovery
of (WR 2010hydrogeochemical 44)
conditions
observed in parts of Penttinen et
the
sampling al. 2012
(WR 2011sections.
44)
Information
on
groundwater in the
main
hydrogeological
zones
(HZ19,
HZ20 and HZ21)
has increased.
Small
chemical Reporting
changes were seen on going
rapidly
after
pumping started,
but since then the
chemistry
has
remained relatively
constant, regardless
of
voluminous
pumping.
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Matrix
studies

pore

water OL-KR47
ONK-PH9

Hydrogeochemical Palaeohydrogeolog
characterisation of ical
evolution,
non-transmissive
origin of salinity
bedrock.
Continuous profile
type
characterisation
around
HZ20B,
including also pore
gases

Eichinger et
al.
2010a
(WR 201058),
Eichinger et
al.
2012
(WR 201163)

Palaeohydrogeolog
ical studies

Fracture
studies

mineral Several
drillcore
intersection
s of HZ19
and HZ20.
Reference
sampling
from other
hydrogeolo
gical zones
and
individual
fractures
from
varying
depths
Colloid studies
PVA1
PVA3

Microbial
sampling OL-KR6,
from deep drillholes OL-KR30,
and from ONKALO
OL-KR40...
OL-KR47,
ONKPVA1,

Palaeohydrogeoche
mical information
of infiltration and
redox conditions

Stability
of
hydrogeochemical
system, origin of
salinity,

Sahlstedt et
al.
2009
(WR 200954),
Sahlstedt et
al. 2012a,b
(WR 2012
in print)

Characterisation of Improved
Takala et al.
species and amount understanding of 2009 (WR
numbers of colloids 2009-108)
and
different
species.
Significance
for
radionuclide
migration.
Not
used
in
SR2011.
Site
Knowledge of the
characterisation
existing microbes
and
specific and
information
of microbiological
detailed
processes
has
hydrogeochemical increased.

Pedersen et
al.
2010
(WR201060)
Bomberg et
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ONKPVA2,
ONKPVA3,
ONK-KR1,
ONK-KR2,
ONK-KR3,
ONK-KR4,
ONK-PH8,

Groundwater
sampling
ONKALO

ONKALO
walls
ONKfrom PVA1,
ONKPVA2,
ONKPVA3,
ONKPVA4,
ONKPVA5,
ONKPVA6,
ONK-KR1,
ONK-KR2,
ONK-KR3,
ONK-KR4,
ONK-PH9,
ONKPH10,
ONKPH11,
ONK-PH14
Leaking
fractures
and
hydrogeolo
gical zones

conditions

al.
2010
(WR201059)
Summary
report
in
preparation

Detailed
site Groundwater
characterisation
samples
from
ONK-PVA1...3,
Sampling
low ONK-PH9
and
transmissive
ONK-PH10 were
fractures.
drilled in HZ20
zones. ONK-PH11
Monitoring of the and
ONK-PH14
changes caused by have
given
the construction of valuable
the ONKALO
information
on
groundwaters
Monitoring of the outside the main
cement
water hydrogeological
interaction
in zones.
boreholes
ONKKR1-ONK-KR4
Time
series
sampling
shows
stable groundwater
compositions
in
ONK-PVA1...6.

Pitkänen et
al.
2009
(WR 200944)
Penttinen et
al. 2011
(WR 201044)
Penttinen et
al. 2012
(WR 201144)

In ONK-KR1...4
some effects of
grouting has been
seen, such as high
pH values in ONKKR2 and ONKKR4.

The list of all reports on the hydrogeochemical investigations carried out at Olkiluoto is
presented in Appendix 4. References to the reports published since SR2008 are shown
in bold in the list.
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2.7

Rock Mechanics Data

Descriptions of most of the methods used to date in the rock mechanics studies have
already been presented in previous Site Reports (Posiva 2005, 2009 and Andersson et
al. 2007). New methods are only briefly described in this Section. Since the previous
Site Report (Posiva 2009), the majority of the measurements have been carried out from
the ONKALO, with few measurements being made from the surface. The data
evaluation and rock mechanics models are presented in Chapter 5.
A list of the rock mechanics investigations carried out at Olkiluoto, with references to
reports containing data collected since SR2008, is presented in Appendix 5.
Rock stress

Hydraulic fracturing stress measurements were conducted in drillholes OL-KR40 and
ONK-PP125 (Ask et al. 2010). Due to some technical problems that were encountered
in the traditional overcoring measurements, Posiva has developed a new, more reliable
and accurate stress measuring device based on the LVDT (Linear Voltage Differential
Transducer) cell and on the overcoring procedure (Figure 2-4) (Hakala et al. 2013).
LVDT cell stress measurements have been conducted in several locations in the
ONKALO (POSE niche, shaft, ONKALO ramp, see Figure 2-5). Kaiser Effect stress
measurements have been conducted on a few core samples taken from the POSE niche
at the 345 m level (Dight et al. 2012). Stress-induced breakouts and drilling-induced
fractures have been analysed from drillholes OL-KR19, -KR40, -KR46, and ONKPP125 (Ask & Ask 2013).
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Figure 2-4. Posiva’s new LVDT cell stress measurement device. The device is inserted
in a drillhole and then the drillhole is ‘over-cored’ by a larger drillbit, thus releasing
the rock stresses which changes the LVDT readings.

Figure 2-5. Locations of the LVDT cell measurements (red circles) in the ONKALO
shafts and tunnel.

66

The large-scale rock response measurements to estimate the principal horizontal stresses
(orientations and magnitudes) using the convergence measurements have continued in
the ONKALO shafts. The measurements have taken place in all three shafts at the -180
m and -280 m levels (Figure 2-6) (Lahti & Hakala 2010). For more accurate results, 24
convergence pins around the shafts were used at the -280 m level (Figure 2-7).
BFZ100
(Storage Hall)
BFZ098
R19

BFZ099
(R20A)

-180 m 1 2

-290 m

3 4

5

6

Figure 2-6. Locations of rock response measurements conducted in the ONKALO shafts
(the white numbers indicate the sequence of the measurements). Also shown are the
major brittle fault zones (BFZs) in the vicinity.
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(a)

(b)
Figure 2-7. (a) The convergence measurement pin layout at the 280 m level. (b)
Measuring device (Distometer).
Tunnel mapping of possible stress-induced damage, which gives indirect information on
the in situ stresses, has continued in the ONKALO ramp.
Intact rock properties

Schmidt hammer tests and point load tests have continued. Twenty-six uniaxial
laboratory tests on samples from drillhole ONK-PP68 have been performed and the

68

results compared to the corresponding Schmidt hammer and point load test results
(Hakala et al. 2013). Fracture toughness tests have also been performed on some
ONKALO cores (Meier & Backers 2010).
P wave velocities on rock cores have been measured from drillholes OL-KR1-KR39
and from the ONKALO holes ONK-PH1 to ONK-PH7 and are compiled in Aaltonen et
al. (2009).
All the laboratory or field tests performed so far for the intact rock can be summarized
as follows:


128 uniaxial compression tests, eight of those were damage controlled tests and
acoustic emission was recorded for 29 tests,



59 triaxial compression tests with confining pressures of 0.5, 1, 3, 5, and 15
MPa, 12 of those were damage controlled tests,



20 direct tensile tests, four with acoustic emission recording,



170 indirect tensile tests,



12 fracture toughness tests, consisting of 12 Chevron bend tests, 36 Brazilian
tests and 12 punch tests,



1514 point load tests (average of 1 to 6 samples)



984 four point bending tests,



23 Schmidt hammer tests on core samples and 162 tests on shaft wall (each test
is based on 10 measurements), and



For data interpretation, geological and geophysical information on the test
sample location has been used. This includes rock types, foliation, alteration,
gamma-gamma density and acoustic drillhole logging data (dynamic elastic
parameter values).

Rock mass properties

Rock mass properties involve intact rock properties and the rock mass quality, which
has been evaluated through the rock engineering mapping of drillholes and tunnels (Q
system). The mapping covers the ONKALO tunnel chainage up to 4390 m.
The in situ spalling strength experiment (POSE) in the ONKALO niche at tunnel
chainage 3620 m (vertical depth 345 m) was prepared and launched in 2010 (Figure
2-8). The primary objective of the test is to establish the in situ spalling strength for
Olkiluoto migmatitic gneiss. The POSE plan consists of drilling three near full-scale
deposition holes, 1.52 m (compared to 1.75 m for an actual deposition holes), to a
depth of 7.2 m and observing the holes’ stability during the drilling (Figure 2-9 and
Figure 2-10). The stresses around the holes will be increased by additional heating in
the next phase.
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Figure 2-8. The layout of the POSE experiment in an ONKALO niche at -345 m level.
(POSE = Posiva’s Olkiluoto Spalling Experiment)
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Figure 2-9. Drilling the first 1.524 m diameter hole for the in situ spalling experiment
(POSE) in the ONKALO ‘rock mechanics niche’ (see also Figure 2-10 below).

Figure 2-10. Hole 1 of the POSE experiment showing the monitoring system: The
camera monitoring system is shown on the right and the glued strain gauges on the left.
The diameter of the hole is 1.5 m and the depth is 7.2 m.
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Fracture and fracture zone properties

The mechanical properties of fractures and fracture zones have been further evaluated,
based on the ONKALO tunnel mapping, covering tunnel chainage 2400-4390 m,
corresponding to a depth range of 230-410 m (Mönkkönen et al. 2010).
Thermal properties

Test measurements of the new TERO76 tool were carried out in drillholes OL-KR30
and OL-KR31 for determination of the rock’s thermal properties (Kukkonen et al.
2011). Temperature logging in OL-KR30 and OL-KR31 was also carried out.
Temperature monitoring in the niche at 140 m level has continued.
Thermal conductivity and thermal capacity have been determined in the laboratory from
207 drillcore samples taken at the anticipated repository depth horizon 320-550 m
(Figure 2-11, Kukkonen et al. 2010).
Thermal expansion properties have been determined from 22 core samples taken from
five ONKALO drillholes ONK-PP167, -PP199, -PP224...226. The coefficient of
thermal expansion was determined in the temperature interval 20-60ºC (Åkesson 2012).

KR19

KR46

KR13
KR2
KR12

KR11

KR1
KR9
KR4

KR40
KR25

KR29

Figure 2-11. Location of the drillholes in Olkiluoto sampled for laboratory
measurements of thermal properties. Blue lines indicate the horizontal projections of
the drillholes used in thermal laboratory measurements. Red indicates the sampled
sections of drillholes (Kukkonen et al. 2010).
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Bedrock stability measurements

Microseismic (MS) monitoring has continued since 2002 on a continuous basis. Two
new MS underground stations have been installed in the ONKALO and the latest
monitoring results are presented in Saari & Malm (2010). GPS measurements have
continued since 1995 on a continuous basis. The latest results are found in Kallio et al.
(2009, 2010). Surface levelling measurements that started in 2003 are conducted every
second year; the 2009 results are described in Lehmuskoski (2010).
2.8

EDZ

EDZ studies took place between 2008-2010 as part of the EDZ09 project. The main aim
has been in optimising the excavation techniques and in developing methods to measure
the thickness of the EDZ. The long-term safety issues related to the EDZ were not
included this project. The results of the EDZ09 project are presented in Mustonen et al.
(2010).
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3

SITE DESCRIPTION 2011 SURFACE SYSTEMS

3.1

Introduction to surface systems

Olkiluoto Island (Figure 3-1) is located in southwestern Finland on the eastern shore of
the Bothnian Sea. Finland lies in an area of stable, old bedrock, the Fennoscandian
Shield, and its relief is mainly determined by this bedrock. The sediments overlying the
bedrock were developed mainly during the Quaternary, when continental ice sheets
repeatedly covered northern Europe and glacial tills were deposited. Surficial deposits
in southwestern Finland consist of various textured tills, sand, gravel, clay and peat land
(Lilja et al. 2006, Chapter 7). The tills are mainly sandy and fine-grained, especially in
the sandstone area, whereas in the eastern regions they are coarser. Small end moraines
and eskers are common and eskers occurring in the coastal areas very commonly have a
submarine continuation (Kukkonen 1969, pp. 65-69). About one third of the soils in
southwestern Finland are clay-based, whereas in other areas in Finland the proportion is
minor (1.5%). The proportion of peat land is < 4 % and bedrock outcrops are common
(Lilja et al. 2006, Chapter 7). As a result of postglacial uplift, new land is emerging
from the sea, the uplift rate in the Olkiluoto area being approximately 6 mm/a (Eronen
et al. 1995). Finland belongs mainly to the boreal coniferous forest zone, with a cool,
temperate, moist climate, a short growing season and winter snow cover (Drebs et al.
2002). Due to the climate and soil types and the consequent low population density, the
landscape is dominated by forests and mires.
Olkiluoto Island has an area of approximately 12 km² and is relatively flat, with an
average elevation of about 5 m; its highest point is Liiklankallio (at 18 m). The bedrock
surface is variable, but the ground surface/overburden is quite smooth, even where the
bedrock topography changes abruptly. As a result of the last glaciation, the bedrock
depressions are filled with a thicker layer of overburden, mainly sandy till and finegrained till (Lahdenperä et al. 2005 pp 6.). Commercial forests, outcrops and almost
treeless rock vegetation cover most of Olkiluoto Island, but the anthropogenic influence
on the landscape is also significant. The waters around Olkiluoto Island are shallow,
except for a few areas where sea depths reach about 15 m. Two major rivers, the
Eurajoki and the Lapinjoki drain into the Bothnian Sea near Olkiluoto.
3.1.1 Link between biosphere assessment, the surface hydrology model and
deep groundwater models

The surface hydrological model (Karvonen 2009a, 2009b, 2009c and 2010) links
vegetation processes in the biosphere, flow in unsaturated and saturated soils in the
overburden and groundwater flow in bedrock into one continuous flux system. Flux at
the interface between overburden and bedrock can be calculated, since the location of
the first bedrock node in the vertical direction can be obtained from bedrock elevation
data. The deep bedrock is taken into account in the model to provide the necessary
overlap between the surface hydrology (which includes shallow hydrogeology) and
deep groundwater flow modelling domains (the latter represented using the FEFTRA
model, Löfman et al. 2009); with the deep groundwater flow model using the upper
boundary condition provided by the surface hydrological model.
The construction of the ONKALO and the subsequent construction of the repository
will affect the surrounding rock mass, the environment and the groundwater flow
system. Whilst many of these changes may be reversible, some may be only partially
reversible and some irreversible. An extensive monitoring system has been set up to
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measure the resulting changes in the environment (Haapanen 2008, 2009, 2010), in
hydrology (Vaittinen at al. 2008, 2009, 2010) and in hydrogeochemistry (Pitkänen et al.
2008, 2009 and Penttinen et al. 2011). The collected data also provide a very good
database for the development and testing of the surface hydrological model.
3.1.2

Link to the Biosphere description: roles of the SDM and the BSD

The scope of the SDM concerns the geosphere, as discussed in Chapter 1, and the
geosphere-to-biosphere interface (i.e. relating to the transport of radionuclide releases
from the geosphere to the biosphere) falls partly within the remit of the SDM, and thus
this report, and is also considered in the development of the hydrogeological model in
Chapter 6. The surface hydrological model is the link between the biosphere and its
description and the geological environment, as considered in the SDM.
The Biosphere Site Description (BSD; Haapanen et al. 2009) is part of the biosphere
assessment portfolio and focuses on:


demonstrating the understanding of the site regarding the biosphere (i.e. the
overburden, surface water bodies, lower atmosphere, biota and the activities of
humans),



development of conceptual models of the biosphere to provide the background
for mathematical models used in the biosphere assessment (ideally the
mathematical models would be simplified from these more complicated
conceptual models, but as the assessment is iterative, both conceptual and
mathematical models are being developed in parallel),



integrating with the FEP analysis and formulation of scenarios in the overall
safety case,



providing input parameter values, based on data from the site, to the
mathematical models used for biosphere assessment.

The geosphere-to-biosphere interface is addressed within the biosphere assessment, i.e.
also within the BSD. The geosphere is considered in the BSD only to the extent that it is
relevant to the ecosystem conditions and the geosphere-to-biosphere interface is
addressed in detail in a specific supporting report (Karvonen 2009c).
3.2

Development of the surface systems

Olkiluoto Island began to obtain its present shape a thousand years ago, as many
initially small islands became interconnected to form a larger, single island, due to
continuing postglacial rebound (Figure 3-2). Due to the continuing uplift process, the
coastal bays will narrow and become isolated as lakes and then further develop to
become mires as the coastline migrates to the west. Due to this uplift, sea-bottom
sediments are continuously emerging from the sea and this continuous development of
the shoreline induces changes in local biosphere conditions, such as ecosystem
succession, the redistribution (sedimentation and resuspension/erosion) of sediments
and groundwater flow. These will, in turn, influence the areas of potential deep
groundwater recharge and discharge from the repository (Haapanen et al. 2007 pp. 42).
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Figure 3-1. Olkiluoto Island and the main types of land use in 2009
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The changes in actual landscape are however affected not only by land uplift but also by
changes in sea level that are related to changes in climate at the regional and global
level. The effect of land uplift could be, at least partly, strengthened or reversed by
changes in sea level. The effects of land uplift and possible sea level changes in
different climatic scenarios are presented and discussed in Grönlund et al. (2012),
Ikonen et al. (2008) and Ikonen & Hedin (2011).

Figure 3-2. Shore level displacement at Olkiluoto based on the terrain model by
Pohjola et al. (2009) and the land uplift model by Påsse (2001), with updated
parameter values from Vuorela et al. (2009). Here only eustatic sea level change is
expected and possible anthropogenic influences on the climate are not taken into
account. Present-day shoreline is from topographic database by the National Land
Survey of Finland.
The effects of uplift are accentuated by a rather subdued topography and by
anthropogenic eutrophication of the Bothnian Sea, which increases primary production,
and consequently accumulation of organic matter, especially in shallow bays. This
results in a faster apparent shoreline displacement than would result from mere uplift
and associated changes in sea level (Miettinen & Haapanen 2002). Common reed is a
key organism in this process, producing detritus, decreasing water flows and increasing
silting. In the archipelago area south-southwest of Olkiluoto, a relatively early
emergence of smaller-scale lakes and river systems is expected. Another important
factor in the development of the landscape is the River Eurajoki, as it is expected that in
the future this river will flow north of the present-day Olkiluoto Island, significantly
affecting the mass balances within the region arising from erosion and sedimentation
processes.
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The annual accumulation rate of sediment varies due to the currents, the bottom
topography and primary production processes. The Finnish Radiation and Nuclear
Safety Authority (STUK) carried out sedimentation measurements around Olkiluoto
during the periods 1978–1983 (STL 1979 pp. 67, 76; 1980a pp.49, 57, 70; 1980b pp.5051, 54, 62; 1982a pp. 93-94, 97-98, 105; 1982b pp.95, 99, 107; 1983 pp 91, 100, 111;
1984 pp. 91, 100-101). The sedimentation rates are clearly lower during the spring–
summer periods than in the autumn (Haapanen et al. 2009). Sedimentation rate data
from the most recent decades are lacking, except for the study of Mattila et al. (2006 pp.
97-103).
Today, areas where active sedimentation is continuing are quite limited (Ignatius &
Niemistö 1971). The fate of sediments transported by the Rivers Eurajoki and Lapinjoki
to areas offshore from Olkiluoto Island was recently studied using a numerical 3D
hydrodynamic model (Lauri 2008). The neutrally-buoyant sediments do not accumulate
on the sea bottom, but are diluted in the waters of the Bothnian Sea and a proportion of
the clay sediment fraction accumulates on the bottom of Eurajoensalmi Bay. The
behaviour of the silt sediment fraction differs from the clay and neutrally-buoyant
sediments, since almost all of the silt fraction brought by the rivers accumulates in
Eurajoensalmi Bay. In the modelling, 4 m and 7.5 m land rise scenarios were simulated
to support the biosphere assessment. In the 4 m land rise scenario, Eurajoensalmi Bay is
transformed into a narrow bay. In the 7.5 m land rise scenario the bay almost dries out,
leaving only a single lake-like pool in front of the expected river outflow location (Lauri
2008, Chapters 4.1 and 5).
3.3

Terrestrial and aquatic overburden

The current knowledge of the overburden is based on several independent studies
(Hagros 1999 Chapter 6; Leino 2001 Chapter 5; Ikonen 2002b Chapter 7; Lehtimäki
2002 Chapters 3-5; 2003 Chapters 4.2-4.3; Lintinen et al. 2003 Chapters 2-6; Lintinen
& Kahelin 2003 Chapter 6; Rautio et al. 2004 Chapter 3.2.2; Huhta 2007 Chapter 3;
2008 Chapter 3; 2009 Chapter 3; 2010 Chapter 3; Lahdenperä et al. 2005 Chapter 1.3,
3; Tamminen et al. 2007 Chapters 3.1-3.7; Lahdenperä 2009 Chapter 3; Lusa et at. 2009
Chapter 4; Haapanen & Lahdenperä 2011), as no systematic mapping of the Olkiluoto
area has been carried out, due to the lack of emphasis given to the assessment of the
biosphere in the past (Pastina & Hellä 2010 Section 7.2.1).
When comparing the results of overburden investigations at Olkiluoto, the main
differences have been the investigation approaches, e.g. differences in the sampling and
analytical methods used for obtaining geochemical and physical characteristics of the
overburden. Although there are still gaps in overburden data, all overburden and related
investigations broaden the scope of information and understanding of the evolution of
the site, the prevailing processes, radionuclide transport and the supporting modelling
requirements (Lahdenperä 2009 Chapter 3; Haapanen et al. 2009 Chapter 4.1.2; Pastina
& Hellä 2010 Chapter 7.2.1).
In 2009 a project was launched to collect all available data on overburden
characteristics, in particular their thickness, for input into a 3D model, and to allow
further interpretation using a continuous stratigraphical volume model. The first version
of the model was completed during 2009, but will be reported later in detail. In addition,
this work shows the gaps in the overburden data and provides advice regarding future
overburden studies (Lahdenperä 2009 pp. 10).
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The thickness of the overburden is usually 2-5 m, however in some places it has a
thickness of up to 14 m. The bedrock surface is more variable, but the ground surface
gradients are subdued, even where the bedrock surface changes abruptly. The
depressions in the bedrock surface are filled with thicker layers of till and, as a result of
the last glaciation, the highest elevations in the bedrock emerge through the modest soil
layers (Lahdenperä et al. 2005 Chapter 3; Lahdenperä 2009, Huhta 2007 Chapter 3;
2008 Chapter 3; 2009 Chapter 3; 2010 Chapter 3).
The overburden at Olkiluoto is mainly sandy till, and contains some clay, silt, sandy and
gravel layers. In some isolated depressions fine-grained glaciolacustrine sediments are
also observed. The till is weakly-laminated and rich in fines and the clay content
generally varies from 2-14%. Slightly chemically-altered, disintegrated rock layers (the
so called “palarapakallio”) were found in most of the investigation trenches, with the
thickness of such layers varying from some centimetres to 2-3 m (Huhta 2007 Chapter
3; 2008 Chapter 3; 2009 Chapter 3, 2010 Chapter 3). The soils at Olkiluoto are weaklydeveloped, due to the short time span of 0-3000 years since the emergence of the island
above sea level (Eronen & Lehtinen 1996 Chapter 5.3; Mäkiaho 2005 Chapter 4).
At Olkiluoto, the relative area of mires is less than the average for southwestern Finland
(Saramäki & Korhonen Chapter 4.1). The Olkiluodonjärvi mire in the eastern part of the
Island (Figure 3-1) is a typical young peatland (Ikonen 2002b Chapter 7; Leino 2001
Chapter 5), which was initiated on an uplifted shore, which has an average current
elevation of 1.5 m. Primary mire formation was controlled by the shore displacement of
the Bothnian Sea only some hundreds of years ago, with the isolation of this mire
occurring around 1491-1638 A.D. (Eronen et al. 1995 pp. 25; Vuorela et al. 2009
pp.160).
The predominant soil-forming process in Finland is the podzolisation of mineral soils,
leading to leached and acidic soils, with an organic layer overlying the mineral soil. The
soils at Olkiluoto are poorly developed due to the short time since their emergence from
beneath the Bothnian Sea. The first summits of Olkiluoto Island rose above sea level
about 2800 years BP and even eight hundred years later about 10 separate small islands
were still present, with the majority of the present land area still submerged (Mäkiaho
2005 Chapter 4.1).
There is quite a large variation in the acidity and elemental solubility of the soils on
Olkiluoto Island. The organic acids formed by the decomposition of plants, together
with root and microbiological processes, have acidified the surficial part of the soil
layers and promoted the leaching of nutrients and trace elements bound to mineral
particles; in addition they become more available for plants in the rooting zone.
(FitzPatrick 1995 Chapter 3 pp. 73-76). The organic and surface mineral soil layers
were acidic, and pH increased with the soil profile depth, as a result of the weathering
and buffering processes, to a neutral or alkaline pH (Lintinen et al. 2003 pp.121;
Lahdenperä et al. 2005 Chapter 3; Lahdenperä 2009 Chapter 3; Lusa et al. 2009 Chapter
4). The base cation concentration and cation exchange capacity of the surface
overburden have been found to be quite high compared to soils further inland
(Tamminen et al. 2007 Chapter 3.1-3.7; Lahdenperä 2009 Chapter 3).
The mineralogical composition of the soil was determined by X-ray diffraction analysis
on samples from nine soil pits, situated mainly in the central and northern parts of
Olkiluoto Island. The mineral soil layers consist mainly of quartz (average proportion
66%), potassium feldspar (average proportion 12%) and plagioclase (average proportion
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19%) for all grain size fractions. Small amounts (<5%) of mica, chlorite and
amphibolite are present and, in addition, in some samples there are minor amounts of
hematite and talc. Detailed descriptions of the mineralogy are reported in Lintinen et al.
2003 (pp. 3-4, 11, 61-120) and Lusa et al. 2009 (13-14, 22, 51-128).
The main reasons for the heterogeneous soil geochemistry at Olkiluoto are the quite
large variations in the humus properties (e.g. in composition and thickness) and in the
amount of clay and fine fraction contents between the soil sites and within different soil
profile layers (Lahdenperä 2009 Chapter 3). Observations of clay and silt layers are
important, because they are the most active fraction in till soils, due to their large
reactive surface area.
The geological characteristics of the seafloor around Olkiluoto Island were mapped by
acoustic-seismic soundings in 2000, 2001 and 2008 (Rantataro 2001 Chapters 4-6; 2002
Chapters 4 and 7; Rantataro & Kaskela 2010 Chapters 2-4). The studies covered the
quality and thickness of the unconsolidated sediment layer and the topography of the
rock surface, including differentiating the crystalline basement rocks from areas of
Jotnian Sandstone (both of which are Precambrian in age). The surface of the
Precambrian bedrock undulates, but the basins and depressions have been filled with
Quaternary sediments during the different Baltic Sea stages, resulting in a smoother
topography. The sedimentary cover has followed the topography of the basement
surface, which has resulted in a more gently-undulating general topography (Rantataro
& Kaskela 2010 Chapter 4.1). The Jotnian Sandstone is also present onshore to the
north of Olkiluoto Island, forming the Satakunta Sandstone (see Chapter 4; Lehtinen et
al. 1998 pp. 311-315).
The northeast–southwest trending sounding lines of the 2008 research indicate that the
dominant trend is that of a gently-dipping, northwest–southeast trending structure in the
seabed sediments. This structure displays basins filled by soft sediments of different
ages and also large till-based formations. On the till base, narrow "troughs" filled by the
softer sediments are clearly observable (Rantataro & Kaskela 2009 Chapter 4.2.).
The geological units distinguished from the acoustic seismic profiles are: Precambrian
crystalline rocks and Jotnian Sandstone, till, glacio-aquatic mixed sediments, glacial
clay, Ancylus clay, Littorina clay/mud, sand and gravel, recent mud and gaseous
“bubble pulse” affected sediments. The sea floor deposits present a very different
character west of Olkiluoto Island from the rest of the shallow water investigation area.
In these western areas, the sea floor consists of till (about 35–45%), bedrock (about 30–
40%) and various clays and muds (about 15– 25%). Active sedimentation prevails in
other parts of the investigation area; and postglacial mud/clay cover is about 60–80% of
the seafloor in the sheltered near-shore basins and in the inner archipelago. The sea area
surrounding Olkiluoto Island also has an extensive area of gaseous, acoustically
“bubbling” sediments (Rantataro & Kaskela 2010 Chapter 4.1 – 4.2).
In 2008, 13 surface sediment samples were taken from offshore Olkiluoto Island and in
total 251 sub-samples were collected (Kotilainen et al. 2008 Chapter 5). The selection
of sampling locations was based on existing data (Rantataro 2001 Chapters 4-6; 2002
Chapters 4 and 7) and on echo sounding profiles surveyed during the cruise (Kotilainen
et al. 2008 Chapter 4.3). Also five offshore transects were studied, providing new
information on the variation and continuity of the physical and geochemical properties
from the shore of Olkiluoto Island to seabed sediments. In total, 57 seabed sediment
samples were taken by diving at 50 m intervals (Ilmarinen et al. 2009 Chapter 2.3, App.
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6). The geochemical and physical properties of the seabed sediments will be reported in
2011. (Lahdenperä & Keskinen 2011 Chapter 3)
3.3.1

Hydraulic properties of soil and sediment types

The key hydraulic parameters in soils are the saturated hydraulic conductivity and
parameters of the soil water retention curve. Since 2002, slug tests have been carried out
in the upper part of the bedrock and overburden, using shallow holes (referred to as OLPP) in the bedrock and in the overburden tubes (referred to as OL-PVP) (Hellä &
Heikkinen 2004; See App. A, Fig. A-4 for the locations). The results of the
measurement programmes in 2002 and 2004–2009 have been reported by Hellä &
Heikkinen (2004), Tammisto et al. (2005), Tammisto & Lehtinen (2006), Keskitalo &
Lindgren (2007) and Keskitalo (2008, 2009). On the basis of slug tests in 2008 in
shallow overburden tubes (OL-PVP), the hydraulic conductivity of the overburden was
found to be in the range of 10-5–10-8 m/s and in shallow drillholes (OL-PP) in the range
of 10-6–10-9 m/s, varying with the grain size distribution, especially with the clay
content (Hellä et al. 2004). The saturated hydraulic conductivities and sources of
parameter values are given in Table 3-1.
Initial values for the soil water retention curve parameters were obtained from measured
characteristic values given for different forest and agricultural soil types by Jauhiainen
(2004). The Olkiluoto surface hydrological model (Karvonen 2008, 2009a, 2010) was
used to calibrate the values of the soil water retention curve parameters that are used in
the models (see Table 3-2). The main criteria in calibrating the parameters were to
simulate properly the temporal behaviour of the groundwater levels in around 30 OLPVP tubes. An example of the calibration results is given in Figure 3-3 with a more
detailed analysis in Karvonen (2010).
Table 3-1 Saturated hydraulic conductivity values (m/s).
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Table 3-2. The parameters of the soil water retention curves of the soil types classified
on Olkiluoto Island. Saturated water content S, residual water content R, parameters
 and  of the van Genuchten function (1980).

Figure 3-3. Measured and computed groundwater level in three overburden tubes as a
function of time (OL-PVP2, PVP11 and PVP14).
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3.3.2

Microbial activity in shallow groundwater & soils

The results on microbial activity obtained to date from Olkiluoto (Pedersen et al. 2008)
support the hypothesis of a varying shallow depth zone, down to a depth of 24.5 m, that
differs significantly from conditions at greater depths in several respects. This nearsurface zone lies between the oxygenic, photosynthetic surface biosphere and the
anaerobic, reduced deep biosphere. Rain water transports oxygen and organic and
inorganic material from the surface downwards and reduced gases, such as methane and
hydrogen, arising from deep geological and biological processes ventilate to the
atmosphere upwards through this zone. Microbial populations can be hypothesised to be
more numerous, diverse and active in shallow groundwater, where oxygen, organic
carbon and methane mix, compared with the underlying, deeper, anaerobic
groundwater. The microbial reduction of oxygen during the degradation of organic
material and methane is hypothesised to be continuous in shallow groundwater, which
would result in conditions in a future repository remaining anaerobic and reducing. The
chemical reduction of oxygen also takes place, but is limited by the availability of
ferrous minerals.
3.3.3

Climate and meteorology

Currently Olkiluoto has a continental climate, with some local marine influence, due to
its location on the eastern shore of the Bothnian Sea (*Figure 3-4, Table 3-3). In the
spring the sea has a somewhat lowering effect on temperatures compared with those
inland, and correspondingly in the autumn provides warmth, so that night frosts are less
frequent.
The thickness of snow cover and its water content at Olkiluoto have been measured
regularly since 1990. The snow cover (<20 cm snow and <40 mm of water content) is
usually less than at the closest reference sites (20 cm, Drebs et al. 2002), and the amount
of snow varies during winter, with temperatures fluctuating around 0°C (Ikonen 2002,
Haapanen et al. 2009 Chapter 3.2).
Ground frost measurements started at Olkiluoto in December 2001. During the
monitoring, the largest 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 (Haapanen et al. 2009 Chapter 3.2).
The main characteristics of precipitation (wet deposition) in forested and open plots
have been monitored since June 2003, with a network of rainwater and snow collectors.
In addition, automatic precipitation measurements in forests are carried out at three
weather stations. The results of this monitoring clearly display the effects of the forest
in, for example, influencing the percentage of precipitation reaching the soil and also its
chemical composition. The amount of precipitation in stand throughfall is naturally
lower than that measured in the open, as the canopy layer and forest structure affect the
amount of water reaching the forest floor; however, under the meteorological conditions
in Finland the amount of precipitation is the most important factor regulating the
amount of water passing to the forest floor. The interception of precipitation by the tree
canopy has been approximately 36% in a monitored pine stand at Olkiluoto between
2004 and 2009 and approximately 32% in a spruce stand between 2006 and 2009
(Haapanen 2010 Section 3.4.2).
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A study carried out by the Geological Survey of Finland was initiated in January 2005,
in order to provide systematic monthly records of the isotope content of atmospheric
precipitation at Olkiluoto and to establish the relationship between local rainfall and
shallow groundwater. According to Kortelainen (2009, Chapter 4), the isotopic
signatures of atmospheric precipitation and groundwater at Olkiluoto are typical of this
region, with its coastal location being reflected in the isotopic composition of the
precipitation.
Table 3-3. Long-term average temperature, annual precipitation and average wind
speed at Olkiluoto Weather mast WOM1 (1993–2009, Haapanen, A. 2010), at
Kuuskajaskari Island 13 km SSW (1971–1995) and at Pori Airport 30 km NE (1971–
2000) (Drebs et al. 2002).
Olkiluoto

Kuuskajaskari Pori Airport

1993-2009

1971-1995

1971-2000

Average annual temperature

6.0ºC

5.1ºC

4.8ºC

- coldest month

-4.2ºC (Feb) -5.0ºC (Feb)

-5.6ºC (Feb)

- warmest month

17.1ºC (Jul) 15.9ºC (Jul)

16.3ºC (Jul)

Annual precipitation

540 mm

559 mm

578 mm

Prevailing wind direction (from) S

SE-S-SW

SE

Average wind speed

5.5 m/s

4.2 m/s

4.0 m/s
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Figure 3-4. Monthly mean and extreme temperatures (top) and monthly total
precipitation (bottom) at Olkiluoto for the period of 1993–2009 (Haapanen, A. 2010).
The black lines represent the monthly mean temperature and total precipitation in
2009; the dashed black line is the month's lowest and highest temperature in 2009, the
grey line is the long-term monthly mean; the purple lines are the long-term mean
low/high values; the blue lines the long-term low/high values; the bars the lowest and
highest monthly precipitation recorded; the white lines in the bars the long-term
monthly mean precipitation; and the black squares the monthly total precipitation in
2009.
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3.3.4

Tree transpiration

Transpiration, the process of the transfer of water from soil to the atmosphere by plants,
is a crucial part of the overall water balance of biosphere systems. Passively-transported
radionuclides are associated with the transpiration flux, rather than with (active) root
uptake. The higher the fraction of transpiration from the total water balance, the greater
the upward flux from the geosphere-biosphere interface towards the root zone. The
functioning of forest ecosystems on the Island is studied in Forest Intensive monitoring
Plots (FIP). A summary of all the variables measured in these FIP plots is given by
Haapanen, R (2005, 2006, 2007, 2008) and Haapanen, A (2009, 2010).
Measurements of tree-level transpiration started in May-June 2007 in monitoring plots
FIP4 and FIP10, using the sap flow measurement system. The approach, the
measurement methods and the results have been reported by Aro et al. (2010),
Haapanen, A (2009, 2010) and Karvonen (2009b). The aim is to measure tree-level
transpiration as a basis for calculating the stand transpiration rate and its variability.
There have been difficulties in some of the sensors attached to individual trees for
measuring the sap flow and, therefore, the range in measured values has so far been
quite large: 130-220 mm/a.
Another method for estimating the level of transpiration is based on use of a SVAT
(Soil-Vegetation-Atmosphere-Transfer) model that has been developed to analyse the
different water and energy balance components of the FIP plots on Olkiluoto Island
(Karvonen 2009b). The Olkiluoto SVAT model divides the above-ground vegetation
into two layers: the overstorey (trees) and the understorey. Hydrological processes that
are quantified in the SVAT model of forest stands include precipitation, interception,
evaporation, transpiration, snow accumulation and melt, soil and ground water
movement, overland flow, horizontal subsurface flow and flow to forest ditches. The
parameters needed in the computation of the transpiration rate are given in Karvonen
(2009b, App. B).
The Olkiluoto SVAT model overestimated the cumulative transpiration rate for plot
FIP4 by 17 mm (around 11%) during the measurement period (Karvonen 2009b). The
biggest difference between the measured and computed values was in June 2007, when
the measurement difficulties were probably influencing the results from plot FIP4.
During 2008, the measured and computed values for plot FIP4 were in very good
agreement, as were the measured sap flow rates and the computed transpiration fluxes
for plot FIP10. The measured cumulative rate during the one year period between June
2008 and June 2009 was 206 mm, with the corresponding computed value being 214
mm (a 4% difference). Average transpiration rates computed with the Olkiluoto surface
hydrological model for the biosphere objects were around 200 mm a-1 (range 175-233
mm/a) (Karvonen 2009c).
3.4

Ecosystems

3.4.1

Terrestrial ecosystems

Olkiluoto Island is mainly covered by commercial forests, rich in rocky soil, outcrops
and rock vegetation, with the vegetation being quite variable in age, due to the different
phases of thinning and cutting (Figure 3-5). There is frequently a sharp boundary
between such natural habitats and the almost urban-like surroundings of the western and
middle parts of the Island, i.e. the power plant and the ONKALO construction areas.
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The power lines from the nuclear power plant (NPP) stretch across the Island and form
another type of vegetation - man-made grassy scrub land. The significant areas of
natural vegetation are the Liiklankari old spruce forest area and the Ulkopää-Tyrniemi
area, with its luxuriant forests and undisturbed shoreline, and the shore vegetation.
Generally, the terrestrial areas of Olkiluoto Island do not differ from other coastal
locations in southwestern Finland, except for the distribution of tree species which,
according to Saramaki & Korhonen (2005, Chapter 4), is mainly due to the higher
fertility of the soils and the greater proportion of coastline. There is a greater amount of
Norway spruce (44% of growing stock volume) and deciduous species at Olkiluoto than
in southwestern Finland in general. In the Olkiluoto area the proportion of birch is over
22%, while other deciduous trees (mainly black alder) account for over 8%. Black alder
typically forms a belt immediately behind the treeless shore vegetation zones. The
proportion of Scots pine-dominated forests (32% of forest and scrub land area) is lower
than is the norm in southwestern Finland.
The relative area of mires on Olkiluoto Island is less than the average in southwestern
Finland (Saramäki & Korhonen 2005 Chapter 4.1). According to Miettinen & Haapanen
(2002) eutrophic, treeless reed-rush or sedge-herb swamps are common on the Island.
Close to the seashore, these swamps, which are usually small in area, were originally
coves cut off from the sea by uplift. Drainage ditched Olkiluodonjärvi is the widest
reed-rush swamp in the inland area.
Game animals on Olkiluoto Island are studied annually and other terrestrial and avian
fauna were intensively studied in 2008 and 2009; and these results are summarised in
Haapanen et al. (2009 Section 4.1.6). Both avian and mammalian fauna at Olkiluoto are
typical representatives of south Finnish coastal forest areas. During the last decade at
Olkiluoto, species common in human-altered habitats have increased, whereas species
typical of Norway spruce forests and hardwood swamps have declined slightly. Moose,
hare, white-tailed deer and raccoon dogs are plentiful; and the other mammals, which
are common in the region, are also present. The seashore is rich in birds, typically
ducks, gulls and waders. Olkiluoto is generally not very favourable for most amphibians
and reptiles. The captured invertebrate species have represented rather common ones in
southern Finland.
The characteristics of microbial communities are important from the point of view of
the nutrient fluxes in the soil. A study by Potila et al. (2007) in September 2006
provides descriptive data on the microbial biomass, community structure and activity in
the organic layer of forest soils at Olkiluoto. In that study, the variations in the level of
N mineralisation, dissolved N compounds, fungal biomass and microbial community
structure in the set of study plots were within the normal range of other published data
for similar forest types in Finland. At the surface, the N mineralisation rate was higher
under Norway spruce than under Scots pine. More fungal biomass was found in the soil
under Scots pine, suggesting that fungi played a bigger role in the soil nutrient fluxes in
the Scots pine plots than in the Norway spruce plots.
The company operating the NPP, TVO, has monitored radionuclides in the environment
since the 1970s. Radionuclide concentrations in both filtered dry deposition and direct
wet deposition at Olkiluoto over recent years have been low, due to the end of
atmospheric nuclear weapon tests and the lack of recent accidents; however, some
traces of Chernobyl-derived 137Cs are still detectable (Ikonen 2003, Roivainen 2005
Chapter 1.2; Haapanen, R. 2005, 2006, 2007, 2008; Haapanen, A. 2009, 2010).

88

89

Figure 3-5. Location of terrestrial habitats on Olkiluoto Island and its surroundings. Dominant tree species are based on interpretation of an IRS satellite image from the summer of 2006, field measurements
(Saramäki & Korhonen 2005) and some auxiliary data (Haapanen 2009). Other types have been taken from the CORINE2000 Land Cover map by the Finnish Environment Institute. Roads and constructed areas:
topographic database by the National Land Survey of Finland.
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3.4.2

Aquatic ecosystems

The sea around Olkiluoto Island is moderately open and shallow, with an average depth
of less than 10 m. There are only a few islands immediately to the north and the Rauma
archipelago lies to the south. Due to the paucity of islands, the flow conditions are
strongly affected by winds (Haapanen et al. 2007 pp. 89, 2009 pp. 189; Lauri 2008
Chapter 4.2). The flow conditions in the waters close to Olkiluoto Island have been
modelled since the 1970s, to study the effects of cooling waters from the NPPs on flow,
temperature and ice conditions. These studies have used scale models and later 2D and
3D mathematical models, as well as direct flow measurements (Haapanen et al. 2009
pp. 189).
Two regionally large rivers, the Lapinjoki and the Eurajoki, discharge to the sea north
and east of Olkiluoto Island, increasing the concentrations of nutrients and solids,
especially at the river mouths. The average outflow of the River Eurajoki is 6–12 m3/s,
being about 2.5 times of that of the River Lapinjoki (Environmental information and
spatial data service - OIVA portal, May 4, 2009). The cooling water from the NPPs
changes the flow conditions and increases the seawater temperature. At present, the
NPPs consume a total of 5.2 million m3/d of cooling water, which is six times the mean
flow of the River Eurajoki, and causes a rise of 13.6°C in the cooling water temperature
(Kirkkala & Turkki 2005 Chapters 4 and 5; Turkki 2006 pp. 6). Elsewhere, the normal
differences between archipelago and open sea areas were observed: the sea temperatures
of the inner archipelago were approximately 4–5ºC higher than those of the open sea.
The marine ecosystem has been monitored by TVO since the 1970s, with their study
area extending to a distance of 5-6 km from the NPPs’ cooling water discharge site. In
Posiva's own monitoring programme, seawater samples from four selected sites are
analysed for hydrochemical modelling purposes once every three years. Water quality
samples are collected during the open water season as part of TVO’s monitoring
programme for the NPPs.. As some analyses, e.g. element concentrations for
concentration ratios, are required by Posiva, but are not part of TVO’s programme,
additional, specific sampling campaigns are carried out by Posiva.
The most recent water quality results are summarised in Haapanen, A. (2010 Section
3.6), Haapanen et al. (2007 Chapter 9) and Haapanen et al. (2009 Chapter 7). Oxygen
saturation of seawater affects the nutrient concentrations in the near-bottom waters and
influences the bottom fauna and fish communities. The oxygen level in the bottom
waters near Olkiluoto Island has, for the most part, remained adequate for the normal
biota and the nutrient and suspended solids concentrations are typical of Bothnian Sea
coastal waters. There have been relatively minor local variations in the nitrogen and
phosphorus concentrations of the sea water, although nutrients released from the coastal
zone, and to some extent the effect of the local wastewater load from the NPPs,
temporarily increase concentrations in the areas of cooling water discharge and intake.
The aquatic macrophytes range from algae-dominated, hard bottom communities in the
outer archipelago to vascular, plant-dominated, soft-bottom communities in sheltered
locations. Due to eutrophication, the proportions of different species have changed. The
most common fish species are perch and roach.
Littoral systems are found between the terrestrial and aquatic systems. The factors
which govern the strength of the littoral forces include the location of the shore, its
gradient in relation to the water body and the depositional environment. The area
offshore from Olkiluoto Island shows a great variation in environmental conditions,
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because it lies between an almost open sea and the extremely-sheltered river mouth area
of the Lapinjoki. Deep hard and soft sand bottoms, as well as shallow bottoms with
mostly soft clay, mud and silt are found. The amount of loose sediment material found
on the sea floor has somewhat increased in the area affected by the NPPs’ cooling water
flow (Kinnunen & Oulasvirta 2004 Section 13.1).
There are few limnic systems, lakes and small water bodies on Olkiluoto Island, but
small ponds are found at the western tip of the headland. The ponds are located within
50–100 m of the sea shore and are surrounded by trees. Small water bodies are very
significant ecosystems, because they are potential transmission routes for radioactive
substances released from the repository. Due to the small amounts of water they
contain, these water bodies are very sensitive to environmental changes (Haapanen et al.
2009 pp. 173). There is also the 10 Ha man-made Korvensuo reservoir at Olkiluoto,
which is used to supply water pumped from the River Eurajoki to the NPP and also
supplies flushing water for drilling operations and for the ONKALO construction
project.
Radionuclide concentrations in seawater have been measured as part of the NPP
monitoring programme, and are summarised by Ikonen (2003 Chapter 7.1, pp. 113119), Roivainen (2005 Chapter 6.1, pp. 93-98) and Haapanen, R. (2005 pp. 87, 97; 2006
pp. Chapter 2.2.4, pp. 69; 2007 pp. 86; 2008 Chapter 3.3) and Haapanen, A. (2009
pp.113-114, 158, 160; 2010 pp. 19-20, 118-120).
3.5

Land use at Olkiluoto

The western part of the Island is occupied by the NPPs with their auxiliary facilities,
and a new unit is currently under construction. In the central part of the Island there are
Posiva’s main site investigation area and the ONKALO excavation site itself with its
support facilities. Paved industrial areas and supporting activities form man-made
islands of an urban-like environment that have a significant local effect on the
hydrology. The central part of the Island also contains soil dumping areas and a rock
piling and crushing area, which serve the construction of the NPP and the excavation of
the ONKALO, and also the Korvensuo reservoir. In the southern part of the Island there
is a nature conservation area, consisting of old forest. The eastern part of the Island
consists largely of privately owned forest, summer cottages and an area for small-scale
agriculture, which consists of wheat and oat cultivation, with parts of the fields being
left fallow. There are currently no livestock on the island.
3.6

Hydrology of the surface system

3.6.1 Results of the surface hydrology model: infiltration and recharge
conditions

Olkiluoto Island forms a hydrological unit of its own; the surface waters flow directly
into the Bothnian Sea. On the basis of topography and flow directions in ditches, the
Island is divided into several local drainage basins (catchment areas) as shown in Figure
3-6. The main water divide splits the Island into northern and southern parts. In the
northern part, ditches and small streams form obvious routes for surface runoff but, in
the southern part, the routes are more diffuse and less obvious, especially near the
shoreline, due to the subdued relief.
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Table 3-4. Distribution of land use classes on Olkiluoto Island and at Ilavainen at
present and in 1946. The estimates are based on a visual interpretation of a 50 x 50 m
systematic plot network placed over the aerial photographs taken in 1946 and 2007
(Haapanen, A. 2009).
% of present land
Land use/land cover class
1946
2007
Industrial, commercial and transport units; mine, dump and construction
0.0
21.7
0.0
7.3
Power lines
0.5
1.3
Summer cottages and farm yards
7.2
5.3
Agricultural areas
77.6
55.8
Forests and wetlands, excluding shoreline swamps
4.7
4.4
Shoreline meadows and shoreline swamps
5.4
4.3
Rock forests and bare rocks
4.8
0
Areas in 1946 still submerged
Total area, km2
9.9*
10.4*
*Due to the variations in sea level and phenological states of vegetation, the interpretation at the
shoreline is uncertain and these values should be used with caution.

Figure 3-6. Drainage basins and ditches on Olkiluoto Island (Karvonen 2008) and
locations of measuring weirs MP1–MP4.
The Olkiluoto surface hydrological model (Karvonen 2008, 2009a, 2009b and 2010) is
a tool that can be used to calculate the water balance on the Olkiluoto site, compute
vertical and horizontal water fluxes in the overburden and shallow bedrock and evaluate
the effect of the ONKALO and the Korvensuo reservoir on groundwater levels in the
overburden and in shallow bedrock drillholes. The water balance calculation includes
the distribution of precipitation into transpiration, interception, evaporation from the
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ground, surface and subsurface runoff, recharge to bedrock and discharge to the sea.
The model links unsaturated and saturated soil water in the overburden and groundwater
in the bedrock into one continuous pressure system. The flux at the interface between
the overburden and the bedrock can be calculated, since the location of the first bedrock
node in the vertical direction can be obtained from bedrock elevation data.
The model has been calibrated for present-day conditions by making use of the existing
extensive data sets related to groundwater levels in the OL-PVP overburden tubes,
hydraulic heads in the OL-PP shallow bedrock holes (Ahokas et al. 2005; Tammisto et
al. 2006, Klockars et al. 2007; Vaittinen et al. 2008, 2009, 2010) and baseline heads in
OL-KR deep drillholes (Ahokas et al. 2008). Discharge has been measured manually in
four measuring weirs, whose locations are shown in Figure 3-6, since March 2003. The
old V-shaped measuring weirs were replaced by new automatic weirs in early 2008. The
new measuring weirs have produced data from the following dates: OL-MP1 to MP3
April 26, and OL-MP4 April 28, 2008 (Haapanen, A 2009). Detailed water and energy
balance studies have been carried out in FIPs since 2004 (Haapanen, R 2007, Haapanen,
A 2008, 2009 and 2010) and these studies provide measured values for transpiration,
interception, throughfall, snow processes and infiltration into the soil profile.
The most recent calibration results of the Olkiluoto surface hydrological model are
given in Karvonen (2010). The variation of groundwater levels in the overburden soils
and the hydraulic heads in the shallow bedrock were well simulated. The computed
baseline heads in the deep drillholes (OL-KR) were compared with the corresponding
measured heads given by Ahokas et al. (2008) and the calculated results were in good
agreement with the measures values in 14 of the 17 drillholes. The most probable
reason for the poor results in three drillholes is that all hydraulic connections (fracture
zones) are not yet properly described in the Olkiluoto surface hydrological model. The
measured and computed cumulative values of runoff were similar in all measurement
weirs OL-MP1 to MP4.
3.6.2

Water balance components of Olkiluoto Island

The Olkiluoto surface hydrological model was used to calculate the annual average
values for the water balance components of the whole island. All the computed water
balance values are shown in Table 3-5 in units of mm/a, so that it is possible to compare
the relative proportion of each term from the overall amount of water available for
evapotranspiration, runoff, discharge to the sea and inflow to the ONKALO. According
to the results, the average annual runoff was around 32% of the total precipitation and
the average annual evapotranspiration around 64% of the total precipitation (Karvonen
2010). Actual evapotranspiration is the sum of transpiration, interception and
evaporation from the ground. The computed average value for recharge through the
bedrock system to the sea was 1.8% of the long-term annual precipitation, implying that
the average recharge was around 10 mm/a. The discharge to the ONKALO (35 L/min)
was used as input data to the model.
3.6.3

Runoff

The automatic weirs OL-MP1 to MP4 measure discharge in units of volume over time
(L/s) and the amount of water flowing through the measurement station is dependent on
the catchment area above the weir. Therefore, measured discharge was converted into
runoff (mm/d), so that it is in the same units as precipitation. The presentation of the
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weir measurement results in units of mm/d makes it possible to evaluate the reliability
of the weir measurements and the results of measured and computed runoff rates are
shown in Table 3-6. Cumulative computed runoff values were in good agreement with
the measured cumulative rates, but some timing errors were seen: the models predict
slightly too low a cumulative runoff during snow-free periods and overestimate runoff
during winter months (see Karvonen 2010). The peak values of runoff were
underestimated and one explanation for this is that the stream network of the model
does not include all the small ditches which convey runoff rapidly to the measuring
weir. Another possible reason for underestimating the highest runoff rates is that the
preferential flow paths (fast bypass routes such as root channels, worm holes) are not
properly described in the model. Both the ditch network and the description of the
preferential flow paths need to be examined in future studies.
Table 3-5. Water balance components on Olkiluoto Island as computed by the Olkiluoto
surface hydrological model (mm/a and % of yearly precipitation P).

Table 3-6. Measured and computed cumulative runoff (mm/d) for weirs OL-MP1...OLMP4 during the automatic measurement period (Karvonen 2010).
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3.6.4

Outflow from the Korvensuo reservoir

The Korvensuo reservoir is used to supply water to the NPPs, flushing water for drilling
operations and for the ONKALO construction project. The results from the ground
surface-based monitoring campaign in 2008 show first-time indications of changes in
groundwater composition that are caused either by the ONKALO and/or by
investigation activities in the neighbourhood of the ONKALO (Pitkänen et al. 2009).
These changes are observed in the upper part of hydrogeological zone HZ19, actually in
its A-part. It seems that water from the Korvensuo reservoir has infiltrated and diluted
groundwater in this zone between the ONKALO and the Korvensuo reservoir, but
dilution is also observed to the south of the ONKALO in OL-KR29. The results of the
water balance analysis and the surface hydrological model show that seepage through
the embankment and infiltration through the base of the reservoir have increased, due to
a rise in the water level in the reservoir during 2007 and also due to leakage to the
ONKALO (Vaittinen et al. 2009, 2010; Karvonen 2010). According to Table 3-5
discharge from the Korvensuo reservoir is around 0.8% (4 mm/a) of the overall water
balance of Olkiluoto Island
3.6.5

Depth to the water table

In general, and with few exceptions, the groundwater table follows the topography.
Over the majority of the Island there is less than 2 m of overburden above the average
groundwater surface (see Figure 3-7). In other words, the groundwater level can be
close to the ground surface for at least some periods during some years over most of the
Island, excluding the highest elevations. In the Olkiluodonjärvi wetland area (shown in
Figure 3-7) the computed hydraulic head is more than 1 m above the ground surface.
This area is a former lake, but it appears that the computed value for the hydraulic head
is too large. The possible reasons for this are that the digital elevation model is not
correct in this area or that the elevations of the bases of the ditches/streams that convey
water to the sea are too great. The results of the model thus need to be verified or
revised in this area.
3.6.6

Recharge through the bedrock interface

Recharge computations carried out with the surface hydrology model reveal that the
Olkiluoto bedrock groundwater system is transport-limited and the overburden supplylimited, a situation that considerably reduces the uncertainty in estimating the recharge
to the sea through the bedrock system (Karvonen 2008). A transport-limited system
implies that there is more supply from the overburden to the bedrock than the bedrock
system can transmit, which is due to the low hydraulic conductivity in the bedrock
compared to that of the overburden soils. The overburden groundwater system is
supply-limited, which implies that more precipitation would result in greater runoff and
evapotranspiration. The hydraulic properties of the bedrock and hydrogeological zones
used in these calculations were the same as those used in the FEFTRA program for
modelling groundwater flow and solute transport in the bedrock system (Löfman et al.
2009, Tables 3-1, 3-2 and 3-3).
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The Olkiluoto surface hydrological model was used to calculate flux through the
bedrock-overburden interface and at various levels in the bedrock system (see Figure 38). Computed recharge is given a positive value and discharge (upward flux) a negative
value. The maximum positive downward fluxes at 1 m depth in the bedrock are 10%
of the average yearly precipitation rate (550 mm/a) and in the discharge areas the
upward flux can be more than 6% of the precipitation. The present sea areas around
Olkiluoto Island are discharge areas. At 10 m depth the maximum recharge values are
around 6-7% and the maximum discharge values about 3-4% of the precipitation. At
depths of 20 m and 30 m the maximum downward fluxes are of the order of 4-5% and
3-4% of the precipitation, respectively. The maximum upward fluxes at 20 m and 30 m
depths are 2-3% and 1-2%, respectively.

Figure 3-7. Average water table depth (m) under present conditions. Negative values
indicate areas where the average hydraulic head is above the ground surface (e.g.
Olkiluodonjärvi area). Water table depth computed using the Olkiluoto surface
hydrological model (Karvonen 2010).

98

Figure 3-8. Computed average recharge rates (% of precipitation) through bedrockoverburden interface, and at depths of 10 m, 20 m and 30 m in the bedrock. Downward
flux (recharge) defined as a positive value and the upward flux (discharge) as a
negative value (Karvonen 2010).
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3.6.7

Hydrogeochemistry of the overburden

Since 2001, the monitoring of shallow groundwater from the 54 groundwater tubes
(PVP) and shallow drillholes (PP, PR) (Figure 3-9) has continued (Pitkänen et al. 2007b
Section 3.1; 2008a Chapter 2; 2009 Chapter 2; Penttinen et al. 2011 Chapter 3) to:


establish the hydrogeochemical properties,



study natural variations in groundwater close to the surface and



observe the effects of the construction works of the ONKALO and its
surroundings.

The bases for the hydrogeochemical monitoring programme at Olkiluoto are described
in Pitkänen et al. (2003 pp 38-39 and 59). Some modifications have been made to the
hydrogeochemical monitoring programme, e.g. Hirvonen et al. (2005 Chapters 6.1, 7;
2006 Sections 3.1.1, 3.1.2) and Pitkänen et al. (2007b Sections 3.1, 3.2; 2008a Section
2.1.; 2009 Section 2.1; Penttinen et al.. 2011 Section 3.8).
In the eastern part of the Island eight new groundwater observation tubes (OL-PVP30 to
OL-PVP35) were installed in 2009. The observation tubes (OL-PVP21 to OL-PVP29)
and shallow drillholes (OL-PP66 to OL-PP69) were installed in late 2008 in the
infiltration test site, situated in the central part of the Island, near the ONKALO, where
the potential changes in pH and redox conditions, and buffering capacity, as well as the
hydrogeochemical processes related to groundwater infiltration, are being investigated
(Pitkänen et al. 2008b Chapter 1).
The sampling points of the shallow groundwaters (from the monitoring period 20012009) were divided into seven groups, on a basis of their typical geological, locational
and special features (Figure 3-9). A group classification was employed to enhance the
distinguishability of the results with different concentration levels, to compare the
results within groups and to detect similarities in behaviour, e.g. seasonal variation. A
detailed description is presented in Penttinen et al. (2011 Chapter 3).
The shallow groundwaters are mainly fresh and occasionally slightly brackish. The pH
of the samples varied from 4.9 to 8.0 (Pitkänen et al. 2007b Section 3.1.2; 2008a
Section 2.1.2; 2009 Section 2.1.3; Penttinen et al. 2011 Sections 3.6, 3.8). For
comparison, in the soil pits OL-KK6…OL-KK19, soil pH varied from 4.0 to 8.0 in the
surface layers and in the unaltered till from 6.5 to 8.0 (Lintinen et al. 2003 pp.121;
Lahdenperä et al. 2005 pp. 24, 26; Lahdenperä 2009 pp. 25, 69). In some cases, the
lowest groundwater pH values (<5.5) were found in very shallow tubes, near the
surface, where surface waters could have mixed with the groundwater. The
groundwaters near the overburden, having shorter retention times, contain fewer
dissolved elements than deeper groundwaters. However, shallow groundwaters react
more quickly, for example, to the percolating water and to seasonal changes.
In the spatial distribution of the monitoring results, the northern and the northwest
central parts of the Island, as well as its most eastern parts, have typically lower pH
values, lower TDS values and lower chloride concentrations (<20 mg/L) than the
recharging groundwater. Also, the percent of modern carbon (14C pmC) was the highest
in these sites. In the southern and eastern central parts, pH is typically higher, in a
similar manner to TDS values and chloride and sulphate concentrations. The elevated
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chloride concentrations are possibly due to relic Littorina seawater mixing with
groundwater (Pitkänen et al. 2003 pp. 13.26, 36, 39, 44-45, 48, 56, 59, 62, 64, 84, 114,
117, 121, 123; 2008a pp. 27, 40, 100, 117; 2009 pp. 71-72, 85, 141; Penttinen et al.
2011 Section 3.6). Also, the percent of modern carbon (14C pmC) is among the lowest at
many of these sampling sites. The majority of these sites are found in the low-lying and
swampy areas, where sampling points are situated in the vicinity of bedrock depressions
and interpreted fracture zones that indicate possible discharge areas. The groundwater
quality at some of the sites could also have some influence on these results, due to the
many construction activities on the Island (Pitkänen et al. 2007b pp.42; 2009 pp. 36, 73,
78 81; Penttinen et al. 2011 Section 3.8).
The samples collected since the Baseline Report (Posiva 2003 Section 3.3.3.1)
correspond quite well with the previous results, but with some exceptions. In some
groundwater parameters, long-term increases or decreases, as well as seasonal
fluctuations, have been observed. The main factors affecting groundwater quality are
both natural (geology, closeness to the sea, climate, changes in groundwater level) and
human-induced (relatively heavy infrastructure works and road salting) (Pitkänen et al.
2008a pp. 8, 27, 117; 2009 pp. 8, 27, 71; Penttinen et al. 2011 Sections 2.2, 3.2).
In addition, the effect of the Korvensuo reservoir on the groundwater is evident in some
shallow groundwaters (Pitkänen et al. 2003, 2007a pp. 38, 53-54, 69, 126; 2008a pp.
57-59; 2009 pp. 61-62, 73; Penttinen et al. 2011 Sections 3.6, 3.8). The effects of the
ONKALO are seen only temporarily in OL-PVP2 and disappear after periods of rain
(Karvonen 2009b pp. 4-5, 27, 44-47, 49, 52). The main roads at Olkiluoto and the
harbour have been salted regularly during the winter, but it is difficult to say whether
salting has affected groundwater quality, due to other natural and anthropogenic factors;
the existence of sampling sites having elevated values when close to fracture zones
allows for the possibility of a natural geological factor being significant (Penttinen et al.
2011 Section 3.10).
3.6.8

Soil water chemistry

The chemical composition of the soil water has been investigated in five soil pits: OLKK14, OL-KK17, OL-KK18, OL-KK19 (Lahdenperä 2009 pp. 12, 17-20) and in OLKK21, and in two investigation trenches: OL-TK4 and OL-TK15 (Table 3-7). The
monitoring of soil water chemistry will continue and samples are collected 2-4 times
per year. The results from 2008 to 2010 will be evaluated and reported in 2011.
The chemistry of the soil water has also been monitored in three intensively-studied FIP
plots. Monitoring of the soil water started in a Scots pine stand (FIP4) in October 2003,
in a Norway spruce stand (FIP10) in May 2005 and in a young mixed forest stand
(FIP11) in June 2007. The soil water samples are collected twice a month (Table 3-8))
and the results and mean values reported annually and presented in Haapanen, R (2005
pp. 11, 42-48; 2006 pp. 13-14, 26-27, 91-95; 2007 pp. 29-34, 59, 77-78, 95-100; 2008
pp. 25, 27, 95-96, 113) and Haapanen, A (2009 pp. 28-37 and 179-187; 2010).
From soil water samples, electric conductivity, pH, DOC, alkalinity, anions (Cl, PO4-P,
NO3-N, SO4-S) and cations (Al, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, S, Si,
Zn, NH4-N, Ntot) are determined (e.g. Haapanen, A 2009 pp. 179-187).
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Figure 3-9. The total lengths, the thickness of overburden, the depth of sifters (the
perforated sections in OL-PVP tubes) and the elevation of ground level presented for
the groundwater observation tubes (OL-PVP) and shallow drillholes (OL-PP and OLPR). Notice the scale change below -15 m (d = destroyed, c.u. =clogged up). OL-PP56
drillhole inclination 45.1o, drillhole reaches -29.5 m depth (the length >50 m)
(Penttinen et al. 2011, Figure 3-18, Page 46).
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Table 3-7. The installation depths of lysimeters in OL-KK14, OL-KK17…OL-KK19,
OL-KK21, OL-TK4 and OL-TK15 and soil water sampling times in 2008-2010.
Location

Lysimeter code

Depth
cm

Sept.
2008

Soil pit
OL-KK14

LP01

5

X

OL-KK14

LP02

5

OL-KK14

LP03

OL-KK14

Dec.
2008

June
2009

Nov.
2009

Dec.
2009

May
2010

-

-

X

X

X

-

-

-

X

-

-

20

X

-

-

X

X

X

LP03

20

X

-

X

-

X

X

OL-KK14

LP04

40

X

-

X

-

X

X

OL-KK14

LP04

40

X

-

X

-

X

X

OL-KK14

LP05

100

X

-

X

X

X

X

OL-KK14

LP05

100

X

-

X

-

X

X

Soil pits in the infiltration area
OL-KK17
LP05

10

-

X

-

-

-

X

OL-KK17

LP06

40

-

X

X

-

X

X

OL-KK17

LP07

100

-

X

X

-

X

X

OL-KK18

LP08

220

-

X

X

X

X

X

OL-KK19

LP09

235

-

X

X

X

X

X

OL-KK21

LP01

10

-

-

-

-

-

-

OL-KK21

LP02

20

-

-

-

-

-

-

OL-KK21

LP03

40

-

-

-

-

-

-

OL-KK21

LP04

200

-

-

-

-

-

-

Investigation trench in the infiltration area
OL-TK4
LP01
200

-

X

X

-

X

X

OL-TK4

LP02

170

-

X

X

X

X

X

OL-TK4

LP03

200

-

X

X

X

X

-

OL-TK4

LP04

100

-

X

-

X

X

-

Investigation trench
OL-TK15
LP10

10

-

-

-

-

-

X

OL-TK15

LP11

40

-

-

-

-

-

X

OL-TK15

LP12

100

-

-

-

-

-

-

Soil pit
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Table 3-8. The installation depths of lysimeters in FIP4, FIP10 and FIP11 and soil
water monitoring periods.
Location
OL-FIP4
OL-FIP10
OL-FIP11
OL-FIP14

3.7

Depths cm
5, 10. 20 and 30
5, 20 and 30
5, 10, 20 and 30
5

Monitoring period
2004200520072009-

Sampling time
Twice a month
Twice a month
Twice a month
Twice a month

General discussion

Climate
Climate and weather conditions provide input to the modelling of groundwater
evolution and flow, as the time-dependent boundary conditions for the system. Weather
conditions also have a great influence on the vegetation and animal life on the site,
further affecting conditions at depth. In addition to the uplift in the region, the changes
in the climatic conditions due to, for example, precipitation and sea level fluctuations,
could be considered as the major forces affecting other parts of the surface system and
its development in the future.
Ecosystems
The processes maintained by living organisms and other organic matter on the surface,
in the soil, or in the sea, have a significant effect on the amount and composition of
groundwater infiltrating the bedrock, by influencing the properties of the uppermost
parts of the overburden. To obtain a better knowledge of the interactions between the
ecosystem and the bedrock, an intensive programme of monitoring in the forest and in
the surrounding littoral ecosystems is continuing. In addition, seawater is used as a
reference to help estimate the geochemical evolution and the mean residence times of
deep groundwaters, as the chemical composition of seawater has remained constant for
long periods of time and the changes in it are well known.
Overburden
The overburden alters the chemical composition of the precipitation that infiltrates to
greater depths and affects the extent of surficial turnover and runoff. In addition, the
vegetation takes up nutrients and water from the soil and the type of overburden
influences the type of terrestrial ecosystems that develop. Therefore, the description of
the overburden and the soil water together provide input for modelling future terrestrial
ecosystems on Olkiluoto Island. In these studies it is also important to including the sea
bottom sediments that will become terrestrial in the future, due to the continuing uplift.
Geosphere-biosphere interface
The geosphere-to-biosphere interface zone, or the boundaries between the geosphere
and the biosphere modelling domains of the safety assessment, is a very important issue
(e.g. BIOPROTA 2005 and Lahdenperä 2006 Chapters 2, 3, 4, 5). The change from
bedrock groundwater to the bio-available region takes place without gaps in the
uppermost part of the bedrock, in the overburden (both mineral and organic soil) and in
the aquatic sediments, i.e. all the processes are continuous through this interface.
However, it is important to recognise that there are regions in the geosphere-to-
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biosphere interface zone that overlap the geosphere and biosphere model domains. The
Olkiluoto surface hydrological model provides one tool that can handle this interface as
a continuous system in terms of water fluxes, thus enabling a proper treatment of
radionuclide transport from bedrock to biosphere.
Hydrogeochemical modelling and infiltration experiment
A three-year infiltration experiment to investigate potential changes in pH and redox
conditions, and in buffering capacity, as well as the hydrogeochemical processes related
to groundwater infiltration, has been designed to be carried out in the vicinity of the
ONKALO (Pitkänen et al. 2008b). The idea is to monitor the major infiltration flow
path from the ground surface into the upper part of the ONKALO at about 50 to 100 m
depth, depending on the observations made during the experiment. In addition to the
geochemical targets, the experiment can be used in hydrological modelling to
investigate the process of infiltration. The experiment makes it possible to extend the
understanding of hydrogeology to the upper part of the bedrock, which will also help in
future predictions. Moreover, the Olkiluoto surface hydrological model can provide
water fluxes in this system to be used as input data in the hydrogeochemical modelling
programmes.
Terrain ecosystem modelling and radionuclide transport modelling
For simulating the effects of uplift or other changes in the biosphere, a GIS toolbox
known as UNTAMO has been developed (Ikonen et al. 2010). The Olkiluoto surface
hydrological model uses raster files created by the UNTAMO toolbox as model input
data. Based on the UNTAMO forecasts, continuous and sufficiently homogeneous
segments of the modelled area, which may receive radionuclides released from the
repository, can be identified (Hjerpe et al. 2010). These segments are called biosphere
objects. The possible release paths from the repository to the biosphere objects have
been identified, based on groundwater flow modelling (Nykyri et al. 2008) and on
surface hydrological modelling (Karvonen 2009c). The details of this system and its
relationship to the biosphere assessment procedures are described in detail in Hjerpe et
al. (2009).
Uncertainties related to surface hydrological modelling
One limitation of the Olkiluoto surface hydrological model is that its computations are
very time-consuming and it is not possible to do a sensitivity and uncertainty analysis
by varying the input data and key parameters of the full 3D model. Therefore, by 2012,
a simplified version of the surface hydrological model needs to be developed that will
enable a detailed sensitivity and uncertainty analysis to be performed, but still retain a
valid description of the most important hydrological processes.
The computation of the vertical upward flux to the root zone or to peat layers, the
description of the horizontal water movement in the overburden towards the stream
network and the computation of the vertical flux rates at the interface between the
bedrock and the overburden/lake sediments, needs to be verified by direct
measurements or by indirect evidence (e.g. water balance computations). The
improvement in the description of both the vertical and the horizontal water flux is
closely related to the parameterisation of the preferential flow paths in the overburden
(root channels, worm holes, bedrock-overburden interface and stones etc.). The analysis
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will utilise the measured temporal variation of groundwater levels in 35 PVP tubes
(Vaittinen et al. 2009b), the results from the four automatic discharge measuring weirs
that have been operating since early 2008 (Haapanen, A 2009) and the results from the
FIPs (Haapanen, A 2009, Karvonen 2009b). The results of the infiltration experiment
(Pitkänen et al. 2008b) that started at the end of 2008 will also help in identifying the
possible deficiencies in sub-models describing the water flux, both in the overburden
and at the interface between bedrock and overburden.
The Olkiluoto surface hydrological model uses raster files created in the terrain and
ecosystems development modelling as input data. The raster files provide the most
important spatial data needed in the computation of radionuclide transport and water
balance components of the biosphere objects. For these, it is necessary to add an
estimation of the forest biomass, in order to obtain a consistent forest evolution
prediction, which can then be added to the raster dataset. This would help in evaluating
the uncertainty related to the distribution of precipitation between throughfall,
interception and transpiration and what the effect of this distribution is on the vertical
upward flux to the root zone.
Also, an important limitation of the present input dataset is that there is no objective
method of defining the threshold value for the stream network delineation. The flow
accumulation raster can be used to locate the network of small streams that convey the
surface and subsurface runoff from land areas to the sea. This raster shows the number
of upslope cells that flow into each cell and a stream is assumed to develop in areas
where the flow accumulation raster exceeds a predefined threshold value. The process
of stream delineation will be studied more closely by 2012.
The hydraulic properties of the overburden are relatively well characterised inside the
present Island boundaries by the numerous slug tests carried out in OL-PP holes and in
OL-PVP tubes (e.g. Keskitalo & Lindgren 2007, Keskitalo 2008, 2009). The
radionuclide transport analysis RNT-2008 (Nykyri et al. 2008) shows that the majority
of the release pathways from the repository are at locations which are beneath the
present sea or lie in areas of future lakes, which implies that more data, primarily on the
overburden types and thicknesses from the present marine environment are required,
supported by estimations of their hydraulic properties.
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4

BEDROCK GEOLOGY

4.1

Objectives of and approaches to the Geological Model

The main objective of this chapter is to update and revise the Geological Site Model
(GSM) of Olkiluoto, version 1.0 (Mattila et al. 2008) and version 1.1, included in
SR2008 (Posiva 2009, Chapter 4), and to process further the existing and new
geological data acquired from the Olkiluoto site. All the versions of the GSM and their
reports are listed in Aaltonen et al. (2010) Table 1-1. A considerably more detailed
description of the GSM, version 2.0 is provided in Aaltonen et al. (2010) which used a
data freeze of October 2009. The version presented here is GSM version 2.1, as the
description of the brittle deformation and lithological models has been updated to some
extent from GSM, version 2.0. The data freeze for GSM version 2.1 was September
2010.
The purpose of the GSM is to evaluate the geological properties and conditions of the
rock mass on the Olkiluoto site. The model provides the geometrical framework and the
geoscientific descriptions necessary for the development of the site-scale rock
mechanics, hydrogeological and hydrogeochemical models (Figure 4-1) and also
represents an important input to the development of the design of the underground
openings, by influencing the rock suitability criteria (RSC), in particular the brittle
deformation zones with their influence zones.

Geological and
geophysical database

Rock mechanics
database

Hydrogeological
database

Safety case

Geological model
Underground
facilities

Lithological model
Ductile deformation model

Hydrogeochemical
database

Rock mechanics
model

Alteration model
Brittle deformation model

Hydrogeological
model

DFN model

Hydrogeochemical
model

Figure 4-1. Flow chart of the interactions between the geological model and other
disciplines (from Aaltonen et al. 2010, Figure 1-1).
The bedrock volume included within the GSM, lies beneath an area that covers almost
the whole of Olkiluoto Island and some offshore areas, and is known as the Olkiluoto
Site Area (Figure 4-2). The upper surface of the GSM model volume is defined by the

108

current ground surface. The lower surface of the model volume lies at a depth of 1000
m and most of the deep drillholes and the whole of the ONKALO facility lie within this
model volume.
In comparison with GSM version 1.0 (Mattila et al. 2008), GSM version 2.1 is based on
an expanded database from geological surface mapping, and on the results from the
logging of 12 new deep drillholes and the mapping of about 1000 m more of the
ONKALO access tunnel (with several pilot holes and corresponding prediction/outcome
studies). In addition, several new geophysical surveys have been carried out since GSM
version 1.0. It should be noted that the GSM activities have been carried out at the same
time as activities related to the modelling of a much smaller model volume, the
ONKALO, the aim of which is to support the rock engineering effort and provide rock
mechanics and hydrogeological predictions as tunnelling proceeds. Three versions of
the ONKALO model have so far been published: Paananen et al. (2006), Kemppainen
et al. (2007) and Lahti et al. (2009). These have been used as an important background
for this chapter, which focuses more on geological characterisation and site
understanding. In the future, detailed and integrated modelling of specific rock volumes
will continue, mainly for Rock Suitability Criteria (RSC) purposes, concentrating on the
detailed-scale modelling of the demonstration facilities and the first repository panel
area.

Figure 4-2. A 3D view of Olkiluoto Island showing the model volume of the Geological
Site Model (yellow). The top surface is given by the ground surface (Z=0) and the
bottom surface by a horizontal plane at a depth of 1000 m (Z = -1000). On the top
surface, the Olkiluoto Site Area (shown in red) is delimited on all sides by major
lineaments (see inset map). The deep drillholes, which have been drilled on the site, are
shown in green. The green box in the centre of the diagram indicates the model volume
around the ONKALO access tunnel, which is described in Lahti et al. (2009).
4.2

Structure of the chapter

The chapter is subdivided into twelve sections. These include a short summary
description of the data sources used in the development of the present model in Section
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4.3 (a more comprehensive list is provided in Chapter 2), a short overview of the
geology of Finland in Section 4.4, and a detailed description of the current geological
model for the Olkiluoto site on a thematic basis in Sections 4.5 to 4.12. Section 4.5
provides an overview of the geological modelling of Olkiluoto and Sections 4.6 to 4.10
describe the current understanding, the assumptions and methodologies, and the
uncertainties for the submodels. Section 4.11 compiles the thematic submodels into an
integrated approach, with an assessment of their internal consistencies. An assessment
of the confidence in the current model and an evaluation of the main uncertainties and
main future activities are presented in Section 4.12.
4.3

Data sources and data evaluation

This section provides a very brief overview of the data and data sources used for
constructing the present geological model. More comprehensive lists of the data sources
used are provided in Chapter 2, where the aim is to provide traceable references to the
data sources and to evaluate the database, but not to present the actual data; and yet
more detailed data sources are provided in the various Appendices of Aaltonen et al.
(2010). Specific guidelines for the collection of geological data are provided in the
Geological Data Acquisition report (Milnes et al. 2007), in which the different levels of
investigations and data sources have been categorised according to the scheme shown in
Table 2-1 of Aaltonen et al. (2010).
4.3.1

Surface-based geological investigations

Surface data

SR2008 discusses the surface data employed in the development of GSM versions 1.0
and 1.1 (Mattila 2008, Posiva 2009). Additional surface mapping performed after the
completion of GSM version 1.0 includes the mapping of three investigation trenches
(Vuokko & Vaarma 2009, Lindberg 2010), the mapping of selected cleared and cleaned
outcrops for the Olkiluoto excursion guide (Paulamäki 2009), and the mapping and
kinematic analysis of fractures in selected outcrops in the Olkiluoto region (Mattila
2009). The references and data categories of all surface data are given in Chapter 2, and
in the Appendices of Aaltonen et al. (2010), with all the data presented in the table
being available for the current modelling work.
Drillhole data

Since GSM version 1.1 (Posiva 2009), seven new drillholes OL-KR49 to OL-KR55
have been cored (Figure 2-1). Basic structural data on both the ductile and the brittle
deformation models were obtained during 2005, covering drillholes OL-KR1 – OLKR38B (Paulamäki et al. 2006, Mattila et al. 2008), but only the data from the onsite
core logging of drillholes OL-KR39 – OL-KR48B were available during the preparation
of GSM version 1.1. Work has continued since then with structural data from these
drillholes, which have been available for the present modelling work. During the
preparation of GSM version 2.1, only the onsite structural logging has been available
from the new drillholes, with the exception of drillholes OL-KR50 and OL-KR51.
All fractures, which carry imprints of tectonic movements, i.e. slickensides, were
studied in order to obtain the characteristics of fracture surfaces, such as shape,
indicative traces of movement, orientation and kinematics (fault vector direction,
direction of slip). A total of ca. 2000 fault plane and fault vector directions have been

110

measured. In addition to the study of slickensided fractures, the sections of increased
fracturing have been mapped and subdivided into brittle joint zone intersections and
brittle fault zone intersections, according to the framework of geological data
acquisition along the drillholes given by Milnes et al. (2007), as discussed in SR2008. A
total of 153 brittle fault intersections and 87 brittle joint intersections were determined
from drillholes OL-KR1 – OL-KR48, OL-KR50 and OL-KR51. All of these fracture
data have played a key role in preparing the brittle deformation model, which is
presented in Section 4.9.
Nine deep drillholes were drilled in the Ulkopää area as part of the investigations for the
repository for low and intermediate-level waste (see Section 4.3.4), and are summarised
in Äikäs (1986). In addition to the deep drillholes, 36 shallow (10 – 20 m) drillholes
were drilled in the site area to supplement surface bedrock mapping in the areas of no
natural outcrops (Suomen Malmi 1989e). The site area also contains 16 shallow
drillholes with a depth range of 14 – 36 m, drilled earlier in the 1970s (Imatran Voima
1974) and re-logged in 1990 (Jokinen 1990).
4.3.2

Surface-based geophysics

Detailed descriptions of the applied geophysical data used for developing the geological
model are given in Appendix II of Aaltonen et al. (2010) and are only very briefly
summarised below and listed in Table 2-7, where the geophysical data not available for
the development of GSM version 1.1 are listed.
Since the development of GSM version 1.1, two supplementary, more detailed airborne
survey campaigns with 50 m line spacing were carried out in 2008 and 2009 by GTK
(Leväniemi 2008, Kurimo 2009), covering Olkiluoto Island and its near surroundings. A
separate interpretation of the 2008 magnetic survey is reported by Öhman et al. (2009a).
Table 2-7 shows the sources of geophysical logging and drillhole-based survey data that
were not available for the development of GSM version 1.1. There is a limited number
of new data: from geophysical drillhole logging of the more recent drillholes, two miseà-la-masse surveys, two EM surveys and additional petrophysical data.
4.3.3

ONKALO tunnel investigations

The ONKALO access tunnel reached a length of 4100 m (corresponding to a depth of
approximately 390 m) in January 2010 and the geological mapping of the ONKALO
tunnel has been performed systematically, as described in SR2008 and Aaltonen et al.
(2010).
As discussed in SR2008, the results of the geological mapping of the ONKALO tunnel
are reported as geological outcomes, which have been used in the construction of the
present geological model. In 2008, the first 990 m of the tunnel were reported in the
first “outcome” report (Nordbäck et al. 2008). SR2008 covers tunnel sections, the
corresponding sections of pilot holes OL-PH1 to ONK-PH4, and the sections between
them without pilot holes. The second outcome report (Nordbäck & Engström 2010)
presents the mapping results from chainage 990 to 1980 m, i.e. the second loop of the
ONKALO. The outcome of chainage from 1980 to 3116 m is reported in Nordbäck
(2010).
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The pilot holes ONK-PH8-12, that were not available in SR2008, are listed in Aaltonen
et el. (2010), Table 2.6 and a description of the data collected is provided in Aaltonen et
al. (2010), Chapter 2.4.
4.3.4

Data from the VLJ access tunnel and repository

The VLJ repository, situated at a depth of 70 – 100 m in the crystalline bedrock, was
constructed at Olkiluoto, about 1.5 km west of the site area in 1988 – 1989, for use in
the disposal of low-level and intermediate-level wastes. A list of the published
references which have been used to supply data for GSM version 2.1 is shown in
Aaltonen et al. (2010) Table 2-7. The other sources of data used in the development of
GSM version 2.1 are listed in Aaltonen et al. (2010) Chapter 2.5 – they are associated
with literature compilations and methodologies.
4.4

Overview of the geology of Finland

This section of the report is designed to place the geology of Olkiluoto in its national
and regional context. A summary is provided of the geological history of Finland and
the southern Satakunta area in particular, the area in which Olkiluoto lies. Considerably
more information is provided in Chapter 4 of Aaltonen et al. (2010).
The crystalline bedrock of Finland is a part of the Precambrian Fennoscandian Shield.
The Archaean area (3500-2500 Ma) in northeastern Finland, consisting mainly of
tonalitic to granodioritic gneisses and migmatites, forms the oldest part of the Finnish
bedrock (Gaál & Gorbatschev 1987, Vaasjoki et al. 2005). Narrow Archaean greenstone
belts c. 2800 Ma in age occur within the basement complex. About 2440 Ma ago
layered gabbro intrusions were emplaced in northern and northeastern Finland (Alapieti
1982), together with corresponding mafic dyke swarms (Vuollo 1994). The Archaean
craton is discordantly overlain by 2500-2000 Ma old metasedimentary and
metavolcanic rocks that are cut by 2200-1970 Ma diabase dykes (Laajoki 1991).
The central and southern parts of the Finnish bedrock comprise Palaeoproterozoic
metamorphic and igneous rocks (Gaál & Gorbatschev 1987, Koistinen 1996, Vaasjoki
et al. 2005). These rocks developed between 1930 Ma and 1800 Ma, either during one
long Svecofennian orogeny (Lahtinen 1994, Nironen 1997, Korsman 1999), or during
several separate orogenies (Lahtinen et al. 2005, Korja & Heikkinen 2005). Later the
crust was intruded by Mesoproterozoic anorogenic rapakivi granites, 1650-1540 Ma in
age. The youngest basement rocks are the so-called Jotnian sandstones, c. 1400-1300
Ma in age, 1270-1250 Ma old olivine diabase dykes in south-western Finland, and the
1100 and 1000 Ma old dykes in Salla and Laanila, respectively, in northern Finland.
The bedrock was eroded almost to its present level prior to the beginning of the
Cambrian (about 600 million years ago). Due to erosion and continental conditions, it is
almost totally lacking in sedimentary rocks younger than the Precambrian. In eastern
Finland, kimberlites were emplaced at c. 600 Ma, and in northeastern Finland there is
one alkaline and one carbonatite intrusion with an age of 370-360 Ma.
4.4.1

Regional geological setting

The regional geology of southwestern Finland and in particular the southern Satakunta
area, in which Olkiluoto lies, is summarised in Chapter 4 of Aaltonen et al. (2010) but,
for a more comprehensive description of the geology of the area, the reader is referred
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to Paulamäki et al. (2002) and Paulamäki & Kuivamäki (2006). Here the regional
geology is described in even more general terms.
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 (Figure 4-3). The area between the two belts is
occupied by Mesoproterozoic rapakivi granites (1.58-1.48 Ga), sandstone (1.4-1.3 Ga)
and olivine diabases (1.27-1.25 Ga) (Figure 4-3). 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.
Palaeoproterozoic ductile deformation and metamorphism
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). The dominant foliation is
usually penetrative S2 with tectonic/metamorphic segregation. D2 deformation is
characterised by recumbent or reclined F2 folds with NE-SW-trending, subhorizontal to
gently-plunging fold axes and axial planes (Selonen & Ehlers 1998, Väisänen & Hölttä
1999). Over- or underthrusting has been suggested to have taken place during D2,
although no major thrust zones have been identified (Väisänen & Hölttä 1999). The
synorogenic tonalitic to granodioritic intrusions were emplaced before or during
deformation phase D2 and the age of the deformation is thought to be close to the age of
these granitoids, 1.89-1.88 Ga (Selonen & Ehlers 1998, Nironen 1999, Väisänen &
Hölttä 1999). Väisänen (2002) relates the D1/D2 deformation and associated
metamorphism in SW Finland to a collision between two Svecofennian arc complexes,
which would have taken place at 1.88-1.86 Ga.
Both D1 and D2 structures are deformed by regional F3 folding (Väisänen & Hölttä
1999). The fold axes are generally horizontal or moderately-plunging, and the fold
limbs are often strongly sheared. Late-orogenic potassium granites were emplaced
during D3 in the pelitic migmatite belt, and the age of the deformation has been inferred
to be close to the age of these granites (1.85-1.82 Ga) (Väisänen & Hölttä 1999,
Väisänen et al. 2002). However, in the psammitic migmatite belt the age of the
deformation interpreted as D3 is considered to be older and to have occurred around
1.87 Ga (Nironen 1999).
In the pelitic 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). Both ductile and brittle structures occur, usually both in the same shear
zone. In the Pori area, D4 structures consist of open Z-shaped folds and dextral shear
zones (Pajunen et al. 2001). According to Väisänen et al. (1994) and Väisänen & Hölttä
(1999), D4 shear zones may be associated with the postorogenic granite-intrusions of
southwestern Finland dated at 1.82-1.77 Ga (Suominen 1991, Vaasjoki 1996a).
The Svecofennian metamorphism has been attributed to a thinning of the tectonicallythickened crust and subsequent intra- and underplating, which led to a strong increase in
temperature (Korsman et al. 1999). Typical metamorphic minerals, porphyroblasts, in
pelitic metasedimentary rocks, include andalusite, staurolite, garnet, cordierite,
sillimanite and potassium feldspar. The temperature of the metamorphism is estimated
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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.
In the psammitic migmatite belt the peak of metamorphism was attained during or after
D2, but before D3, and the metamorphic evolution ceased soon after (Korsman et al.
1999, Väisänen & Hölttä 1999), i.e. the metamorphism occurred during the time
interval 1.89-1.87 Ga. The pelitic migmatite belt was also metamorphosed at the same
time, but there the older metamorphism is overprinted by younger metamorphism
caused by a new, strong thermal pulse, producing abundant potassium granite melts
(potassium granites dated at 1850-1820 Ma). This metamorphic event took place 1.861.81 Ga ago at peak temperatures of 700-800°C and pressures of 4-5 kbar.
Palaeoproterozoic tectonic evolution
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 is more thoroughly summarised in
Paulamäki et al. (2002). Recently, however, Lahtinen et al. (2005) have divided the
former Svecofennian orogeny into five separate orogenies, which overlap in time and
space, and which include the amalgamation of several microcontinents and island arcs.
Two of these orogenic episodes – the Fennian and the Svecobaltic – are relevant to the
Satakunta area.
According to Lahtinen et al. (2005), the present Satakunta area was part of the island arc
systems attached to several microcontinents prior to 1.89 Ga, the supracrustal rocks of
the area representing sedimentation in island arc environments. During the Fennian
orogeny at 1.89-1.87 Ga (Lahtinen et al. 2005) 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. During the collision of the arc
complexes, the supracrustal rocks were strongly deformed and migmatised. The
collision is characterised by an 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.
According to Lahtinen et al. (2005), the Fennian orogeny ended in orogenic collapse
associated with regional extension and crustal thinning at 1.86-1.84 Ma.
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 by Lahtinen et al. (2005), includes thrusting towards
the N and NW and the development of a W-NW striking, crustal-scale shear system.
The migmatites were folded during transpression. The stage is characterised by a strong
thermal pulse, which caused high temperature (700-800°C) metamorphism and almost
total melting of the sedimentary rocks, manifested by potassium granites, dated at 1.851.82 Ga (Ehlers et al. 1993, Korsman et al. 1999, Väisänen & Hölttä 1999). They are
classified as S-type granites, which have been formed by partial melting of the
sedimentary rocks deep in the crust. Ehlers et al. (1993) and Stålfors et al. (2006)
suggest that the granites were emplaced within the crustal-scale transpressional shear
zones.
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A post-collision period of intense uplift at around 1.8 Ga has been suggested by
Väisänen (2002) on the basis of studies in the Turku area, southwestern Finland. The
Nordic orogeny with a continent-continent collision at 1.82-1.79 Ga (Lahtinen et al.
2005) did not affect this part of the Fennoscandian Shield, and it is not described here.
According to Lahtinen et al. (2005), the tectonic evolution inside the Fennoscandian
Shield ceased with an orogenic collapse at 1.79-1.77 Ga.
Mesoproterozoic events
The northern part of the Mesoproterozoic Laitila rapakivi batholith, dated at 1583±3 Ma
(Vaasjoki 1996a), is located ca. 15 km east of Olkiluoto and comprises several different
lithologies, which differ from each other in texture and mineral composition (Vorma
1976, Veräjämäki 1998). The Eurajoki rapakivi stock, located 5 km east of Olkiluoto, is
a satellite massif to the Laitila batholith, and can be divided into two lithologies,
hornblende-bearing Tarkki granite (age 1571±3 Ma) and younger, light-coloured, topazbearing Väkkärä granite (age 1548±3 Ma) (Haapala 1977, Vaasjoki 1996a). The
rapakivi magmas were formed by extensive melting of the lower crust in an extensional
tectonic regime and intruded into higher crustal levels along shear zones and faults,
which already existed prior to the development of the rapakivi batholiths (Rämö &
Haapala 2005).
The Satakunta sandstone and its submarine extension in the Bothnian Sea below the
Palaeozoic rocks, was deposited in a graben structure, formed during the rifting period
at 1.65 Ga (Korja & Heikkinen 1995). It has been interpreted as being a fluvial
sedimentary formation, deposited in an alluvial environment (Kohonen et al. 1993). The
upper parts of the sandstone were deposited around 1.4-1.3 Ga (Kouvo 1976) but the
oldest parts are possibly as old as the graben itself (Kohonen et al., op. cit.). Tilted
sandstone beds in the northeastern part of the graben provide evidence of block
movements after the formation of the sedimentary basin and the deposition of the
sandstone. Based on the information from one drillhole and on geophysical
interpretation, the thickness of the sandstone is at least 600 m, and probably as much as
1800 m (Elo 1982). It was originally distributed over a much larger area but, at present,
only the part protected by the subsided graben is preserved.
The sandstone is cut by Mesoproterozoic olivine diabase dykes and sills, 1.27-1.25 Ga
in age (Suominen 1991). Their geochemical features suggest that they are feeder
channels to continental flood basalts, which, however, were not preserved in the
Satakunta area. The olivine diabases in Finland and Sweden (the Central Scandinavian
Dolerite Group), and the related diabases in Greenland, are considered to represent the
initial rifting between the Baltica and Laurentia cratons, prior to the Sveconorwegian
orogeny, the main phase of which occurred ca. 1.2-0.95 Ga ago (Paulamäki &
Kuivamäki 2006). The olivine diabases are cut by younger diabase dykes trending
almost north-south. These undated dykes are rarely exposed but can be clearly seen in
the low-altitude aeromagnetic map.
Phanerozoic evolution
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). Bedrock movement after the deposition of the Palaeozoic

115

sedimentary rocks is demonstrated by faults that cut the Proterozoic basement and the
overlying Palaeozoic sedimentary cover.
Although Lower Palaeozoic sedimentary rocks do not at present exist onshore in the
southern Satakunta area, large parts of the Precambrian bedrock were once covered by
such sedimentary material, as indicated by presumably Lower Cambrian sandstone
dykes on Åland, in the Turku archipelago and in the Vehmaa and the Laitila rapakivi
granite batholiths (Bergman 1982). 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 ca. 3-4 km in Sweden and ca. 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.
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). Furthermore, the apatite (UTh)/He datings at Forsmark indicate a substantial sedimentary cover on the crystalline
bedrock throughout much of the Palaeozoic and Mesozoic (Söderbäck 2008). During
Palaeogene and Neogene times, tectonic uplift of 1-2 km took place in western
Scandinavia, in association with the opening of the North Atlantic Ocean (Riis 1996,
Stuevold & Eldholm 1996). It has been estimated that uplift in the Bothnian Sea area at
this time was about 500 m (van Balen & Heeremans 1998).
Lake Sääksjärvi, located northeast of the Satakunta sandstone, hosts an approximately 5
km wide impact structure of early Cambrian age (c. 560 Ma) (Papunen 1973, Müller et
al. 1990, Elo et al. 1992, Pihlaja & Kujala 2000). The impact structure is characterised
by a circular gravity low, and can be seen on aerogeophysical maps as a magnetic and
resistivity minimum. The impact structure consists of a 180 m thick suevite breccia and
an impact melt breccia above deformed Proterozoic mica gneiss (Pihlaja & Kujala
2000).
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Figure 4-3. Regional geology of the southern Satakunta area in which Olkiluoto lies.
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4.5

Geological modelling of Olkiluoto - General principles and overview

At the present stage of investigations at Olkiluoto, the geological model is divided into
five thematic submodels, as was described in SR2008 and in more detail in Aaltonen et
al. (2010): the lithological model, the ductile deformation model, the alteration model,
the brittle deformation model and the statistical model of fracturing (the DFN model).
In addition to geometrical considerations, the emphasis is on understanding the mode of
formation of the geological features being modelled. The subdivision is considered
practical and logical from the deterministic modelling point of view, although it is
obvious that it is partly artificial, since the submodels are not independent entities and
the corresponding geological processes are closely interrelated – for example, the
ductile fabric is an important precursor to the subsequent brittle deformation, as is
discussed below.
All uncertainties are categorised under two general headings: conceptual, referring to
uncertainties associated with the conceptual thinking applied in the modelling, and
technical, referring to the uncertainties of the modelling, caused by modelling
methodologies and available field data2. The significance of the uncertainty reflects an
empirical estimation of the importance of the uncertainty to the confidence of the
model, which is naturally related directly to its predictive capability. Low significance
means that the uncertainty has only a minimal effect on the confidence of the model,
whereas high significance implies that, due to a specific uncertainty, the confidence in
the model is lowered and has direct consequences on the predictive capability of the
model. Medium significance refers to a specific uncertainty having an impact on the
confidence, and should be taken into account, although the impact is not considered
great.
4.6

Lithological model

At Olkiluoto, the geological mapping of the outcrops and tunnels and the logging of the
drill cores is complicated, due to the small-scale heterogeneity of the rock units,
involving visual estimation of the bulk lithological uniformity of larger units, and the
determination of boundaries which are often transitional. The applied descriptive
lithological units are tailored to the features of the Olkiluoto site and the needs of the
present project (for the general principles of rock classification at Olkiluoto, see Mattila
2006). Applying this classification, lithological units at Olkiluoto can be conceptualised
as volumes or domains of rock, the properties of which vary within a given range from
a textural and structural point of view, and which are genetically related. For a more
comprehensive description of the petrology, the reader is referred to Kärki & Paulamäki
(2006).
The bedrock at Olkiluoto is mainly comprised of supracrustal high-grade metamorphic
rocks, which are variably migmatised. On the basis of their major mineral composition,
texture and migmatite structure, the rocks at Olkiluoto can be divided into four major
classes: 1) migmatitic gneisses, 2) tonalitic-granodioritic-granitic gneisses (hence TGG
2

These two categories cover the three categories used in the Safety Case Plan (Posiva 2008) and the
Models and Data Report (Pastina and Hellä 2010), namely conceptual, model and data uncertainties. In
the GSM report uncertainties related to theoretical understanding and model conceptualisation (i.e. how
well the conceptual understanding is captured by the actual model(s)) are discussed under the heading of
conceptual uncertainties. The technical uncertainties of the GSM report include other uncertainties in the
model, e.g. those due to the uncertainties in the data.
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gneisses), 3) other gneisses occurring as inclusions in the migmatitic gneisses and
including mica gneisses, quartz gneisses and mafic gneisses, and 4) pegmatitic granites
(Kärki & Paulamäki 2006). These rocks are cut by a few diabase dykes. The migmatites
can be further subdivided into several types on the basis of their migmatite structures
and degree of migmatisation. The migmatitic gneisses represent end members of a
gradational system of gneisses and migmatites - the change from gneisses to migmatites
and from one migmatite type to another takes place gradually, so that only artificial
borders between the end members can be defined. For modelling purposes, the diverse
range of migmatitic gneisses are classified into two groups: veined gneisses (Figure 4-4)
which are dominated by different types of metatexites and diatexitic gneisses (Figure 44) which are dominated by various diatexites.
Details of the classification scheme, the petrology of the various rock types, their whole
rock geochemical classification and their geochronology are presented in Aaltonen et al.
(2010) Chapter 6.1.
4.6.1

2D lithological model

The generation of the 2D lithological model used data from the mapping of the bedrock,
combined with other data, such as microscopic analysis of rock samples, mapping of
drill cores and ground and aerial geophysical surveys. The ductile deformation model
(see Section 4.7) has played a key role in preparing the lithological map.
The magnetic data have been used in delineating the most intensely-magnetised rock
type units. According to the petrophysical data, susceptibility does not directly indicate
different rock types and, consequently, no lithological unit has been determined at the
ground surface directly on the basis of geophysics (except for the diabase dykes).
However, the most significant magnetic anomalies are related to ferrimagnetic,
pyrrhotite-bearing gneisses (veined gneiss, mica gneiss, diatexitic gneiss). According to
systematic 3D profile modelling, the dips of the magnetised units become gentler with
depth, agreeing well with the foliation observations in the drillholes. In the eastern
area3, the TGG gneisses seem to be located in the magnetic minima, and this has been
used in extrapolating the TGG gneiss units beyond the outcrops.
The bedrock map presented in Mattila et al. (2008) has been revised on the basis of new
drillholes in the eastern area, new drill core sample studies, and new trench and outcrop
mapping, as described in Aaltonen et al. (2010), Chapter 6.2. The main change in the
lithological map compared to the previous GSM versions is that now the whole
southeastern part of Olkiluoto is composed of diatexitic gneiss, instead of two diatexite
units separated by veined gneiss, as presented in GSM versions 1.0 (Mattila et al. 2008),
1.1 (Posiva 2009) and 2.0 (Aaltonen et al. 2010). This revision is based on a
reassessment of the mapping data and from field checks. The new lithological map is
shown in Figure 4-4.
.

3

The terms eastern area and central area are shown in the site map in Figure 2-1.
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4.6.2

Modelling assumptions and methods for the 3D lithological model

The modelling assumptions and methods used to construct the lithological units at the
surface and at depth are described in detail in Milnes et al. (2007) and in previous GSM
versions (Paulamäki et al. 2006, Mattila et al. 2008, Aaltonen et al. 2010); and Gemcom
Surpac® 3D modelling software has been used in 3D lithological modelling. The results
of lithological logging have been simplified for modelling purposes, based on expert
judgement of the drill core logs, or when available, on the reports of detailed
petrological investigations. An example of the simplification of the drillhole log is
presented in Figure 4-5, all the original drillhole logging information and the simplified
lithologies are presented in Appendix III of Aaltonen et al. (2010) and the simplified
lithologies of all the drillholes are shown in Figure 4-6.
In the simplification procedure, mica gneiss (MGN), mafic gneiss (MFGN), tonaliticgranodioritic-granitic gneiss (TGG) and pegmatitic granite (PGR) intersections in
drillholes 10 m or more in core length have been distinguished as separate units.
Furthermore, adjacent pegmatitic granite sections less than 10 m in length, separated by
short sections of homogeneous or migmatitic gneiss, have been combined into larger
units, on the assumption that the gneisses represent inclusions or restites within the
pegmatitic granite. The same applies to the mica gneiss, mafic gneiss and TGG gneiss
units, in which short sections of pegmatitic granite between longer gneiss intersections
have been interpreted as transecting dykes. All the other MGN, MFGN, TGG and PGR
intersections, not included in the above units, have been included in the bulk lithology
of each drillhole (see Appendix III of Aaltonen et al. 2010). Veined gneiss forms the
main part of the model volume and serves as the ‘background’ in the model.
The diatexitic gneiss forms one major unit in the SE part of Olkiluoto and has been
modelled accordingly. Smaller diatexitic gneiss intersections in the drillholes, without
any clear connection to each other, have not been modelled, but have been included in
the veined gneiss. All the observed and interpreted diabase dykes have been modelled,
regardless of their size. The modelled units are designated a Unit code + number, e.g.
MGN12. The quartz gneiss (QGN) sections in the drill cores are so short that they have
not been modelled and the K-feldspar porphyry intersections (KFP) have not been
modelled, because of a lack of orientation data.
3D modelling of the lithologies from the surface to the drillhole or between the
drillholes at depth is based on the orientation of the foliation, the lithological similarities
and the geophysical methods, including aeromagnetic and ground geophysical surveys.
According to the ductile deformation model (see Section 4.7) the pervasive foliation is
rather constant over large distances, and can thus be used as a guide, via which the
lithologies can been correlated between the drillholes and from the surface to the
drillholes (Figure 4-7). This applies to all lithologies, with the exception of diabase
dykes. The foliation data contain many uncertainties and local variations exist (see
below) and, consequently, it was considered unnecessary for the modelled units literally
to follow the orientation of the foliation - it is important, however, that the overall
orientation of the modelled units is consistent with the ductile deformation model.
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Figure 4-4. Lithological map of Olkiluoto
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OL-KR11
OL-KR11

LEGEND

LEGEND

Veined gneiss

Veined gneiss

Diatexitic gneiss

Diatexitic gneiss

Mic a gneiss

Mica gneiss

TGG gneis s

TGG gneis s

Pegmatitic granite

Pegmatitic granite

Figure 4-5. Simplification of the lithologies in drillhole Ol-KR11. A) Original drill core
log (Gehör et al. 2000). B) Simplified drill core log. The outline of Olkiluoto Island is
marked in blue. View towards the W (from Aaltonen et al. 2010, Figure 6-5). The
colours used for the different lithologies are used consistently in all the figures.
In the modelling of the lithological units, it is assumed that the mean orientation of the
foliation in the drillhole intersections provides a sufficient estimate of the orientation of
the contacts of the lithological units (for more information see Appendix IV A – E of
Aaltonen et al. 2010). Where there are two or more orientation maxima, the one which
is compatible with the ductile deformation model was used.
The several phases of folding (see Section 4.7) do not show up in the lithological model,
partly due to a need for simplification and partly due to a lack of sufficient data. Most of
the bedrock at Olkiluoto is composed of different migmatite types, without any real
boundaries between them, and within these there are no marker horizons that could be
modelled. Lithogeochemical studies allow the metasedimentary and metavolcanic rocks
to be subdivided into three different series, the T, P, and S series. However, data on the
distribution of these series is too sparse to be used in modelling. The TGG gneisses
clearly differ from the migmatitic gneisses and could thus serve as marker horizons;
however, structural observations clearly indicate that they have behaved more rigidly
than their surroundings and have not been influenced to any great extent by later
folding. Most of the modelled PGR units are located in the central area, which is
dominated by D3 folding and shearing. They have been interpreted as leucosomes
intruded along the shear planes and axial surfaces of the D3 folds. Accordingly, the PGR
units are modelled as unfolded units following the axial surfaces.
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In the case of just one drillhole intersection, the orientation of the modelled unit is
directly determined by the mean orientation of the foliation of that intersection. If
drillhole control is lacking, the uncertainty of these units is high in terms of length and
down-dip extent. In the case of two or more drillhole intersections or surface exposures,
the lithological units were constructed by combining vertical profiles with a spacing of
50 m, occasionally 25 m, together with possible surface observations. As a result of this
process, there were several profiles, which were then connected to a continuous unit
(see Figure 4-8). The resulting orientation of the lithological unit (see Appendix IV A –
E of Aaltonen et al. 2010) may thus be somewhat different from the mean orientation of
the foliation in the individual drillhole(s).
The site-scale lithological model has not directly benefited to any great extent from the
mapping in the ONKALO access tunnel. This is because most of the mapped
lithological objects in the tunnel (except for the diatexites) have been too small or too
narrow to be modelled at the site-scale. However, the examination of the tunnel-scale
lithological objects has helped in the modelling of the site-scale units, in terms of their
shapes, width-length relationships and relationships to the foliation.
No precise methodology has been used in determining the extent of the modelled units.
In the central area the units are modelled on the basis of restrictive criteria, i.e. the
bounding drillholes with no supportive data define the length and the down-dip extent
of the units. The experience gained from the model volume with good data coverage has
then been used for guidance in the extrapolation of the modelled units in the area with
no or just a few drillholes.
The geological modelling team admits that in an environment as heterogeneous and
structurally complex as Olkiluoto, the correlation of lithological units from the ground
surface to the drillholes or between the drillholes involves many uncertainties and
alternatives, especially in the modelling of the PGR units (Aaltonen et al. 2010, Chapter
6.3). Firstly, the boundaries on the lithological map of Olkiluoto (Figure 4-4) are
themselves modelled boundaries, since they are reconstructed on the basis of widelyspaced natural outcrops, a series of cleared and cleaned trenches through the Quaternary
deposits, and an interpretation of geophysical data (as explained in Section 6.2 of
Aaltonen et al. 2010). Secondly, the foliation readings in the drillholes are often highly
variable, due to, for example, small-scale folding or the existence of different phases of
foliation. In these cases, the lithological units have been modelled according to the
foliation, which is most likely to be correct, according to the ductile deformation model.
Thirdly, it is clear that there are uncertainties in the accuracy of the actual readings,
which have been obtained from OPTV images or core samples.
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Diatexitic gneiss
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Mafic gneiss

Quartz gneiss

TGG gneiss

Pegmatitic granite
K-feldspar porphyry

Figure 4-6. Simplified lithology of the drillholes. Diabase only occurs in drillhole OL-KR6 as two 1 – 2 m wide sections, which are not
shown here. The outline of Olkiluoto Island is marked in blue. View towards the N (from Aaltonen et al. 2010, Figure 6-6).
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Figure 4-7. N-S trending vertical section with lithological and foliation data from the
drillholes. Two outcropping pegmatitic granite units (red) and one unexposed TGG unit
(yellow) are connected to the drillholes and between the drillholes using the foliation
measurements as a guide (from Aaltonen et al. 2010, Figure 6-7).
In spite of the many uncertainties in lithological modelling, the modelling approach that
was first adopted in 2003 (see Vaittinen et al. 2003) has stood the test of time. Although
the number of drillholes has increased from 28 in 2003 to 50 in 2009, most of the
lithological units modelled in 2003 have remained with only slight changes.
The 3D lithological model of the Olkiluoto site area currently contains one diatexitic
gneiss unit, 44 mica gneiss units, 5 mafic gneiss units, 53 units of TGG gneisses, 105
units of pegmatitic granite, and 7 diabase dykes within a veined gneiss unit background.
Compared with GSM version 1.1 (Posiva 2009, Chapter 4), 12 new mica gneiss units, 6
TGG gneiss units and 37 pegmatitic granite units have been added to the model. Mafic
gneisses were not modelled in geological models previous to GSM 2.0 (Aaltonen et al.
2010). The changes made from GSM version 1.1 to GSM version 2.0 are listed in the
tables for each lithological unit, which are included in Chapter 6.4 of Aaltonen et al.
(2010). Compared to GSM version 2.0, the present model version 2.1 contains 3
additional mica gneiss units, 1 mafic gneiss unit, 2 TGG gneiss units and 15 pegmatitic
granite units. Furthermore, the two diatexitic gneiss units have been merged into one
single unit. Figure 4-9 shows two N-S vertical sections through the central part of the
site area, presenting the lithologies modelled. The distribution of the modelled
lithological units which outcrop is presented in, together with their identification
numbers.
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Figure 4-8. Completed 3D solid object. View towards the NW (from Aaltonen et al.
2010, Figure 6-8). Yellow sections in the drillholes represent TGG gneisses.
4.6.3

3D lithological model

Modelled diatexitic gneiss units
One major outcropping diatexitic unit DGN1, composes most of the southeastern part of
the Olkiluoto site (Figure 4-12). Diatexitic gneisses also occur outside these major units,
but the intersections in the drillholes are rather narrow and separate, and they cannot be
connected from one drillhole to another. In this model version they are included as part
of the veined gneiss.
Diatexitic gneiss unit DGN1 has been constructed on the basis of the distribution of the
lithologies in outcrops, in the ONKALO access tunnel and in nineteen drillholes
(Appendix IV A of Aaltonen et al. 2010), which has resulted in a lithological unit, the
footwall contact of which dips moderately to the SE or SSE (Figure 4-12). This is in
good agreement with the foliation measurements in outcrops, trenches and drillholes
within the central part of the site, including the ONKALO area. The hanging wall
contact has not been modelled because of the lack of data regarding the continuation of
the diatexite east of Olkiluoto.
Modelled mica gneiss and mafic gneiss units
Mica gneisses and mafic gneisses within the central area have a limited extent. This is
supported by the observations in the ONKALO access tunnel, where they occur as small
inclusions (see Nordbäck et al. 2008, Chapter 2). The gneiss intersections in the
drillholes are probably just inclusions with limited dimensions and have been modelled
accordingly. Although the dimensions of the mica gneiss and mafic gneiss units are
only poorly known, their modelling was considered important, since the ONKALO
mapping has shown that they are often more densely fractured than the surrounding
rock (see Nordbäck et al. 2008, Chapter 2). The interpreted mica gneiss units are listed
in Appendix IV B of Aaltonen et al. (2010) and shown in 3D in Figure 4-13. MGN units
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1 – 34 were included in GSM version 1.1 (Posiva 2009) and units 35 – 41 were added in
version 2.0, as well as four mafic gneiss units MFGN1 – MFGN4 (Aaltonen et al.
2010). MGN units 42 – 44 and MFGN unit 5 are modelled in the present version 2.1.
Modelled TGG gneiss units
The homogeneous, banded, almost non-migmatitic or only weakly-migmatised TGG
gneisses make up 8% of the drill cores logged to date and include a considerable variety
of rocks, varying from medium to coarse-grained types. In general, they are relatively
homogeneous and can be well- or poorly-foliated. In the drill core samples, the contacts
can be gradual, varying in width from several tens of centimetres to several metres, but
they may sometimes resemble the sharp contacts typical of intrusive rocks.
The modelled TGG units are listed in Appendix IV C of Aaltonen et al. (2010) and
shown in 3D in Figure 4-14. TGG units 1 – 17 were included in GSM version 0
(Paulamäki et al. 2006), TGG units 18 – 34 in version 1.0 (Mattila et al. 2008), TGG
units 35 – 48 in version 1.1 (Posiva 2009) and TGG units 49-52 in version 2.0.). In
addition, TGG units 53 – 55 have been modelled for the first time in this version (2.1)
of the model. The last column of the Table in Appendix IV C of Aaltonen et al. (2010)
shows the changes made in GSM version 2.0 compared with GSM version 1.1. The
TGG gneisses typically form homogeneous and weakly-fractured units. Only one TGG
unit (TGG1) occurs in the ONKALO access tunnel.
TGG gneisses are rather well exposed and their surface dimensions (length and width)
and orientations are based on direct outcrop or trench observations. As already
explained earlier, the lithological correlations from surface to drillholes have been
carried out as simple extrapolations, using the foliation measurements as a guide. In the
central area, even the largest outcropping TGG gneiss units have a down-dip extent that
is limited to ca. 400 m or less. The TGG gneiss units in the eastern area without
drillhole intersections have been modelled accordingly. The limited depth of the TGG
units is best demonstrated in the Ulkopää area (Figure 4-4), where TGG unit 15, hosting
the VLJ repository, is transacted by several deep drillholes, drilled during the
investigations for the repostitory. Although the unit is almost 200 m wide, its down-dip
extent is only about 200 m or less (Äikäs 1986).
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Figure 4-9. N-S vertical sections along the coordinate lines x = 1525400 and x = 1526000 (see
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Figure 4-10. Surface location of the outcropping lithological units, which have been modelled in 3D, together with their
identification numbers (see Appendix IV of Aaltonen et al. 2010 and Figure 6-11).
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Modelled pegmatite granite units
Coarse-grained, felsic rocks of granitic composition, referred to as pegmatitic granites
are abundant at Olkiluoto. These rocks occur in the form of veins, vein networks and
irregular masses, the widths of which vary greatly, the narrowest veins being less than
10 cm and the widest bodies several tens or hundreds of metres. The vast majority of
the pegmatitic granites at Olkiluoto are coeval with the ductile deformation and
migmatitisation processes and, genetically, are associated with the leucosome
generation processes; post-migmatitic, crosscutting pegmatitic dykes from external
sources have rarely been observed. The pegmatitic granites are typically leucocratic,
allotriomorphic-granular and very coarse-grained granitic rocks. Pegmatitic granites
constitute a fairly large proportion of the bedrock of the central part of Olkiluoto, the
pegmatitic granite sections representing ca. 20% of the total length of the logged drill
cores. The modelled PGR units are listed in Appendix IV D of Aaltonen et al. (2010)
and shown in 3D in Figure 4-15. PGR units 1 – 36 were included in the GSM version 0
(Paulamäki et al. 2006). PGR units 37 – 65 were added in version 1.0 (Mattila et al.
2008), PGR units 66 – 82 in version 1.1 (Posiva 2009) and PGR units 83 – 96 in version
2.0 (Aaltonen et al. 2010). PGR units 97 – 110 have subsequently been added to the
model.
Modelled diabase dykes
All the rock types mentioned above are very sharply cut by ca. NE-SW striking narrow,
diabase dykes (Figure 4-11). The width of the dykes varies from one centimetre to more
than 2 m and the longest dyke observed at the surface can be followed for more than
100 m (Talikka 2005). Diabase dykes DB1 – DB6 were included in GSM version 0
(Paulamäki et al. 2006) and dyke DB7 in version 1.0 (Mattila et al. 2008). Two
additional diabase dykes occur on the Olkiluoto 3 construction site (Talikka 2004), but
are not modelled in 3D because of their location outside the study site. The modelled
diabase dykes are steeply-dipping to the NW or N (Figure 4-16). The seven modelled
diabases are listed in Appendix IV E of Aaltonen et al. (2010) and are shown in 3D in
Figure 4-16.
The orientation of four of the modelled diabase dykes is based on direct observations in
outcrops or in the investigation trenches (Paulamäki & Lindberg 2004, Engström 2006),
and supported by the interpretation of the low-altitude aeromagnetic map (Kurimo &
Paananen 1990, Vaittinen et al. 2003). The orientation of three dykes is based solely on
geophysical interpretation and the lengths of the modelled diabase dykes are consistent
with the lengths of the aeromagnetic anomalies. The down-dip extent of the dykes is
based on diabase dyke DB3, which connects the low-altitude aeromagnetic anomaly at
the ground surface with two diabase intersections in drillhole OL-KR6 at ca. 400 m. As
demonstrated by some of the outcropping dykes outside Olkiluoto (Paulamäki 2007),
the modelled diabase dykes are probably not as continuous as modelled, but may appear
en echelon. This may very well be the case for DB3, which has two closely-spaced
intersections in drillhole OL-KR6; thus, instead of one dyke, as it is now modelled, it
could consist of two parallel dykes.
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Figure 4-11. A diabase dyke sharply cutting the mica gneiss migmatised by pegmatitic
granite, OL-3 construction site. Photo by Jon Engström, Geological Survey of Finland
(from Aaltonen et al. 2010, Figure 6-23).

135

Figure 4-12. Diatexitic gneiss unit DGN1. For the lithology of the drillholes, see Figure 4-6, and Appendices III and IV of Aaltonen et al. 2010.
The outline of Olkiluoto Island is marked in blue. View towards the ESE.
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Figure 4-13. Modelled mica gneiss units (blue) and mafic gneiss units (green) within the Olkiluoto site. Units are labelled with their MGN and
MFGN number (see Appendix IV B of Aaltonen et al. 2010), where the labelling does not obscure the 3D view. For the lithology of the drillholes,
see Figure 4-6 and Appendix III of Aaltonen et al. 2010). The outline of Olkiluoto Island is marked in blue. View towards the NE (from Aaltonen
et al. 2010, Figure 6-16).

MGN17

MGN5

136

137

TGG16

TGG15

TGG13

TGG32

TGG26

TGG20

TGG7_1

TGG46

TGG31

TGG2

TGG11

TGG17_2

TGG29
TGG19

TGG8

TGG9

TGG44

TGG39

TGG28

TGG48

TGG40

TGG38

Figure 4-14. Modelled TGG units within the Olkiluoto site. Larger units are labelled with their TGG number (see Appendix IV of Aaltonen et al.
2010), where the labelling does not obscure the 3D view. For the lithology of the drillholes, see Figure 4-6 and Appendix III of Aaltonen et al.
2010. The outline of Olkiluoto Island is marked in blue. View towards the NE (from Aaltonen et al. 2010, Figure 6-19).
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Figure 4-15. Modelled pegmatitic granite units within the Olkiluoto site. Some of the larger units are labelled with their PGR number (see
Appendix IV D of Aaltonen et al. 2010), where the labelling does not obscure the 3D view. For the lithology of the drillholes, see Figure 4-6 and
Appendix III of Aaltonen et al. 2010. The outline of Olkiluoto Island is marked in blue. View towards the W (from Aaltonen et al. 2010, Figure 622).
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Figure 4-16. Modelled diabase dykes within the Olkiluoto site. The units are labelled with their DB number (see Appendix IV E from Aaltonen et
al. 2010). For the lithology of the drillholes, see Figure 4-6 and Appendix III from Aaltonen et al. 2010. The outline of Olkiluoto Island is marked
in blue. View towards the ESE (from Aaltonen et al. 2010, Figure 6-25).

Evaluation of uncertainties
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EFFECT

HOW
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BE

the Poor exposure of the bedrock, the visible
Inaccuracy of the 2D model Application of reprocessed
the outcrops representing only about 4% of Low in the area with
(bedrock geological map), and new surface geophysical
good
coverage
of
of the total bedrock area. Gradational nature
direct input to the sizes of 3D data,
excavation
of
of the contacts or internal heterogeneity outcrops, investigation units.
investigation trenches in
the (e.g. shorter sections of migmatitic trenches and drillholes,
areas of poor exposure.
gneisses within pegmatites) within the medium in the areas
outside
different rock types
Geometry and extent Application of ductile deformation model Medium in the central Inaccuracy of the 3D model. Application of data from new
of lithological units and especially the orientation of the area, high in the areas There are likely to be local drillholes and usage of
at depth
foliation in the cross-hole correlation. outside
deviations from the modelled ONKALO
P/O-studies.
Uncertainties in the ductile deformation
orientation of the lithological Assessing the effect of local
model are directly reflected in the
units due to local or small- or small-scale folding and the
lithological model. Local- or small-scale
scale heterogeneities within uncertainties of the ductile
heterogeneities within the orientation of
the orientation of the deformation model.
the foliation.
foliation.
Determination
of Subjective view of various mapping Medium,
concerns The “fix points” acting as the Concurrent calibration of the
lithological
units geologists, gradational nature of the rock different
migmatite input for the lithological 3D views of various geologists to
from
drillholes, types
variants in particular
model contain inaccuracies, improve QA aspects of the
tunnel and outcrops
directly affecting the 3D mapping. Crosschecking of
the data by modellers.
model

Conceptual
Difficulty in
determination of
location
lithological
boundaries at
ground surface

UNCERTAINTY

The main uncertainties of the lithological model are presented in Table 4-1.
Table 4-1. Assessment of uncertainties related to the lithological model (from Aaltonen et al. 2010, Table 6-1)
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UNCERTAINTY CAUSE
SIGNIFICANCE
EFFECT
HOW
CAN
BE
RESOLVED?
Technical
Size of lithological Low density of drillholes and large Medium in the central Inaccuracy of the 3D model Drilling of new drillholes in
units
distances between drillholes, especially in area, high in the eastern
areas with low resolution,
the eastern area.
area, yet the confidence
application of geophysics
is increased by the
application
of
the
knowledge on the effect
of anisotropy.

Existence
of Data resolution (i.e. so-called white In the central area there Local features may be Through prediction-outcome
unknown lithological areas), orientation bias due to relatively is a low uncertainty that intersected in unexpected studies in the ONKALO, i.e.
units
uniform drilling orientation.
unknown
site-scale places.
how
many
unknown
lithological units exist,
lithological units were met
but for smaller units the
compared to the number
uncertainty is considered
predicted? What were the
as medium.
properties of these units?
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4.7

Ductile deformation

In the course of Proterozoic tectonic evolution, the metamorphic, mainly supracrustal
rocks at Olkiluoto have been subject to polyphase ductile deformation, including five
recognisable phases.
Relicts of lithological layering and a weak foliation created by the first phase of
deformation (D1) represent the oldest observed structural elements detected. The second
phase (D2) was the most important one and caused intense folding and ductile shearing
simultaneously with strong migmatitisation. During the third deformation phase (D3),
the deformed migmatites were again folded and sheared and subareas dominated by D3
structural elements were formed simultaneously with pegmatite-like dykes or migrated
leucosomes, which intruded commonly parallel to the D3 shear bands and S3 axial
surfaces. Subsequently, all earlier structural elements were again redeformed during the
fourth deformation phase (D4), which produced close to open folds and ductile shear
structures. As a result of the last ductile deformation phase (D5), small-scale
crenulations and associated foliations were created in certain mica-rich but not strongly
migmatitic units. All regionally-significant deformations have caused both folding and
generation of shear structures, but took place at different levels in the ancient crust.
Numerous images of all the various deformation structures are included in Chapter 7 of
Aaltonen et al. (2010).
4.7.1

Deformation structures

D5 elements
Cleavage and crenulation or small-scale fold structures in certain mica-rich and
medium-grained mica schist blocks are emblematic D5 elements. These steeply NEdipping planar elements are best seen due to cleaving on the NW-SE striking vertical
walls of the ONKALO access tunnel, however, these structures are too small and
sporadically located to be modelled geometrically in 3D.
D4 elements
D4 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.
Although found sporadically all over the Olkiluoto site, the products of this deformation
are concentrated in a number of NNE-SSW striking deformation zones or subdomains,
which vary in width from metres to nearly 500 m, indicating great diversity in the
expression of this deformational event.
Due to a relatively small angular difference between the mean orientation of the S4 and
D3 planar elements, D4 deformation often has merely bent or rotated earlier elements,
e.g. the D2/3 interference structures, into the mean orientation of S4. The axial surfaces
of F4 fold structures may be well-outlined, but the development of a clear S4 axial
surface foliation is uncommon. In the most mica-rich layers, a weak foliation parallel to
the axial surface has occasionally been detected and narrow felsic dykes may occur in
the same direction. Ductile D4 shear structures vary from single, narrow shear bands to
zones several metres in width, which strike sub-parallel to the S4 foliation.
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D3 elements
D3 is one of the most important ductile deformation phases at Olkiluoto, where several
subareas dominated by D3 structures are present. The intensity of D3 deformation is
highest in the central area and within the E-W striking deformation zones (see below).
Most typical D3 elements can be found in three fundamentally different structural
settings: i) regions or zones dominated by pervasive foliation and/or fold structures, ii)
zones dominated by thrust-related structural elements and iii) zones dominated by
structural elements developed in a strike slip or oblique slip shear environment.
Domains of intense D3 shear deformation fall into two categories, one of which is
characterised by thrust-related elements parallel to the regional S3 axial surface (dip to
the SE) and the other by E-W striking shear structures, for which a significant element
is a dextral strike-slip or a horizontal shear component.
D2 – D1 elements and primary structures
Deformation phase D2 is the most significant phase of ductile deformation at Olkiluoto,
as it pervasively deformed the whole domain. The migmatites attained most of their
present appearance as a consequence of this deformation event, combined with
metamorphic processes, as the peak of metamorphism was reached soon after D2
(Tuisku et al. 2010). Thus D2 elements, together with metamorphic structures, comprise
the matrix or regionally rather constant “groundmass” that was overprinted within
certain subdomains by products of subsequent deformation events.
A pervasive S2 foliation is visible as a distinct metamorphic banding, with or without
planar migmatite structures, e.g. stromatic or layered structures. Simple metamorphic
banding is observed in the TGG gneisses and non-migmatitic mica gneisses. Mica
gneisses may show a clear metamorphic banding but, in addition to that, more or less
gradational contacts between medium-grained mica gneisses and coarser-grained TGG
gneisses may be developed parallel to the pervasive foliation.
4.7.2

Modelling assumptions and methods

Ductile shear structures, developed at different crustal depths, are significant elements
in the study area and the construction of large-scale deformation zones, composed of
shear structures and other ductile elements, is based on information in published
literature (see Aaltonen et al. 2010, Chapter 7.2). In addition, intrusive rocks are
important co-genetic components of the tectonic evolution.
The 2D ductile deformation model is based on the results of surface mapping and
available surface and airborne geophysical information. Further analysis, interpretation
and integration of the information of both disciplines are carried out as a part of the
modelling procedure.
The 3D ductile deformation model attempts to visualise the geometry and structural
symmetry of the most intensely-deformed ductile zones at Olkiluoto. After the
reconstruction of the structural interpretation, based on surface and subsurface mapping,
the orientation of the pervasive foliation, determined from the surface and from
drillholes, was applied to the extrapolation of the 2D structural reconstruction into 3D.
The method used to construct the 3D volumes was realised with Gemcom Surpac
software and with tools that were used for the lithological model.
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The conceptual model for the final deformation structure is based on the existing
knowledge of the character of anticipated products of different deformations. The model
shows a simplification of the structural analysis and attempts at describing the
geometrical locations and comparative dimensions of typical structural features, at
different palaeodepths, as a consequence of the polyphase deformation (Figure 4-17 and
Figure 4-18).
4.7.3

Spatial model of ductile deformation

The main focus of the ductile deformation model is on the definition of structural units
which can be considered statistically consistent with respect to a particular parameter or
parameters, in this case the orientation and type of the foliation, the orientation of axial
surfaces and the supposed deformation intensity of a particular deformation phase. The
term consistent in this context means that the whole domain can be represented
meaningfully by a single parameter or a combination of parameters in the 3D model.
Deformation phase D2 is pervasive over the whole Olkiluoto area and is therefore
treated as the background deformation, the products of which have been overprinted or
even transposed by later events.
Based on the occurrence, type and intensity of the products of different deformation
phases, the Olkiluoto site can be divided into three tectonic units: the Northern Tectonic
Unit (NTU), the Central Tectonic Unit (CTU) and the Southern Tectonic Unit (STU),
which are clearly defined on the basis of the magnetic map (Appendix V of Aaltonen et
al. 2010). These tectonic units are bordered by deformation zones in which shear-related
structures are important elements (see Figure 4-19 and Appendix VI of Aaltonen et al.
2010). The NTU includes the E-W striking Selkänummi Deformation Zone (SDZ),
which also defines the southern border of the NTU. The CTU includes the NE-SW
striking Flutanperä Deformation Zone (FDZ) and is transposed by two NNE-SSW
striking D4 zones (D4-1 and D4-2). In the southern part of the study site, an E-W
striking ductile shear zone (the Liikla Shear Zone, LSZ) defines the northern border of
the STU and is the northern part of it. The CTU and STU are divided into sub-units
(CTU1, CTU2, CTU3, STU1, STU2 and STU3) by the NE-SW striking Flutanperä
Deformation Zone (FDZ) and by two intensively-deformed D4 zones (D4-1 and D4-2)
(Figure 4-19). These Tectonic Units are referred to and described when considering the
DFN modelling in Section 4.10.
The NTU is characterised by E-W striking planar structural elements that dip 40 – 50°
southwards and by sub-parallel, elongate TGG gneiss and pegmatite granite units. The
products of the D2 deformation are preserved as the dominant elements, although in
places coplanar products of D3 locally overprint these structures. The intensity of the D3
deformation seems to decrease gradually when moving north within the NTU. Typical
D2 elements within the NTU are various thrust-related elements, such as overturned F2
folds and D2 shear bands, which are characterised by blastomylonitic and migmatitic
fault rocks, although more symmetrical, pure shear-related deformation structures have
also been recognised.
The SDZ within the southern part of the NTU is a product of multiple stages of ductile
deformation, which all share an E-W strike of planar elements. In addition, D3 shear
structures were formed (sub)parallel to the S2 foliation. The position and trend of the
SDZ is clearly visible on the magnetic maps (Appendix V of Aaltonen et al. 2010) and
the interpretation of the ground magnetic measurements supports the estimation of the
geometrical orientation of the SDZ. The southern border of the SDZ can be clearly
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detected by means of ground magnetic maps and defines the boundary between the
NTU and the CTU.
Except for its western part, the CTU is affected by intense D3 deformation. Pervasive S3
foliations, migmatite structures and wide pegmatitic granites, or units rich in granitic
leucosome, all strike NE – SW within the CTU. The CTU is divided into three sub-units
(CTU1, CTU2 and CTU3) by strongly-sheared and deformed zones, the FDZ and two
D4 deformation zones, D4-1 and D4-2, situated a few hundred metres east of the FDZ
and striking NNE-SSW (Figure 4-19).
In addition to the D3 shear structures, the FDZ contains abundant, wide pegmatitic
granite dykes or granitic leucosome bodies, probably emplaced within a transtensional
ductile D3 thrust zone (see Ehlers et al. 1993), which also defines the NW border of the
CTU2.
The STU is characterised by large blocks dominated by D2 structures. Foliations within
the STU dip 50–70° southward and D2 elements are overprinted by narrow zones of D3
and D4 deformations, leading to the development of mesoscopic interference structures.
As in the CTU, the dips of the planar elements are steeper in the eastern parts than in
the western parts of this unit.

Incohesive gouge and
breccia

Brittle
Regime

Effectivity of metamorphism

Cohesive
cataclastite

Ductile
Regime

Foliated
mylonites

Banded
blastomylonites

D4

D3
D2

Shear migmatites

Figure 4-17. Schematic, vertical cross-section of an upright fault/shear zone and fault
rock incidence within it. (Kärki and Paulamäki, 2008). D2, D3 and D4 dashed lines
depict the relative palaeodepths that prevailed during each deformation phase (from
Aaltonen et al. 2010, Figure 7-11).
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Figure 4-18. Conceptual model of Olkiluoto deformation structures. Not to scale (from
Aaltonen et al. 2010, Figure 7-12).

Figure 4-19. Tectonic units and major ductile deformation zones at Olkiluoto
deformation. For an explanation of the acronyms see the text (from Aaltonen et al.
2010, Figure 7-13).
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The LSZ is mainly composed of shear-related structures created during D2 and D3. The
detailed internal structure of this shear zone is difficult to outline, but its regional
location can be reliably defined by direct observations and on the basis of the
geophysical maps (Appendix V of Aaltonen et al. 2010). Also, a feature interpreted
from the HIRE (High-resolution deep reflection seismic imaging) results coincides
approximately with the Liikla Shear Zone (Appendix II of Aaltonen et al. 2010). The
LSZ defines the northern contact of the STU and is part of it. The orientation maximum
of all foliations measured from the LSZ is 165/60° and individual D3 shear bands are
parallel and lie within 10–20° of the general strike of the shear zone.
Ductile D4 deformation structures have a scattered occurrence over Olkiluoto Island, but
they are most prominent in the central and southeastern parts of the area. They appear as
NNE-SSW striking zones which vary in width from narrow cm wide bands to 200–300
m wide zones intensely deformed by D4. Two intensely D4 deformed, NNE – SSW
striking zones have been defined (D4-1 and D4-2), located in the central and eastern
parts of Olkiluoto, respectively (Appendix VI of Aaltonen et al. 2010). Both zones are
interpreted as eastward-dipping ductile shear zones along which the hanging wall
blocks were thrust westward.
The inferred structural units related to the orientations of the axial surfaces and the
rarely-developed axial surface foliations related to D3 and D4 deformation phases are
shown in Appendix VI of Aaltonen et al. (2010). The 3D model (Figure 4-20) visualises
the units affected most intensively by these late deformation phases and the anticipated
orientations of S3 and S4 axial surfaces and shear-related elements down to a depth of
500 m. The model follows the division of the bedrock into the NTU, CTU and STU
units, separated by the SDZ and the LSZ, the FDZ and the D4 deformation zone (D4-1).
In addition, several S4 shape surfaces are shown in the model which aims to visualise
the spatial orientation of these elements.
The major tectonic units shown in the 3D model are the SDZ and the LSZ, the FDZ and
D4 deformation unit one (D4-1). The 3D modelling of the ground survey magnetic data
carried out in the central area has shown gently-dipping (30–45°) magnetised units,
Figure 4-21. The dips of these units become gentler with depth, confirming the
geological concept based on data from drill cores. The magnetic model fits the results of
susceptibility measurements in the drillholes, with the magnetised bodies representing
mainly pyrrhotite-bearing gneisses.
4.7.4

Evaluation of uncertainties

The main uncertainties of the ductile deformation model are presented in Table 4-2.
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Figure 4-20. 3D model of major tectonic units. View to the NE (from Aaltonen et al.
2010, Figure 7-16).

Figure 4-21. 3D ground magnetic interpretation shows steeply-dipping magnetised
units. View to the ENE (from Aaltonen et al. 2010, Figure 7-17).
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CAUSE

SIGNIFICANCE

EFFECT

Table 4-2. Assessment of uncertainties related to the ductile deformation model (from Aaltonen et al. 2010, Table 7-1)
UNCERTAINTY
Conceptual
Ductile deformation history

Different primary
interpretations

HOW
CAN
RESOLVED?

BE

Drilling of new drillholes,
excavating trenches and
cleaning outcrops in areas of
low resolution. Collecting
new data from existing
sources.

Conceptual misunderstanding
Directly
affects
the Iterative
approach,
of the deformation history, Low, as the confidence of the lithological model, erroneous continuous checking and
subjective view, complexity model seems to explain
interpretation of the geometry adjustment against new data,
current observations.
of the ductile deformation.
of lithological units.
if needed. New data from the
investigation trenches and/or
extended outcrops.
Diversity in description of Low, as the data processing Model is constructed in Discussing and validating the
basic parameters or structural and modelling phases are different ways in different data, including preliminary
elements by different authors carried out in workshops and parts of the site and affected interpretations
when
carried out during the under discussions.
by artificial biases of data.
constructing the model.
mapping procedure. The
primary interpretations or
descriptions of different
authors are not always totally
comparable.

Technical
Geometry and size of Uneven
distribution
of Low in the central area,
modelled features in both 2D observation points, total lack medium to high in the eastern Inaccuracy of the 2D and 3D
models
and 3D models
of outcrops in certain sub- area.
areas and lack of descriptions
of
ductile
deformation
structures, especially from
the ONKALO tunnel walls.
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4.8

Alteration

4.8.1

Alteration processes

The Olkiluoto bedrock displays three different alteration episodes, which can be
identified and distinguished because of their different products, their modes of
occurrence and their consequences. The three alteration events are independent
processes, which are clearly of different ages: retrogressive metamorphism,
hydrothermal alteration and surface weathering of the bedrock. GSM version 2.1
focuses on characterising the hydrothermal alteration, as it is the most distinct type of
alteration at the site and hydrothermal processes are considered to have the greatest
influence on the properties of the bedrock at potential repository depths. The different
alteration events are schematically linked to the main events of the bedrock’s evolution
in Table 4-3 and a conceptual model of the hydrothermal system, where fluids tend to
circulate through the porous and permeable parts of the bedrock, is shown in Figure
4-22. The 3D spatial occurrence of the altered bedrock regimes is difficult to predict,
due to the nature of the hydrothermal evolution.
Retrogressive metamorphism affected the rocks after the main peak of metamorphism.
These retrograde changes can be seen as the sericitisation and saussuritisation of
feldspars and the chloritisation of mafic minerals; and its fingerprint is observable
throughout Olkiluoto Island. The textural evidence of the rock types, the nature of
fracture fillings and the character of rock alteration indicate that the bedrock was
subjected to more localised, but extensive, hydrothermal activity after the main stages
of regional orogeny.
Hydrothermal alteration and greisen-type mineralisation are well-described from the
Eurajoki rapakivi granite stock, ca. four kilometres east of Olkiluoto Island and several
publications deal with the geology, petrology, mineralogy, mineralisation and
geochemistry of the granite and the greisen bodies in that area (see Aaltonen et al.
2010). The hot corrosive fluids have generated zones of advanced alteration, in which
the whole rock chemistry, mineralogy and mineral chemistry have been substantially
modified. Greisenisation has produced numerous veins and networks in the Eurajoki
rapakivi stock and in the Olkiluoto migmatitic gneisses, some of them only a few
hundred metres from the ONKALO.
Three main hydrothermal alteration types have been identified at Olkiluoto: i) clay
mineral formation, which has two main subtypes; illitisation and kaolinisation, ii)
sulphidisation and iii) carbonatisation. Carbonatisation or calcite formation, in general,
is an essential part of hydrothermal alteration. Alkaline conditions favoured the
carbonate-forming reactions, and calcitic fracture fillings and dyke swarm networks are
found to be closely connected with nearly all hydrothermally-influenced zones. The
hydrothermal alteration episodes have taken place at relatively low temperatures. An
estimated temperature interval, based on fluid inclusion studies on fracture calcites,
extends from slightly over 300ºC to less than 100ºC (Blyth et al. 2000, Gehör et al.
2002). A typical feature of the hydrothermal regimes is that the circulating fluids
penetrated the bedrock and generated high permeability zones, and these zones appear
to have repeatedly acted as pathways for periodical thermal fluid circulation.
At least a minor proportion of the latest very thin and soft fracture fillings of these
minerals is of unknown origin and could be very young. Some fracture planes are
covered by greenish, clayey calcite and fluid inclusion analyses have suggested 50–
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70ºC trapping temperatures. It is possible that these “cold” calcite types have
precipitated in the Neoproterozoic or Phanerozoic, and maybe later, during the
Devonian. At that time, the stabilised crystalline basement was covered by a 0.5 to 1.5
km thick pile of sediments (Larson et al. 1999, Kohonen & Rämö 2005); however, there
are no data available to support hydrothermal activity during this period.
Greisen veins have been observed in several locations in the study area (Paulamäki
1989, 2007, Nordbäck 2007). In places, greisen veins have irregular shapes, offshoots
and inclusions of wall rocks (Figure 4-23). They cross-cut the metamorphic structure,
banding and layering of the Olkiluoto gneisses and give an impression of a breccia-like
structure, which is actually a network of veins. Locally, they form a swarm of narrow
subparallel veins.
In metasedimentary sequences impermeable layers can cause “damming” of the
hydrothermal fluids, which in the case of overpressure may cause hydraulic fracturing.
Some of the fault zones at Olkiluoto may have played such a role, if they were filled
with fault gouge or other fine-grained material.
The extent and type of surface weathering typically is the result of four factors: i)
lithology, ii) atmosphere, iii) hydrosphere and iv) biosphere. The essential features of
the weathering process are that it affects rocks in situ and by two types of weathering
process: mechanical and chemical.
Weathering represents the youngest alteration process at Olkiluoto and stronglyweathered rocks have been observed in a few localities. Presumably, the origin of
weathering goes back at least tens of millions of years, although it is difficult to date
these effects. These rocks are typically found in drill cores at depths of a few metres and
in topographic depressions in investigation trenches (e.g. Nordbäck 2007). However,
some of the known weathered sites show strong and quite deep weathering and total
decomposition of the rocks. For example, drillhole OL-KR23 shows slightly to
strongly-weathered core samples down to a depth of ca. 56 m.
Close to the ONKALO weathered drill core samples were collected at shallow depths
(<25 m) along drillholes OL-KR22, OL-KR23, OL-KR27 and OL-PP34 and have been
studied by Lindberg (2009). In these samples weathering is indicated by high porosity,
the abundance of chlorite instead of biotite and the presence of pink and fuzzy feldspars.
Many samples contain goethite, red-brown hematite and unspecified iron
oxyhydroxides. Some of the fractures are coated with secondary minerals, even clay
(Lindberg 2009). Microscopically, the most prominent feature of weathering is the total
alteration of plagioclase and cordierite to sericite and in many samples biotite is also
altered to chlorite and opaque minerals. Microfractures are common and are filled with
goethite, hematite, kaolinite and fine-grained muscovite (sericite). In some cases,
hematite is largely replacing weathered feldspars and cordierite.
4.8.2

Hydrothermal alteration products

Hydrothermal alteration products, such as clay minerals and sulphides, are expected to
have an impact on the rock mass quality, due to the physical properties of these
minerals, and with the observation that fracturing was at least partially developed due to
hydrothermal processes. In order to investigate the amount of hydrothermally-altered
rock mass and style of alteration, logging of deep drill cores has taken place to detect
the occurrence of strong alteration phenomemena (Front & Paananen 2006). Samples
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have also been collected for studies of the different properties of the altered rocks and
alteration products, using several mineralogical, geochemical and petrophysical
methods, and the results are summarised below. By the data freeze, 496 alteration zone
intersections were mapped in 55 deep drillholes, and 49 intersections in 14 pilot holes
and 1 characterisation hole (Table 4-4). These zones have a total length of 5924.7 m,
which encompasses ca. 17% of the total drill core length. In single drillholes, the
percentage of the alteration zones varies from as low as 5% to greater than 50%.

Figure 4-22. Simplified conceptual illustration of greisenisation and hydrothermal
activity linked to rapakivi granites, not to scale (from Aaltonen et al. 2010, Figure 8-2).
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Table 4-3 Simplified chronological flow chart of the main events of the bedrock
evolution, including different alteration events at Olkiluoto (from Aaltonen et al. 2010,
Table 8-1).
Sedimentary protolith of Olkiluoto gneisses, >1.9 Ga (Kärki & Paulamäki 2006)



Epiclastic and pyroclastic sediments derived from various unknown sources, mostly pelites
and greywackes

Svecofennian orogeny, 1.89 – 1.77 Ga (Lahtinen et al. 2005)




High grade metamorphism & polyphase ductile deformation
→ gneisses, migmatites and anatectites & shearing, folding
Retrogressive metamorphism
→ decomposition of cordierite and plagioclase
Brittle phase deformation
→ fractures, faulting

Anorogenic magmatic stage and subsequent hydrothermal alteration events, <1.57 Ga






Extensional tectonics
Intrusion of large bodies of A-type rapakivi granites, 1.57 – 1.54 Ga (Vaasjoki 1996) Laitila
batholith, Eurajoki stock, possible unexposed bodies (?)
Rapakivi granite-induced and -linked processes:
- crystallisation and degassing of magma, retrograde boiling, separation of vapour and liquid
phases
- magmatic fluids → greisen veins and networks, i.e. greisenisation
- hydrothermal alteration processes including
- ponding of fluids in impermeable rock units causing new fractures, breccias and
veins (hydraulic fracturing)
- upflow of heat and fluids along faults, fractures, and permeable rock units
- circulation of magmatic fluids and particularly groundwater, i.e. hydrothermal
circulation in surrounding gneisses → chloritisation, illitisation, kaolinitisation,
sulphidisation and carbonatisation, silicification etc.
- re-deposition of hydrothermal clay phases in opened faults and fractures
The Satakunta formation, > 1.265 Ga, 1.3 – 1.4 Ga, < 1.65 Ga, (Kouvo 1976, Korja &
Heikkinen 1995)
- purplish sandstone showing parts varying from conglomerates to siltstone and mudstone
- thickness > 591 m – ≥ 1500 m
- thermal effects unknown

Postjotnian, ~1.265 Ga olivine diabases (Suominen 1991)




extensive, tholeiitic, subophitic, hypabyssal mafic dykes and sills
possible new thermal source for hydrothermal circulation
continuated precipitation of fracture calcites

Late Proterozoic and Phanerozoic times (< 1.0 Ga)


Cambrian to lower Ordovician sedimentary rocks, max. thicknesses 200 and 350 m
(Kohonen & Rämö 2005), thermal effects unknown



Silurian to Devonian deposits, ca. 1 km thick (Larson et al. 1999), thermal effects unknown



Mesozoic to Cenozoic deep chemical weathering (Kohonen & Rämö 2005)
- surface weathering with formation of palaeosols and precipitation of fracture calcites
(Söderman et al. 1983, Blomqvist et al. 1992, Kohonen & Rämö 2005)
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Figure 4-23. Network of dark greisen veins cross-cutting the tonalitic gneiss and the
amphibolite dyke at Ilavainen. Photo by Kai Front, VTT (from Aaltonen et al. 2010,
Figure 8-1).
Table 4-4. Statistics of hydrothermally-altered drillhole intersections, subdivided and
classified according to minerals and style of alteration. The ‘length’ refers to the total
length for each alteration mineral and the ‘median’ the median value of the length.

Alteration mineral(s)

Surface-based drillholes
Number
of
Style
intersections

Length
(m)

Median
(m)

Fracture-controlled

102

1272.6

7

Pervasive

207

2278.3

6

Fracture-controlled

141

2025,9

9

Pervasive

97

1260.9

9

Fracture-controlled

74

846.4

9

Pervasive

57

433.4

5.5

Fracture-controlled

7

103.0

12

Pervasive

79

1076.9

8

Illite

Kaolinite

Sulphides±Quartz

Quartz±Sericite±Epidot
e
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Drillholes
OL-KR1 – OL-KR55 &
supplementary B-holes
(Total length 31167.8
m)

Alteration mineral(s)

496

Drillholes in the ONKALO
Number
of
Style
intersections

5564.5
(17.9%)

6.3

Length
(m)

Median
(m)

Fracture-controlled

5

17.8

2

Pervasive

12

105.4

5.5

Fracture-controlled

11

40.7

2.6

Pervasive

17

186.9

4

Fracture-controlled

11

97.9

7.5

Pervasive

9

80.4

4

Fracture-controlled

3

17.2

4.5

Pervasive

7

31.4

3

49

360.2
(17.0%)

4

Illite

Kaolinite

Sulphides±Quartz

Quartz±Sericite±Epidot
e
Pilot holes
ONK-PH1 – PH14 &
ONK-KR13
(Total length 2123.9 m)

Hydrothermal pathways occur in existing brittle fault zones, but also in zones that were
formerly brittle but are now welded, and in intact rock. Based on the grade of the
alteration, two different types of hydrothermal alteration can be distinguished: a
fracture-controlled type and a pervasive (or disseminated) type. Fracture-controlled
alteration indicates that hydrothermal fluids have passed through the rock along planar
features and that alteration is restricted to incipient fractures or narrow zones adjacent to
them. This subtype seems to consist of in situ or autochthonous minerals, but in some
alteration zones kaolinite veins are considered to have an allochthonous origin.
Pervasive alteration indicates the strongest type of alteration - it occurs as spots and
finely-disseminated throughout the normally fractured rock and in fracture fillings.
Details of the mineralogy of the alteration mineral: illite (or sericite), kaolinite and
carbonates (almost exclusively calcite) are provided in Aaltonen et al. (2010) Chapter
8.3. The mineralogy of gouge fillings has been investigated in eleven samples, chosen
from the ONKALO (Gehör 2007) and these data show that the main gouge mineral
phases are quartz, chlorite-group phases, illite, kaolinite, montmorillonite (smectite
group), calcite and feldspar.
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Even though hydrothermal alteration at Olkiluoto has, in general, a striking influence on
the mineralogy and mineral chemistry, the whole rock geochemical alteration signatures
are not always unambiguous. One reason for this is that the rock types in Olkiluoto
represent a wide range of compositional types and 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.
The textural observations and fluid inclusion data make it obvious that, at the final stage
of each cycle of hydrothermal alteration, the aqueous fluids were enriched in CO2. As a
consequence of this process, calcite is common in inter- and intragranular locations and
as calcite stockworks. The volume of calcite precipitation and the tendency to replace
silicate phases has, over time, increased the concentration of CO2 and Ca in the whole
rock composition.
Aaltonen et al. (2010) Chapter 8.4 provides details of the geochemistry of the alteration
products and plots of the results on ternary diagrams, which show that the altered rocks
at Olkiluoto have undergone K metasomatism, K gain and Na+Ca loss. The chondrite
normalised REE patterns of PGR, VGN and MGN reveal the modification of the REE
contents under the influence of hydrothermal fluids. In general, the REE contents
appear to have increased with hydrothermal alteration in all the rock types at Olkiluoto.
4.8.3

Physical properties of the hydrothermally-altered rock

Petrophysical measurements have been carried out to improve the knowledge of rock
mass properties and Öhman et al. (2009b) summarises the analyses of a total of 1438
rock samples taken over the period 1990 – 2008. Petrophysical signatures of different
parameters were assessed by lithology, but the effects of alteration were also
considered. The samples were subdivided into altered samples and fresh samples by
visual inspection in hand specimen.
Changes detected in petrophysical values, reflecting chemical and mineralogical
variation, porosity variation and increasing microfracturing, have been related to the
level of alteration. Alteration can locally be seen as anomalous values, specifically with
increasing sulphidisation. Remnant magnetisation, magnetic susceptibility and IP values
all increase, supposedly caused mainly by the presence of electrically conductive
minerals in the rock mass. Seismic velocity and resistivity decrease in altered rocks
compared with typical values for each rock type (Figure 4-24) (Öhman et al. 2009b).
In general, the porosity of altered rocks is higher than that of fresh samples (Öhman et
al. 2009b), there is naturally a correlation between porosity and the diffusion coefficient
of the rocks and both increase due to hydrothermal alteration. Clear trends can be seen
in Figure 4-24, which is based on data from Hartikainen & Hartikainen (1998),
Voutilainen et al. (2010) and Öhman et al. (2009b). Presumably, there are differences
which may be related to the effect of the alteration on the rock pore structure. Again,
this inevitably depends on the properties of the alteration process itself and on the
primary structure of the rock. For example, in the pegmatitic granites, alteration has
increased the porosity more than the diffusion coefficient (see Figure 4-24). This is
probably due to diffusion taking place through a coarse-grained pegmatite which
contains microfractures (along grain boundaries and inside the large feldspar grains).
Different types of porosity patterns can be found in the results of 14C labelled
polymerised methyl methacrylate (14C-PMMA) autoradiography studies (e.g. Siitari-
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Kauppi et al. 2009). Based on analyses of PMMA autoradiograms, pegmatitic granites
are dominated by intra- and intergranular microfractures. Alteration increases the
complexity of the pore structure of the rock: a common feature in altered samples is that
the highly porous minerals (altered cordierite, chlorite, sericite etc.) are situated
adjacent to the fractures.

Figure 4-24. Cumulative plot of P wave velocity of altered and non-altered samples
(from Öhman et al. 2009b).
The rock mechanics properties of some altered samples have been tested: for example,
Niinimäki & Aaltonen (2006) tested a total of 45 samples from drillholes OL-KR1 and
OL-KR12. Samples were selected from altered, especially illitised, sections and from
fresh sections of the core. The purpose of the work was to evaluate the effect of
alteration on the strength of the rock and the uniaxial compressive strength of the rock
was determined indirectly from the point load test results; however, no clear correlation
between rock mechanics test results and alteration was detected (Niinimäki & Aaltonen
2006). In some cases, altered rock is definitely mechanically weak, but sampling could
not be carried out because of the extent of fracturing. This weakness can be caused by
intra- and intergranular microfissures (Siitari-Kauppi 2009) and further fragmentation
during drilling. The rock mechanics properties of the rock are assessed in greater detail
in Chapter 5.
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Figure 4-25 Porosities and diffusion coefficients (He) measured from samples of altered
and unaltered rocks at Olkiluoto (Hartikainen & Hartikainen 1998, Voutilainen et al.
2010), average porosity values for different rock types and altered rocks at Olkiluoto
(Öhman et al. 2009b), and results of two altered and one unaltered granite samples
from Chugoku area, Japan, analyzed by Yoshida et al. 2009 (the diffusion coefficient of
Helium is estimated to be 4 decades higher than that of water) (from Aaltonen et al.
2010, Figure 8-17).
4.8.4

Modelling assumptions and methods

The modelling assumptions and methods used to construct the models of altered
volumes at depth are described in detail in reports of previous versions of the GSM
(Paulamäki et al. 2006, Mattila et al. 2008). The basic principle behind the modelling of
alteration is to define volumes of rock that show the highest degree of alteration, i.e.
that have the highest probability of the occurrence of alteration.
The sections with the highest degree of alteration are digitised as profiles and the
creation of the final 3D solid is based on enveloping the drill core intersections with the
most extensive sections of alteration, based on the vertical profiles. Thus, the alteration
volumes (i.e. modelled solids) are outlined so as to make them encompass the strongest
alteration and as many of the altered drill core sections as possible. However, they also
contain a lot of rock mass which shows only slight alteration or no alteration at all.
During the first stage of drillcore logging, the core sections were mapped as
hydrothermally-altered zones, if there were clearly observable pervasive changes in
mineralogy or repeated fractures with visible infilling and a minimum drillcore length
of 1 m. To describe the grade of alteration, fracture-controlled and pervasive (or
disseminated) types were distinguished (Table 4-4).
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Compared with the former 3D model of alteration (GSM version 1.1), additional
drillhole data have resulted in the shape of the alteration solids being changed and the
model now includes more detailed and smaller volumes. In addition, connections
between widely-separated drillholes are now rejected. Compared with other 3D
submodels, altered volumes are based solely on observations in drill cores and are not
constructed by indirect methods. Thus, the modelled volumes are concentrated in the
central area; although, old data and new observations in the eastern area both indicate
strong natural variations in the occurrence of altered rock. The aim of the model is to
describe the spatial character of the alteration phenomena: it simplifies the complex
features of alteration and is more approximate than the lithological and deformation
models.
4.8.5

Illitisation

Illite, which is expected to be generated as a result of more energised hydrothermal fluid
circulation than kaolinite, occurs as a green, transparent, soap-like mass or forms grey
to green waxy or powdered coverings. In fractures, where illite is the dominating phase,
it usually lines the fracture walls, whereas kaolinite typically forms the incohesive
filling. The ONKALO volume appears to have discrete illitised zones occurring in, for
example, cores of pilot holes (see for example Öhberg et al. 2006), but the drill core
data imply that, especially northwards from the ONKALO, (Figure 4-26 and Figure 427), the bedrock has been affected by advanced illitic alteration. Illitised bedrock is
modelled as seven distinct volumes. The occurrences of fractures with illite filings at
repository depth is shown in Figure 4-28 and the occurrences from all depth intervals
are listed in Appendix VII of Aaltonen et al. (2010).
4.8.6

Kaolinisation

The kaolinite alteration zones constitute numerous spots and lenses, which occur at
irregular intervals, and the lengths of these zones usually vary from tens of centimetres
to tens of metres in drill core intersections. Kaolinite appears to be an important
constituent of the rocks, forming 5–30 vol%, or locally exceeding even these values.
The zones, which have encountered kaolinisation, contain various amounts of illite on
slickensides and in fracture fillings and therefore the appearance of kaolinitic zones in
Figure 4-29 and Figure 4-30 demonstrates the zones in which kaolinite is the most
important, but not necessarily the only alteration product.
Kaolinite in fracture fillings forms a powdery disseminated white coating that may well
have a thickness of several millimetres and is typically loosely attached to the fracture
surfaces. The distribution of kaolinite-filled fractures at the repository depth is shown in
Figure 4-31 and figures from all depth intervals are presented in Appendix VII of
Aaltonen et al. (2010).
The drill core data and the evidence from the ONKALO tunnel indicate that the bedrock
volumes of advanced kaolinitisation (which appear as strongly-softened sections due to
intense later weathering) are located effectively in the uppermost 200 m (Figure 4-30).
Kaolinitic alteration, in particular, is concentrated along fracture zones as well as along
lithological boundaries. Kaolinised bedrock volumes in five distinct units seem to reach
a greater depth in the northern part of the area. The drill core data reveal numerous
separate zones at greater depth, but their positions remains uncertain, as the current drill
core data from that bedrock volume is insufficient.

Figure 4-26. Sections of pervasive (dark green) and fracture-controlled (light green) illitisation in drillholes. The green blocks represent
volumes with the highest probability of the occurrence of illitisation. Top view (from Aaltonen et al. 2010, Figure 8-20).
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Figure 4-27. Sections of pervasive (dark green) and fracture-controlled (light green) illitisation in drillholes. The green blocks represent
volumes with the highest probability of the occurrence of illitisation. View towards 030°/-15° (from Aaltonen et al. 2010, Figure 8-21).
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The illitised zones are characteristically 5–20 m long in drill core intersections. In zones
which have experienced advanced illitisation, the rock is yellowish or green in colour
and has lost its mechanical strength. Illite often occurs as a single alteration product, but
kaolinite, calcite and sulphides may accompany it.

Figure 4-28. Occurrence of fractures with illite fillings in 200 x 200 m squares in the
depth interval -400 to -450 m (from Aaltonen et al. 2010, Figure 8-22).
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Figure 4-29. Sections of pervasive (red) and fracture-controlled (yellow) kaolinisation in drillholes. The yellow blocks represent volumes with
the highest probability of the occurrence of kaolinitisation. Top view (from Aaltonen et al. 2010, Figure 8-24).

Figure 4-30. Sections of pervasive (red) and fracture-controlled (yellow) kaolinisation in drillholes. The yellow blocks represent volumes with
the highest probability of the occurrence of kaolinitisation. View to 030°/-15° (from Aaltonen et al. 2010, Figure 8-25).
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Figure 4-31. Occurrence of fractures with kaolinite filling in 200 x 200 m squares in the
depth interval -400 to -450 m (from Aaltonen et al. 2010, Figure 8-26).
4.8.7

Sulphidisation

Sulphidisation is evidenced mainly as disseminated pyrrhotite, with pyritic coatings and
pyrite stockworks occurring to a lesser extent. Pyrite is common in places where the rock
shows signs of any kind of hydrothermal fluid activity and the typical textural types of pyrite
are hair dykes, idiomorphic crystals or aggregates. Sulphidisation occurs in the same
assemblages as clay minerals (chlorite, kaolinite, illite) and calcite. Sulphidised host rocks,
usually migmatites, contain several percent of disseminated pyrrhotite, which also occurs
along fractures in these zones. The thickness of the alteration varies from centimetres to
several metres. Pyrrhotite is the main sulphide phase in graphitic fracture fillings.
The volumes of sulphidised rock reach a depth of 300 m in the ONKALO area and are also
present to the north of the ONKALO at shallower depths (Figure 4-32 and Figure 4-33). In a
similar manner to that of kaolinisation, there are numerous disconnected patches of
sulphidisation outside the modelled blocks and, of the bedrock volumes, four separate units
have limited drill core information. The distribution of fractures with pyrite fillings at the
repository level is shown in Figure 4-34 and in Appendix VII of Aaltonen et al. (2010).

Figure 4-32. Sections of pervasive (dark brown) and fracture-controlled (brown) sulphidisation in drillholes. The brown blocks represent
volumes with the highest probability of the occurrence of sulphidisation. Top view (from Aaltonen et al. 2010, Figure 8-28).
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Figure 4-33. Sulphides are located in uppermost part of the model volume following roughly the lithological trend (dipping at low angles to the
SE). Dark brown = pervasive sulphidisation, brown = fracture-controlled sulphidisation. The brown blocks represent volumes with the highest
probability of the occurrence of sulphidisation. View to 030°/-5° (from Aaltonen et al. 2010, Figure 8-29).
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Figure 4-34. Occurrence of fractures with pyrite filling in 200 x 200 m squares in the depth
interval -400 to -450 m (from Aaltonen et al. 2010, Figure 8-30).
4.8.8

Carbonatisation

In a manner similar to kaolinisation, illitisation and sulphidisation, carbonatisation plays a
significant role in alteration events. The total volume of calcite, the principal carbonate phase
in the hydrothermally-altered zones, appears to be considerable - the incidence of
carbonatisation being estimated from the rate of occurrence of calcitic fractures in the drill
core. When the individual calcite-filled fractures are placed into connected zones, the
carbonatised sequences appear to be more extensive than the other alteration types; although
calcite is an uncommon member in unaltered rock. Pervasive carbonatisation of the bedrock
itself has not been detected, although the strongly illitised zones locally appear to have been
strongly influenced by carbonatisation. Carbonate typically occurs as stockworks and forms
the matrix for the clay fillings.
The carbonate-bearing zones may have thicknesses from a few metres to tens of metres in
drill core sections. In several locations calcite formation appears to be the final episode of a
particular fluid circulation event and calcite often overlays the older hydrothermallygenerated fracture fillings. Typically calcite forms large halos surrounding the other
hydrothermal alteration types.
4.8.9

Sericitisation

Hydrothermal sericitic alteration occurs typically as thin bands spaced at intervals of a few to
tens of centimetres. It occurs as either a fine-grained mass or forms coarse flakes, 1 – 2 cm in
size. Typically the fractures, which have sericite as a single filling phase, are closed. Locally,
sericitic alteration forms extensive patches and bands.
4.8.10 Evaluation of uncertainties

The main uncertainties of the alteration model are presented in Table 4-5.

169

CAUSE

SIGNIFICANCE

HOW
CAN
RESOLVED?

BE

The extent of alteration is More detailed assessment of
more extensive than that fracture-controlled alteration
indicated by the current data and evaluation of its
modelling,
since
the impact on the location of
alteration likely continues in more extensive alteration.
a fracture-controlled manner
outside
the
modelled
volumes. However, pervasive
alteration is considered a
property of the rock, fracturecontrolled
alteration
a
property of fracturing.
The amount of alteration Assessment
of
natural
within the bedrock is variability and analysis of
exaggerated.
controlling features for the
occurrence of alteration.

EFFECT

Table 4-5. Assessment of uncertainties related to the alteration model (from Aaltonen et al. 2010, Table 8-7).
UNCERTAINTY
Conceptual
Type of alteration
Current distinction between Medium
pervasive
and
fracturecontrolled
types,
the
modelled
volumes
refer
mainly to pervasive types.

Location of altered rock Natural
variability
of
within modelled volumes
alteration
zones,
i.e. High
discontinuous en echelon and
branching patterns (related
also to the orientation and
extent of existing fault
zones). This is inherently
included in the modelled
volumes, as they describe
volumes with the highest
probability of containing
altered sections.

unknown Data resolution (i.e. so-called In the modelled area there is Local features may be Investigation of properties
white areas), orientation bias a low uncertainty that site- intersected in unexpected and geometry of altered
due to moderately uniform scale alteration zones would places. Unlikely to cause any zones found in the ONKALO
drilling orientation.
exist, but for local occurrence major problems.
tunnel and new drillholes
of altered sections the
uncertainty is considered as
medium to high.
UNCERTAINTY
CAUSE
SIGNIFICANCE
EFFECT
HOW
CAN
BE
RESOLVED?
Technical
Amount and location of Data resolution (i.e. so-called Medium in the site area, high The amount of alteration New investigations, e.g.
altered rock within the white areas), orientation bias outside
within the bedrock may be drillholes
modelled volumes
due to quite uniform drilling
exaggerated.
orientation
Type and intensity of Visual mapping of the drill Medium
The intensity of alteration Application of a quantitative
alteration
cores
may be variable due to the instrumental analysis
visual mapping technique,
which is unreliable in the
recognition
of
intensity
variations,
mineralogical
details etc.

Technical
Existence
of
alteration zones
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4.9

Brittle deformation model

Features considered in the brittle deformation model as truly brittle structures are joints,
veins and fissures with low-temperature mineral fillings, single plane faults and fault
zones. Although currently filled with solidified mafic magma, diabase dykes are also
included in this category, since their formation clearly post-dates the ductile events
described in Section 4.7 and they are associated with the regional formation of
fractures, as also evidenced on Olkiluoto Island. Aaltonen et al. (2010) Section 4.9
provides a description of the properties of the fractures on Olkiluoto Island and an
account of the contemporary understanding of fracture evolution in the region, based on
the analysis of fracture and fault kinematics and additional analytical work.
4.9.1

Fracture and fault characteristics

Fractures at Olkiluoto have three distinct orientation maxima: fractures dipping gently
to moderately (0–40º) to the S or SSE, which follow the orientation of the ductile
foliation, dominate strongly in the fracture data; in addition, two steeply-dipping N-S
and E-W striking clusters are also present. Although this is a generalised view of the
dominating fracture orientations, it does reflect the bulk fracture properties at the site
scale. A more detailed discussion of the fracture orientations and their spatial variations
are provided in the DFN model in Section 4.10.
Approximately two thirds of the fractures are filled, the most common fillings being
calcite, pyrite, kaolinite chlorite and illite. Pyrite and kaolinite are common in the upper
part of the bedrock, whereas illite is abundant in the deeper parts, although this
distribution is affected by the location of major fault zones. Over half of all the fractures
are irregularly shaped and 40% semi-rough. According to the mapping of the fracture
morphology, nearly 60% of fractures are either curved, wavy or undulating.
A special type of fracture system that occurs in the Olkiluoto region consists of
hydrothermal veins with central quartz-K feldspar fillings, commonly surrounded by
metasomatic alteration rims. The veins also typically contain spherulitic iron-rich
chlorite, sphalerite, galena and pyrite. The veins are typically quite planar or slightly
undulating and occur mainly as single or, occasionally, as two, typically nearorthogonal fracture sets. The vein fillings have a thickness varying from a few
millimetres to up to a few centimetres, and occasionally the vein fillings brecciate the
surrounding rock. Based on their mineral paragenesis, Mattila (2009) associated these
veins with the greisen-type fractures related to the late-stage evolution of the rapakivi
granites.
The orientations of these veins have three distinct maxima in a stereogram for verticalsubvertical fractures: striking approximately NNW-SSE, NW-SE and ENE-WSW. The
veins show a distinct spatial variation on a base map of the area and a clear correlation
with the trends of topographic depressions, expressed on the map by the occurrence of
straits and bays (see Aaltonen et al. 2010, Chapter 9.1 and Figures 9-2 and 9-3).
Diabase dykes occur mainly in the western and eastern parts of Olkiluoto Island, along
subvertical fractures that strike ENE-WSW and E-W. Fracture clusters with similar
orientations to the diabase dykes are typically observed in the vicinity of the dykes and
fade away with increasing distances from the dykes.
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Faults at Olkiluoto can be divided into two general groups based on their geometrical
properties: i) low-angle faults dipping generally to the SE and ii) subvertical faults that
strike N-S to NE-SW.
Where the foliation dips steeply, the low-angle faults typically cross-cut the foliation,
but in general the low-angle faults are parallel to the gently-dipping ductile foliation,
whereas the subvertical faults mainly cross-cut the foliation. Both fault types show
similarities in their mineralogies and they are commonly associated with breccias
containing angular blocks of the host rock, ranging in size from a few millimetres to
several centimetres, within a matrix of clayey gouge. The gouge typically contains clay
minerals, pyrite, calcite and graphite (Mattila et al. 2008) and the clayey fraction
contains minerals such as illite, quartz, chlorite-group minerals, kaolinite, siderite,
feldspars and occasionally montmorillonite (Gehör 2007b). The subvertical faults also
commonly contain up to a few tens of cm thick of quartz-chlorite-sphaleritechalcopyrite-galena-pyrite mineralisations that, according to current observations, are
lacking from the visible fraction of the low-angle faults.
The NE-SW striking, low-angle fault zones show prominent reverse dip-slip movement
- the slip directions trend mainly towards the ESE-SSE, indicating thrusting associated
with approximately NNW-SSE to WNW-ESE oriented contraction (Mattila et al. 2008).
Evidence for this comes from the presence of ductile slickensides (as distinct from
normal slickensides, which are associated with brittle deformation – see discussion in
Aaltonen et al. 2010, Chapter 9.1). Evidence for fracture evolution after the thrusting in
the Olkiluoto region is provided by Mattila (2009), who analysed the evolution of the
hydrothermal veins discussed in the previous section; and fault-slip data reveal the same
kinematic pattern. All the evidence suggests that the existing faults at Olkiluoto merely
slipped parallel to the previous reverse-slip direction, but now as normal faults. The
faulting was thus markedly influenced by pre-existing planes of weakness formed
during the earlier ductile deformation, as is discussed in considerably more detail in
Aaltonen et al. (2010), Chapter 9.1.
The conceptual model for the brittle fault zones, the assumptions made as part of the
modelling and the methods employed are discussed in detail in Aaltonen et al. (2010),
Chapters 9.1, 9.2 and 9.3 and were also summarised in Chapter 4 of SR2008; some are
also presented in the previous version of the GSM (Mattila et al. 2008). Since SR2008
there have, however, been further developments in defining the orientation and extent of
brittle deformation zones, using evidence from the ONKALO, and in defining the fault
core and influence zones, as is discussed in Aaltonen et al. (2010, Chapter 9.3) and in
Hellä et al. (2009), as part of the RSC programme.
4.9.2

Spatial model of brittle deformation

The modelled brittle deformation zones are classified into two categories based on their
size: i) site-scale brittle deformation zones and ii) repository-scale brittle deformation
zones. If the lateral dimension of the modelled zone at any depth and direction is 1000
m or greater and its extent is based on several drillhole intersections and/or geophysical
or topographic data, the zone is classified as site-scale. The remaining zones are
automatically classified as repository-scale. There are some modelled zones with lateral
extents of ca. 1000 m (e.g. OL-BFZ012, OL-BFZ039 and OL-BFZ048), but their large
dimension is based on pure extrapolation and is consequently uncertain; accordingly,
these zones are also classified as repository-scale.

173

Modelled zones with a lateral dimension of ≤1000 m and intersected by only a few
drillholes are classified systematically as repository-scale features and all their
dimensions are typically 300 m or even less, although the initial assumption regarding
their extent can vary between 100–800 m and their actual extent is often highly
uncertain. Without any additional data, the zones have not been extensively
extrapolated, in particular where only a single or a limited number of intersections
exists. The orientations of these zones are based solely on the orientation of
slickensided fractures, documented typically along a single or a few brittle fault
intersections, without any associated, relevant geophysical data.
At least some of the site-scale zones are likely to continue outside the modelled wellinvestigated volume; however it is likely that these site-scale zones are not as
continuous as they appear when modelled on the basis of geophysical data. Some of
these inferred zones intersect drillholes at places where no real structural intersections
(e.g. BFI) were identifiable. Consequently, these zones are most likely segmented,
consisting of several separate deformation zone segments connected by individual
fractures, or sets of fractures, linking the segments in a complex manner. The zones are
thought to represent the combined effect of brittle faulting and associated fracturing fault zones are commonly segmented and connected in a step-like manner by fracture
networks across relay or accommodation zones (see Milnes 2006) and, as such, fault
zones are typically discontinuous and non-planar.
The level of confidence associated with the zones has been defined empirically, based
on the number of supportive data and modelling methods used, and is placed into one of
three categories: i) low confidence, ii) medium confidence and ii) high confidence. Low
confidence implies that the orientation, extent and overall geometry of the modelled
zone may deviate greatly from the visible features of the zone, due either to the lack of,
the limited number of or the variable quality of the available data. Medium confidence
implies that there is a slightly better control on the extent and overall geometry of the
modelled zone, yet the number of data does not permit the zone to be placed in the high
confidence class. The latter refers to zones that are considered to be well-defined with
respect to their geometry and extent.
For site-scale deformation zones, the confidence is inherently medium or high, due to
multiple intersections and supporting geophysical data; the final judgement being based
on the modeller’s assessment of the internal consistency and extent of the data sets. For
repository-scale deformation zones the confidence is automatically set as low or
medium, depending on the number of observed drillhole intersections and the quality of
the supporting data, unless their geometry and extent can be proved by, for example,
tunnel observations. Once again, this judgement is carried out by the modeller. In the
case of direct 3D observations, a repository-scale deformation zone may be assigned a
high confidence.
The brittle deformation model version 2.0 includes 178 modelled cores of fault zones
and a detailed description of each modelled feature is presented in tabular form in
Appendix VIII of Aaltonen et al. (2010). All modifications to the modelled zones are
tabulated in Appendix IX of Aaltonen et al. (2010). In addition to brittle fault zones, all
brittle joint zone intersections have been modelled according to their main fracture
directions and these intersections are tabulated in Appendix X of Aaltonen et al. (2010).
The GSM version 2.0 was updated for this report, model version 2.1 now including 228
modelled fault zones.
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Appendix XI of Aaltonen et al. (2010) shows horizontal sections with 200 m spacings
and vertical sections, in both the X and Y directions, of the brittle fault zone model 2.0,
together with the lithology. figure 4-35, Figure 4-36 and Figure 4-37 show examples of
these sections and Figure 4-38 shows an example of some of the statistical information
on the modelled features, which includes orientations, core thicknesses and dimensions.

Figure 4-35. Brittle model with lithology, plan view, Z = 0. Arrows show the locations
of vertical sections below. Black lines illustrate the modelled fault zones. Boundaries of
the modelled volume are shown by red lines (based on Aaltonen et al. 2010, Figure 910).

Figure 4-36. Brittle model version 2.1 with lithology, N-S cross-section. Black lines
illustrate the modelled fault zones (based on Aaltonen et al. 2010, Figure 9-12).
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Figure 4-37. Brittle model version 2.1 with lithology, W-E cross section. Black lines
illustrate the modelled fault zones (based on Aaltonen et al. 2010, Figure 9-14).
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Figure 4-38. Horizontal length vs. core thickness a) site-scale faults, b) repositoryscale faults (from Aaltonen et al. 2010, Figure 9-17).
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The dips of the site-scale zones are concentrated in three main orientations: gently to
SSE (120° – 170°/ 10° – 40°), steeply to ENE-E (060° – 100°/65° – 70°) and very
steeply to NE (040° – 055°/85°). The majority of the repository-scale fault zones are
dipping to ESE-S with dip values varying between 0° and 65° (120° – 180°/0° – 65°).
Another main orientation dips steeply to E (090° – 100°/80° – 85°).
The lengths of the modelled site-scale faults vary between 1 and 13 km, being typically
less than 3 km. The typical length of a repository-scale fault zone is a few hundred
metres, varying between ca. 100 and 1000 m (Figure 4-38). The correlation between
core thickness and fault zone length is generally poor (Figure 4-38), probably due to
poor knowledge of the true dimensions of the modelled features.
In the current brittle model version 2.0 (Aaltonen et al. 2010) and its updated version
2.1 presented here, a number of important modifications and additions have been made
with respect to GSM version 1.1 (Posiva 2009) some of which have already been
completed as a part of ONKALO model version 2.0 (Lahti et al. 2009). The
modifications and additions are based on the following new data:
Re-examination of the fracture orientations in the core sections of all the
modelled fault zones
Mapped deformation zone intersections in drillholes OL-KR39 – OL-KR48,
OL-KR50 and OL-KR51
On-site logging results from drillholes OL-KR49 and OL-KR52 – OL-KR55
Mapped deformation zone intersections in the ONKALO between chainages ca.
1800 and 4400 m
MAM results from 2007 – 2010
HIRE 2D reflection seismic results
Reflection seismic results from ONKALO at chainage 1720 – 1820 m and 3300
–3600 m.
According to the new data, 100 new fault zones OL-BFZ170 – OL-BFZ269 are
modelled and 48 previously-modelled zones have been modified. 15 brittle joint zones
(BJZ) of GSM version 2.0 which contain abundant slickensided fractures were
modelled as brittle fault zones in model version 2.1. Altogether 6 zones were removed
from the model, as their intersections have been incorporated into other zones. Details
of how these changes have affected specific zones are listed in Aaltonen et al. (2010)
Section 9.4; in addition to changes in geometry, a number of modifications to the fault
zone nomenclature have been carried out to harmonise it with the nomenclature used in
the hydrogeological model (see Table 9-2 in Aaltonen et al. 2010).
One important new dataset for model versions 2.0 and 2.1 consisted of the mapped
deformation zone intersections in drillholes OL-KR39 – OL-KR48 (version 2.0) and
OL-KR50 and OL-KR51 (version 2.1). The orientation of each core in the new dataset
has been determined, based mainly on slickensided fractures, fault breccia and gouge.
The core location and its orientation are compared with other existing zones to
determine if the new intersection is related to an already-modelled zone or to a new one.
If the new intersection fits the geometry of an existing zone, even moderately well, and
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the fracture directions agree, the existing zone is extended and/or fixed to the new
intersection. Otherwise the core is modelled as a new separate feature. The initial extent
of the new modelled zones is limited to 300 x 300 m, unless the data from the nearby
drillholes, from outcrop data or from geophysics do not suggest any such limitations or,
conversely, that the zone should be extended.

BFZ178

BFZ179
BFZ181

BFZ180

KR40
BFZ182

KR45

BFZ183

BFZ208

BFZ184

Figure 4-39. Modelled new fault zones OL-BFZ178 – 184 and OL-BFZ208, detected
from drillhole OL-KR40. View from the S (from Aaltonen et al. 2010, Figure 9-19).
BFZ011 BFZ012
BFZ146

BFZ019

BFZ020B

KR40
BFZ053

KR45
BFZ020A

Figure 4-40. Geometry of previously-modelled fault zones OL-BFZ011, OL-BFZ012,
OL-BFZ053, OL-BFZ019C, OL-BFZ020A, OL-BFZ020B and OL-BFZ146, fixed to
brittle fault intersection locations in drillholes OL-KR40 and OL-KR40B. The naming
of some zones (e.g. BFZ019C which used to be called BFZ56) have been changed to
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better match the nomenclature used within the hydrostructure model. View from the S
(from Aaltonen et al. 2010, Figure 9-20).
Examples of some of the new fault zones are shown below. In case of model version
2.0, a complete set of these new zones is shown in Aaltonen et al. (2010) Section 9.4.
For example, drillholes OL-KR40 and OL-KR40B revealed altogether 15 separate
brittle fault intersections, resulting in eight new separately-modelled fault zones OLBFZ178 – OL-BFZ184 and OL-BFZ208 (Figure 4-39 and Figure 4-40). Only OLBFZ178 could be connected to similarly-oriented fractures in neighbouring drillhole
OL-KR45. The remaining seven intersections in OL-KR40 and OL-KR40B could be
connected to previously-modelled zones OL-BFZ011, OL-BFZ012, OL-BFZ019C, OLBFZ020B, OL-BFZ020A and OL-BFZ146 (Liikla Shear Zone; Figure 4-40), based on
their general geometry, agreements with fracture orientations and/or MAM results.
4.9.3

Influence zones

The concept of the influence zone is addressed in detail in the RSC report (Hellä et al.
2009, Section 5.2.2) and the conceptual model of such zones is shown in Figure 9-8 of
Aaltonen et al. (2010).
Influence zones for the fault zones in the Olkiluoto brittle deformation model are based
on data from drillholes, tunnel and investigation trenches. The influence zones have
been defined systematically only for the site-scale zones, due to the higher level of
confidence in the modelled features, the greater number of zone intersection data and
the greater significance of the zones for the repository layout. In addition, the influence
zones are more visible and easily identifiable for the larger features.
The term influence zone is employed by Posiva as the definition includes additional
features to those usually included in the term damage zone or the synonymous term
transition zone, which are typically defined by the occurrence of increased fracturing
and associated shear fractures. These additional features applied to influence zones are,
for example, an increase or change in the style of the alteration and an increase in
hydraulic conductivity.
The definition of the influence zone can be based on increased fracture frequency, the
occurrence of hydraulically-conductive fractures in the fault and its vicinity, the
existence and geometry of secondary fault zones and, possibly, hydrothermal alteration
and selected geophysical data which can reflect important rock matrix properties.
An example of an influence zone is shown in Figure 4-41, which shows a WellCAD log
of geological, geophysical and hydrogeological data from drillhole OL-KR19, over the
interval 435-500 m, which has been modelled as belonging to fault zone OL-BFZ021.
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Figure 4-41. An example of the definition of an influence zone, based on geological,
geophysical and hydrological data. The defined influence zone lies within the black
dashed lines. Note the presence of one main fault core and two secondary fault cores.
The influence zone is divided into the lower and upper influence zones on either side of
the fault core (for a definition and a description of fault core refer to Aaltonen et al.
2010, Section 9.3.4). The thickness of the lower and upper influence zones is totally
dependent on the location of the modelled main fault core4, and, for this reason, may
vary significantly. The thickness of the influence zone is defined as the distance from
the fault core section, perpendicular to the orientation of the fault zone. The
perpendicular thickness of the influence zone, i.e. the real thickness of the whole zone,
is defined separately for each drillhole intersection, taking into account the orientation
of the modelled deformation zone with respect to the orientation of the drillhole.
3D models of influence zones are needed for estimating the suitability of volumes of
rock for disposal purposes and a detailed definition of influence zones and further
developments in their application will be presented in RSC reports in 2011 and 2012.
4.9.4

Site-scale zones

Using the criterion described above for the size classification of the modelled zones, 27
modelled fault zones are included in the group of site-scale zones. However, 10 of these
zones are based solely on the interpretation of surface lineaments, without any
geological indications (OL-BFZ147, OL-BFZ148, OL-BFZ149, OL-BFZ150, OLBFZ155, OL-BFZ157, OL-BFZ169, OL-BFZ263, OL-BFZ268, and OL-BFZ269). The
exclusion of these low-confidence zones results in 13 site-scale zones of high or
medium confidence: OL-BFZ019C, OL-BFZ020A, OL-BFZ020B, OL-BFZ021, OLBFZ099, OL-BFZ100, OL-BFZ146, OL-BFZ152, OL-BFZ156, OL-BFZ158, OLBFZ159, OL-BFZ160, OL-BFZ161, OL-BFZ175, OL-BFZ214, OL-BFZ262 and OLBFZ267.
4

It is possible for a fault zone to have more than one fault core (e.g. see Figure 9-8 of Aaltonen et al.
2010 and Figure 4-41).
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The geometries of the gently-dipping, site-scale features (OL-BFZ099, OL-BFZ021,
OL-BFZ020A, OL-BFZ020B, OL-BFZ019C and OL-BFZ175) are mainly determined
by integrating mise-à-la-masse and/or seismic results with geological data from the
brittle fault intersections in the drillholes. The geometries of the steeper features (OLBFZ100, OL-BFZ146, OL-BFZ152, OL-BFZ159, OL-BFZ160, OL-BFZ161 and OLBFZ214 are based on the integration of the drillhole intersections and the lineaments
interpretations at the surface.
A description of the site-scale zones with high or medium confidence is presented in
Aaltonen et al. (2010, Section 9.4). An example of one of these zones, OL-BFZ099, is
discussed below and is shown in Figure 4-42 and Figure 4-43 to illustrate the extensive
amount of information that is now available on such zones and the controls on their
geometry and extent.
Zone OL-BFZ099
OL-BFZ099 (see Appendix VIII of Aaltonen et al. 2010) is a thrust fault with an
approximate dip of 40° towards the SE. Its modelled dimensions are 6000 m in a SWNE direction and 3500 m in a SE-NW direction. The fault zone is geologically wellpronounced, the fault core being well-developed and characterised by abundant
fracturing, clay-filled fractures and slickensides, hydrothermal fracturecontrolled/pervasive illitisation and kaolinisation and variable amounts of incohesive
fault breccia and gouge. With respect to GSM version 1.1, only two modifications to the
zone have been made, fixing it to drillhole OL-KR47 and OL-KR55. The fault zone is
now intersected by 17 drillholes, and in 14 of them, the zone is fixed to a brittle fault
intersection. Drillholes OL-KR3 and OL-KR6 are the only exceptions: the zone is fixed
to a depth of 470 – 473 m in OL-KR3, according to its general geometry as well as by a
brittle joint intersection and significant core loss. In the intersection in OL-KR6, at the
depth of 162.8-164.8, significant core loss occurs.
The thickness of the fault zone (core zone plus influence zone) is on average about 43
m, but varies between 11 and 103 m in different drillholes. Characteristic features of the
influence zone are the abundance of slickensides, pervasive illitisation, kaolinisation
and the sporadic occurrence of fracture-controlled sulphidisation and, in many cases,
subsidiary fault core sections. In most cases, the existence of slickensides has been the
limiting criterion for the definition of the influence zone, although a clear increase in
fracture frequency is also a characteristic property. However, in some drillholes only
very few slickensides exist, and in two drillholes no slickensided fractures were
observed (OL-KR3 and OL-KR6). In most drillhole intersections, OL-BFZ099 has an
increased hydraulic conductivity, mainly within or close to the core sections, however,
an enhanced hydraulic conductivity is not a characteristic feature of this zone. The main
rock types within the fault zone are veined gneiss and pegmatitic granite, and fault core
zones often lie along or close to the contacts between these rock types.
The modelled 3D geometry of OL-BFZ099 is shown in Figure 4-42 and Figure 4-43.
On the basis of 3D seismic data, OL-BFZ099 has been extended towards the SE and the
recent HIRE seismic reflection survey (Kukkonen et al. 2010) supports the modelled
geometry (see also Appendix II of Aaltonen et al. 2010). The zone is also extended to
the bounding lineaments demarcating the whole site in the E, SE, SW and W. Although
the zone is terminated by these bounding lineaments, their age relations have not been
considered here, as the bounding lineaments only serve the purpose of defining the area
of interest in the modelling work.
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Figure 4-42. Modelled site-scale brittle fault zone OL-BFZ099. View from above. Red
frame indicates the Site Area, bounded by major lineaments (from Aaltonen et al. 2010,
Figure 9-35).

Figure 4-43. Modelled site-scale brittle fault zone OL-BFZ099. View from the SW. Red
frame indicates the Site Area, bounded by major lineaments (from Aaltonen et al. 2010,
Figure 9-36).
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In contrast to these well-defined zones, there are altogether 10 modelled low-confidence
site-scale zones (OL-BFZ147, OL-BFZ148, OL-BFZ149, OL-BFZ150, OL-BFZ155,
OL-BFZ157, OL-BFZ169, OL-BFZ263, OL-BFZ268, and OL-BFZ269; Figure 4-44)
that are based purely on lineament interpretations or on reflection seismics, with no
direct geological observations. Their dips, ranging between 60º–85º have been
determined according to foliation or other similarly-trending zones that are better
known. Zone OL-BFZ169, with an orientation of 350/68°, is constructed according to
displacements and breaks in seismic reflectors observed in the 2007 3D survey. In the
HIRE results, a discontinuous NW dipping zone with a weak spatial correlation with
OL-BFZ169 can be interpreted (see Appendix II of Aaltonen et al. 2010).
4.9.5

Repository-scale zones

Modelled zones with dimensions less than 1000 m and intersected only by a few
drillholes are classified systematically as repository-scale features. All their dimensions
are typically 300 m or even less. The orientations are based typically on a single or on
two brittle fault intersections, without any relevant geophysical data related to them. In
most cases their orientation is purely based on the orientations of slickensided fractures.
The repository-scale zones are presented as four groups in Aaltonen et al. (2010),
Chapter 9.4, according to their numbers, and Figure 4-45 shows one of these groups.
Most of these zones are based on drillhole or on tunnel observations, supported locally
by geophysical information. Zones OL-BFZ162 – OL-BFZ169 are an exception: they
are based only on 3D seismic reflectors and, since there are no direct observations of
them, their geological character remains uncertain; however, a conservative approach is
assumed, and they have been incorporated in the model as potential fault zones.
Of all the modelled 229 fault zones, 202 are classified as repository-scale features. Most
of them, intersected by only a single drillhole or based only on geophysical data, are
classified as low-confidence, indicating that their existence, orientation or extent is
highly uncertain. In the case where two drillhole intersections exist and where there is
good mutual correlation in orientations, the level of confidence is set to medium. Three
or more drillhole intersections, together with possible supporting geophysical
information as well as any observation in the ONKALO access tunnel, initially result in
a high level of confidence. Of 202 repository-scale zones, 143 are low confidence, 24
are medium confidence and 35 are high confidence. In Appendix VIII of Aaltonen et al.
(2010), the zones until OL-BFZ219 are described in detail.
Most of the repository-scale zones are based on drillhole or tunnel observations,
supported locally by geophysical information. Zones OL-BFZ162 – OL-BFZ169 are an
exception: they are based only on 3D seismic reflectors and, since there are no direct
observations of them, their geological character remains uncertain; however, a
conservative approach is assumed, and they have been incorporated in the model as
potential fault zones. Figure 4-45 shows the repository-scale zones modelled after the
model version 1.1 (Posiva 2009).
4.9.6

Brittle joint zones

The definition of these zones and an explanation as to their generation is given in
SR2008 (Posiva 2009) and in Aaltonen et al. (2010) Section 9.4. Due to the lack of a
general understanding of the geometries and mechanisms of joint zones, as explained
above, and due to the observation made at Olkiluoto that fault zones are far more
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common than joint zones, the main emphasis in brittle deformation modelling has been,
and still is, to identify, characterise and visualise fault zones. Consequently, the brittle
joint zone intersections determined in the drillholes and trenches were not modelled in
previous versions of the GSM. Although the orientations and the geometries of the joint
zones are still not well known in detail, they have been modelled in versions 2.0 and 2.1
of the GSM.

Figure 4-44. Modelled low-confidence site-scale zones OL-BFZ147, 148, 149, 150, 155, 156, 157, 169, 263, 268 and 269. Model version 2.1.
View from the SE.
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Figure 4-45. Modelled repository-scale fault zones OL-BFZ170 – OL-BFZ266. Model version 2.1. View from the SE .
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A total of 85 brittle joint zone intersections have been identified in the drillholes, 73 of
them having orientation data. In general, the main joint direction (strike and dip) has
been used in determining the orientation of the brittle joint zone. In some intersections
classed as brittle joint zone intersections there are also a few slickensided fractures, and
in these cases their orientation has determined the orientation of the joint zone. Such
zones should be classified as brittle fault zones, however, in GSM version 2.0 (Aaltonen
et al. 2010) the original classification was retained. In model version 2.1, all the joint
zones containing slickensided fractures have been changed into brittle fault zones (15
modelled zones). The joint zones have usually been modelled as planes measuring 200
x 100 m.
The main orientations of 57 modelled joint zones are 163/30° and 114/25°. No
connections between the drillholes have been observed, either because the zones have a
limited extent or because their assumed orientations are incorrect. However, as Figure
4-46 shows, the vast majority of the joint zone intersections are located in the upper part
of the bedrock, 56% of the intersections being at a depth of less than 200 m, 70% at a
depth of less than 300 m and 83% at a depth of less than 400 m. Consequently, it seems
that the brittle joint zones are of only limited importance at repository depths. The
modelled brittle joint zones of model version 2.0 are described in more detail in
Appendix X of Aaltonen et al. (2010).
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Figure 4-46. Modelled brittle joint zones. Model version 2.1. View from the SW.

Evaluation of uncertainties

CAUSE

SIGNIFICANCE

Conceptual
Width and properties of fault Natural variability from one
cores
location to another - there Medium
may even be sections with a
poorly-developed core unevenly
distributed
drillholes, multiple core
situations. In addition, the
current
model
is
a
simplification of the fault
core. Mechanical breakage
during drilling may cause
additional uncertainties.
Width and properties of Natural variability from one Medium
influence zones
location to another - there
may even be sections with a
poorly-developed zone of
influence
unevenly
distributed drillholes

UNCERTAINTY

HOW
CAN
RESOLVED?

BE

The properties of modelled More detailed analysis of
zones of influence may vary drillcore samples and more
greatly from the observed - specifically, drillhole TV
zone of influence may even image. Analysis of the natural
be
poorly-developed
or variability
through
nonexistent.
prediction-outcome studies.
Natural analogue studies in
the tunnel.

The properties of modelled More detailed analysis of
fault cores may vary greatly drillcore samples and more
from the observed - fault core specifically, drillhole TV
may
even
be
poorly- image. Analysis of the natural
variability
through
developed or nonexistent.
prediction-outcome studies.
Natural analogue studies in
the tunnel.

EFFECT

Table 4-6. Assessment of uncertainties related to the brittle deformation zone model (from Aaltonen et al. 2010, Table 9-3)

The main uncertainties of the brittle deformation model are presented in Table 4-6.

4.9.7
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Semi-brittle fault zones are Masked by fault zones
Medium uncertainty, as these The effect is considered Through prediction-outcome
more abundant than currently
have
been
observed small, as semi-brittle fault studies - assessment whether
assessed
zones are cohesive and may we can observe any semisporadically.
approach the strength of the brittle fault zones in the
wall rock. Relates more to the tunnel.
understanding of faulting
mechanisms
and
the
geological evolution of the
site.
UNCERTAINTY
CAUSE
SIGNIFICANCE
EFFECT
HOW
CAN
BE
RESOLVED?
Conceptual
Joint
zones
are
more No
proper
tools
for The uncertainty is considered Local, unexpected joint zones Through prediction-outcome
abundant
than
currently identification, masked by low for possible site-scale may be intersected, but the studies - assessment whether
we can observe any joint
assessed
fault zones
joint zones, but may be effect is considered small.
zones in the tunnel.
medium for local joint zones.
In addition, local joint zones
may be associated with sitescale fault zones, but these
cannot be distinguished by
current techniques.
Sequence of brittle events Failure to identify all These data have not been Erroneous
3D
models, Testing of the use of fracture
and their relation to regional sequences of brittle fracturing directly employed in the especially when considering sequences, i.e. can this
events
–
general correctly due to lack of modelling work and thus continuities of modelled fault information be reliably used.
understanding of fracture indicators. Locally derived have a minor effect on the zones.
Prediction-outcome studies.
evolution
results (e.g. palaeostress model.
Nevertheless,
if
directions) may not reflect employed, they could have an
regional, but more local, effect on 3D shape and
events.
continuity of the models and
can therefore be considered

Technical
Orientation
of
deformation zones

the Unevenly
distributed High for local deformation There may be local features Assessment of multiple data
drillhole locations, largely zones, low to medium for which are intersected by the sources, e.g. surface and
due to infrastructure and site-scale deformation zones, tunnel in locations which drillhole-based geophysical
safety factors. Mise-à-la- varies from one location to were not predicted by the data, assessment of the
masse measurements may another due to the uneven current models. Unlikely to validity
of
modelling
through
indicate simple galvanic distribution of drillholes.
cause any major problems. methodologies
prediction-outcome study
connections, without any
connection to deformation
zones.

to have medium impact.
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UNCERTAINTY
CAUSE
SIGNIFICANCE
EFFECT
HOW
CAN
BE
RESOLVED?
Technical
Extent of modelled zones
Unevenly
distributed Low for the site-scale There may be local features, Acquiring new data from
drillhole locations, largely deformation zones within the which are intersected by the low-confidence
areas,
due to infrastructure and modelled area, medium to tunnel in locations which assessment of fault-scaling
safety factors. Lower data high outside. Medium for were not predicted by the laws (although this is highly
resolution.
repository-scale deformation current models. Unlikely to speculative when taking into
zones (dependent on the cause any major problems. account recurrent movements
orientation uncertainty of the
within the zones, yet may
zones)
give indications of the size
distributions).
Location of modelled zones Natural variability of fault Medium
for
site-scale Unexpected locations of Applying
indirect
zones, i.e. discontinuous en features between drillholes, modelled zones, especially in measurement techniques such
echelon
and
branching close to drillholes the volumes of rock far from as 3D seismic. Assessment of
patterns (related to the uncertainty is low. For local drillholes.
the natural variability through
orientation and extent of the deformation
zones
the
prediction-outcome-studies.
zone)
uncertainty is medium to
high, although low close to
the drillhole.
Spatial
distribution
and Sparse data and geometry of High for smallest repository- Based on DFN modelling and Depending on further use of
occurrence of brittle zones
observations,
specially scale features, medium for understanding
of
brittle the brittle deformation model,
drillhole
density
and large
repository-scale features at Olkiluoto, the lower size cut-off of the
orientations
features and low for site-scale occurrence
and
spatial zones can be set as 1000 m. If
zones.
distributions of <700 m long distribution of smaller zones
zones is highly biased, due to is required, it can be
variations in data density, and extracted from stochastic
many of these small zones are models.
definitely missing in the
model.

Surface exposures of the Low outcrop density due to Medium effect, likely to be Poor correlation of 3D- Excavation
of
trenches,
modelled deformation zones thick
and
extensive higher for local deformation deformation zone model to assessment of lineament data
(related to the orientation and quaternary
sediments zones.
the surface, decreasing the
extent of the zones)
overlying the bedrock
confidence of certain zones.
Locations and orientations of Uncertainties in drillhole Low for deformation zones Errors in geometry of brittle Fracture measurements are
individual fractures
deviation surveys, depth based on a large number of zone intersections and 3D carried out from drillholes by
measurements
and data.
zone models based on these measuring orientations from
corrections of the cores and Medium
for
small intersections.
cores and e.g. from optical
images,
and
fracture deformation zones based on a
and
acoustic
images.
interpretations in images.
single intersection or with a
Distributions obtained via
small number of fractures.
these methods show good
agreement and also tunnel
mapping gives congruent
distributions of fractures.
192

193

4.10

Stochastic Discrete Fracture Network (DFN)

During 2007 and 2008, an initial detailed analysis of the geometrical properties of
fractures at Olkiluoto was carried out. Probability distributions for fracture orientation,
fracture size (in terms of equivalent radius), fracture intensity, and a fracture spatial
model, describing how fracture locations and intensities vary in space, were produced,
resulting in the version 1.0 geological discrete fracture network model (Buoro et al.
2009). In 2010, a revision of the geological DFN model was undertaken, with the goals
of developing a better understanding of the spatial variability of fracture properties, of
updating the model using new and revised data from cored drillholes and the ONKALO
access tunnel, and of extending the use made of analytical methods at Forsmark and
Laxemar in Sweden to Olkiluoto. The resulting version 2.0 model is discussed in detail
in Fox et al. (in press, est. 2011), and is summarised in the following sections.
In a stochastic geological DFN model, the geometries of fractures in space are described
using probability distributions calculated from data recorded during the site
investigations. To fully describe the geometries and properties of fractures in space, the
following parameters must be known:


Fracture orientation (what direction are they facing);



Fracture size (how large the fractures are);



Fracture intensity (how many fractures there are, and how the number changes
spatially);



Fracture locations (i.e. spatial model);



Fracture mineralogy (mineral infillings, host-rock alteration);



Fracture hydraulic properties (transmissivity, hydraulic aperture); and



Fracture mechanical properties (shear stiffness, normal stiffness).

In the geological DFN, values are required for the first four parameters above, although
fracture mineralogy is used in part to develop the fracture domain and/or models of the
transition zone5. Fracture hydraulic properties are the purview of the hydrogeological
DFN model (Fox et al. in press)), while assignment of mechanical properties comes
from rock mechanics studies (Remes et al. 2009).
4.10.1 Model Domain

The initial geological DFN model was constrained to be valid only inside the Olkiluoto
local model domain (black box in Figure 4-47). This volume represented the general
area around the ONKALO and in particular the areas of Olkiluoto Island that had
adequate drillhole coverage. During the 2010 modelling campaign, the DFN model
footprint was increased (red box in Figure 4-47) to take account of new drillhole data,
the extension of the ONKALO tunnel, approximately equal densities of lineaments and
BFZ surface traces, and a strong desire by Posiva to understand the rock mass to the
southeast of the ONKALO. This latter point is driven largely by the requirement to
increase the size of the repository.
The term transition zone is used here, rather then the term influence zone, as it is being used with respect
to the presence of fractures and not in the sense of the additional properties of the rock mass that are
associated with the term influence zone (see Section 4.9.3).
5
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Figure 4-47. Olkiluoto Island with the ONKALO tunnel and drillhole array included for
reference. The black box represents the surface boundary of the previous (version 1.0)
DFN study volume, whilst the red box represents the boundary of the current (version
2.0) model study volume.
It is important to acknowledge, however, that whilst data coverage near the ONKALO
is adequate, both at the surface and close to repository depths (-400 m to -500 m
elevation), rock volumes to the southeast (towards Eurajoki) and southwest (towards
Olkiluoto reactors 1 and 2) are fairly-poorly characterised. In particular, fracture domain
STU (see Section 4.10.3) has good drillhole coverage only near its northern border at
the Liikla Shear Zone and, thus, the extrapolation of fracture properties across this
domain is uncertain.
4.10.2 Changes from Version 1.0 model

The previous geological DFN model (Buoro et al. 2009) can be thought of as a first step
towards an understanding of the relationships between rock fracturing and geology at
Olkiluoto; and the model was completed quickly, due to the time and number of data
available. A significant number of assumptions and simplifications were made, based
largely on the modellers' experience at other sites in Sweden, France, Japan and the
USA. The result was a straightforward model that identified the important primary
controls on fracturing at Olkiluoto, and has functioned as a starting-off point for future
modelling efforts.
The goals of the 2010 geological DFN revision are:


To build on the understanding gained from recent work for SKB at Forsmark
and Laxemar and integrate some of these techniques into the site description at
Olkiluoto;
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To utilise new (additional drillholes and pilot holes), revised (ONKALO tunnel
maps), and completed (lithological and BFZ) models to guide the
parameterisation of fracture domains and fracture geometrical models; and



To refine the geological DFN model to develop a better understanding of the
spatial controls on fracture orientation and intensity, recognising that a finerscale division of the rock mass is necessary.

Specific changes in the version 2.0 geological DFN, relative to the version 1.0 model,
include:


The inclusion of additional hemispherical probability distributions for describing
fracture and foliation orientations. The version 1.0 model assumed that all
fractures followed a univariate Fisher (Fisher 1953) distribution. In version 2.0,
additional probability distributions, including the bivariate Bingham (Bingham
1974), bivariate normal (Dershowitz 1984), and bivariate Fisher (Fisher et al.
1987) were tested;



The revision of the orientation set models. In particular, a hard-sector dip cut-off
was used to divide the version 1.0 geological DFN into vertical and
subhorizontal sets. In the 2010 revision, the dependence of fracturing on
foliation orientation and (in some domains) host lithology, is recognised. This
has resulted in new fracture sets. The most significant change is that the
'foliation-subparallel' fracture set makes up the majority of the data recorded in
Olkiluoto drillholes;



The inclusion of the 'tectonic continuum' model alternative for the coupled
parameterisation of fracture size and intensity. Details are available in the
Fracture Size section below, the geological DFN summary report (Fox et al.
2010), and previous geological DFN models for Forsmark (Fox et al. 2007) and
Laxemar (La Pointe et al. 2007) in Sweden;



A re-evaluation of fracture domains within the context of the 'tectonic units'
described elsewhere in this report, utilising methods adapted from projects in
fractured carbonate reservoirs (CFI, polar wandering plots) and at Forsmark and
Laxemar;



The inclusion of fracture primary and secondary transport classes, based on
fracture mineralogical assemblages. Although these were found to be largely
irrelevant to fracture geometries, the mineral assemblages are extremely
important in identifying the volumes of the transition zones, as well as potential
redox-state boundaries;



Additional spatial analyses (drillhole mass dimension, drillhole spacing
distribution calculations, Baecher analysis for outcrop fracture trace data)
designed to assess whether a Poissonian spatial arrangement and a Euclidean
size-intensity scaling is still an appropriate model for fractures at Olkiluoto. This
also included the identification and quantification of transition zones using
transport classes;



Additional fracture intensity analyses (drillhole spacing calculations, spatial
variability of fractures as a probability distribution, analysis of domain-
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dependence of fracture intensity) designed to produce a better description of the
spatial variability of P32. The previous geological DFN relied on Terzaghi
weights as an estimate of P32; the version 2.0 explicitly calculates fracture set P32
through stochastic simulation; and


A revision of the fracture intensity as a function of depth. In the version 1.0
models, it was concluded that fracture intensity varied as an exponential
function with depth. Further analysis has suggested that this is not always true in
many fracture domains.

4.10.3 Fracture Domains

Fracture domains provide a large-scale conceptual framework for describing spatial
heterogeneity in rock fracturing. The goal behind identifying fracture domains is to find
rock volumes with fracture characteristics, such that the variability between volumes is
larger than the variability within volumes (after Munier et al. 2003), in line with
standard geological practice. In the first version of the geological DFN (Buoro et al.
2009), the rock volume at Olkiluoto was divided into fracture domains based on key
structures in the deformation zone model, specifically OL-BFZ080 and OL-BFZ098.
The relative intensity differences and apparent mean pole vector rotations above, below
and between these structures were the lines of evidence used to support the domain
hypothesis.

Figure 4-48. Fracture domains at Olkiluoto in the version 1.0 geological DFN (Buoro
et al. 2009).
For the version 2.0 geological DFN model, a slightly different approach is taken. Figure
4-49 illustrates the decision-making process by which fracture domains (FDs) are
identified from bedrock volumes. The tectonic subdomains (abbreviated in as "TLD" for
'Top Level Domains') defined in the Olkiluoto ductile deformation model (Section
4.7.3) are assumed to be the base rock volumes, within which the fracture model was to
be built. Through the use of orientation stereoplots, foliation wander plots, and fracture
trend/plunge versus depth plots, individual tectonic subdomains were investigate for
further subdivision as fault-bounded or rotated blocks. In no cases were significant,
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block rotations noted and cumulative fracture intensity (CFI) plots indicated that
fracture intensity patterns were often (though not always) consistent across deformation
zones. The underlying assumption behind the revised domain model is that the
fracturing is constrained by the large-scale structural and tectonic history of the site,
rather than by the latest-stage reactivated brittle structures (the BFZs).
The bedrock at Olkiluoto (Figure 4-50) can be divided into the following fracture
domains, which are, in turn, related to the tectonic units described in Section 4.7.3 and
shown in Figure 4-19:
The NTU: Represents all rock volumes north-northwest (in the footwall) of the
Selkänummi Shear Zone. Drillholes in this fracture domain show a strong clustering of
fracture intensity around the mean foliation direction, with a lesser intensity of nearvertical fracturing striking roughly N-S and E-W.
The SDZ (Selkänummi Shear Zone): Represents the rock volume inside this major
crustal brittle-ductile feature. In general, fracture orientations and average intensities are
very similar to those in the NTU, although there is a decreased intensity of EW/NNW
striking fractures in the SDZ domain, as well as an increased relative intensity in N-S
striking fractures relative to the NTU. Functionally, the SDZ and the NTU could be
combined into a single fracture domain if so desired.

Frac Intensity
w/ depth

Tectonic
Subdomains

TLD

DZ Model

Relative Set
Intensity

Change in Set
Mean Pole
Mineralogy &
Transport Class*

Fracture Domain
Analysis

DZ-bounded
blocks

Fractures In
Boreholes

Foliation

FD as
elevation
function

FD as faultbound
domain

No
Can identify
unique fault
blocks?

Yes

No
Properties
unique to TLD?
Yes
FD as TLD
subdomain

Figure 4-49. Flowchart of methodology for the identification of fracture domains at
Olkiluoto.
The CTU (Central Tectonic Unit): Located between the Selkänummi (SDZ) and Liikla
shear zones (LSZ), the majority of the CTU is intensely affected by D3 deformation.
The CTU, within which the majority of the ONKALO tunnel is constructed, is divided
into three sub-units (CTU1, CTU2 and CTU3) by two large, moderately-dipping ductile
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shear zones (discussed below). The three CTU fracture domains all share a common
thread; the majority of fractures in them are oriented roughly subparallel to both the
prevailing bedrock foliation and the D4 ductile orientation trends. The CTU sub-units
differ in terms of the relative intensity of their subsidiary sets (NS and EW striking
near-vertical fracture sets), and to a lesser extent the shape of the primary pole clusters.
The principal fracture set in CTU2 forms a roughly circular pole cluster, whilst those in
CTU1 and CTU3 form elongated elliptical clusters on an equal-area stereoplot (Figure
4-52).
FSZ and D4: As discussed in the ductile deformation model (see Section 4.7), the CTU
is subdivided into three smaller volumes (CTU1 to CTU3) by two strongly-sheared D4
deformation zones, the Flutanperä Deformation Zone (FSZ) and D4-1. As both of these
zones show up strongly on CFI and stereoplots as being different, both structures are
treated as distinct fracture domains. The D4 fracture domain is characterised by a
dramatic reduction in the intensity of N-S striking fractures, relative to CTU1, CTU2
and CTU3, as well as an elongated distribution of gently- to moderately-dipping SEstriking fractures (Figure 4-52). The FSZ domain is characterised by an increase in
gently-dipping fractures, though they are rotated approximately 20-30° (Figure 4-52) to
the mean D4 phase deformation dip vector of 150°/50° (see Section 4.7). It is suspected
that this represents later-stage brittle re-activation and rotation due to strike-slip along
the structures making up the Flutanperä Deformation Zone, but solid proof for this
interpretation does not exist.
In terms of aggregation, it is theoretically possible, at least in terms of fracture
orientation, to combine the FSZ and CTU2 into a single fracture domain, as well as to
combine CTU3 and D4 into a second fracture domain. However, this action does not
serve the goal of reducing uncertainty and increasing the ability of the geological DFN
model to account for spatial variability, so it was not carried out. In addition, there is a
limited number of data available from domain CTU3, with many of the data being
collected from shallow depths or adjacent to large crustal shear zones (Liikla, D4-1);
from a confidence standpoint, it is better to treat CTU3 as a separate domain than to
aggregate it with domain D4.
LSZ (Liikla Shear Zone): The LSZ is a complicated lithological and structural feature,
and this complexity also extends to its fracture characteristics. This crustal shear zone is
related to the large lens of diatexitic gneiss that makes up a large portion of the rock
volume in the southeastern half of Olkiluoto Island, and is composed of a mix of D2 and
D3 ductile shear structures (see Section 4.7). It also reflects a distinct fracture boundary;
orientation and intensity patterns are markedly different in the footwall (CTU1 to
CTU3) and the hanging wall (STU) of this structure. Fracture domain LSZ is one of two
domains for which the global orientation model (three sets, majority of fractures as
foliation-subparallel features) does not fit. Fracture orientations within LSZ domain are
a direct function of host lithology and should be modelled as such.
STU (Southern Tectonic Unit): This rock volume, south-southeast of the LSZ,
represents an area of large rock blocks dominated by D2 ductile deformation structures
(Section 4.7). From a ductile perspective, foliation orientations are both weaker and less
clustered in domain STU. The fracture orientation patterns are also substantially
different from elsewhere at Olkiluoto; the moderately-dipping foliation-subparallel
fracture set is largely absent and is replaced by a steeply-dipping ENE-WSW striking
fracture set and a strong clustering of nearly horizontal structures. A weak, moderately-
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dipping NE striking fracture set is also observed in the TGG. MFGN, and QGN
lithologies. However, it is important to realise that the STU domain is not well-sampled;
it is only penetrated by five drillholes, and all at depths well above the proposed
repository horizon.
4.10.4 Fracture Orientation Models

The fracture orientation model is a direct output of the fracture domain analysis, and is
constructed through the careful analysis of orientation stereoplots. The orientation
model parameterisation is based primarily on fracture records from drillholes and
ONKALO pilot holes, but has been checked against and applied to fractures on surface
outcrops and in the ONKALO tunnel. In general, the data agree, but the pilot holes tend
to see a greater number of vertical fractures (not completely compensated for by
Terzaghi weighting) as well as a steeply-dipping NE striking set hidden by the foliationparallel set in most of the drillholes.
The fracture sets at Olkiluoto can generally be divided into three classes: Global, Local,
and Omitted. Global fracture sets represent orientation patterns that are seen nearly
everywhere on Olkiluoto Island, and are a key component of the geological DFN. Local
fracture sets are those that are only seen in specific lithologies or domains, but are also
important enough to fully parameterise. Omitted fracture sets are those seen only inside
deformation zones, observed in a few lithologies, with little apparent spatial correlation,
or those that are 'hidden' by overlap from the Global sets.

Figure 4-50. Fracture domains in the version 2.0 geological DFN model at Olkiluoto,
as viewed from above. The ONKALO and the Olkiluoto local model boundaries are
included as references.
A total of 13 unique fracture sets were identified from drillhole, outcrop and ONKALO
data; the probability models for these sets as a function of fracture domain are presented
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below in Table 4-7. Of these, only three sets (described below) are considered Global in
scope, such that they should be accounted for in all fracture domains. The Global
fracture sets in the version 2.0 geological DFN model are:


Set VEW: Composed of east-west striking fractures with generally subvertical
dips to both the north and south. This set generally represents 8%–15% of
fractures recorded in drillholes (not compensated for orientation bias).



Set VNS: Composed of north-south striking fractures with generally subvertical
dips to both the east and the west. The mean pole of this set can vary up to ~30°
across different fracture domains, and its wide spread overlaps with one of the
Omitted fracture sets (NW-striking near-vertical). This set generally represents
7%–13% of fractures recorded in drillholes (not compensated for orientation
bias).



Set FP: Composed of a large range of moderately-dipping to gently-dipping
fractures with strikes that are generally subparallel to the aggregate foliation
directions in a particular fracture domain. This set generally represents about
80% of all fractures recorded in drillholes in most fracture domains. The
parameterisation of the foliation-subparallel set is diffuse enough that it
generally captures fractures from one of the weak Omitted sets (NE-striking
near-vertical) in most fracture domains.

The Local fracture sets are those that exist only within deformation zones or in a single
fracture domain. In some cases (inside deformation zones), they can be safely ignored
during the construction of a stochastic DFN model realisation. The Local fracture sets in
the version 2.0 geological DFN model are:


SH: Composed of fractures in domain STU with horizontal to subhorizontal dips
and a wide range of fracture strikes (Figure 4-52). Though several domains show
minor clusters of subhorizontal fractures, only in STU is the relative set intensity
high enough to warrant consideration as a separate set, and this set is included in
the geological DFN parameterisation.



DGN-SH: Composed of fractures in domain LSZ with subhorizontal dips to the
northwest and a dominant northeast strike. This set is very strongly expressed in
the diatexitic gneisses (DGN) in domain LSZ, and is clearly separate from the
foliation-subparallel set. This set is included in the geological DFN
parameterisation.



VGN-NW: Composed of fractures in domain LSZ with near-vertical dips to the
northeast and strikes to the northwest. In many other domains, a weaker version
of this set exists, but is included in the overlap of set VNS. This set is only
expressed in the veined gneisses (VGN), and has a very low relative set
intensity. It is included in the geological DFN parameterisation, but is likely to
be not particularly significant on a regional scale.



VNG-NE: Composed of fractures in domain LSZ with moderate dips to the
northwest and with highly-clustered northeast strikes. This set is not seen
elsewhere at Olkiluoto, and is exclusive to the veined gneisses in domain LSZ.
Though its total intensity is quite low, it is included in the geological DFN
parameterisation.

201
The Omitted fracture sets represent statistically significant clusters of fracture poles
identified on stereoplots, that are either inside deformation zones or are so spatially
limited that there is no benefit in including them in geological DFN model realisations.
Their parameterisations are presented here solely for reference. Note that fracture set 9
is missing; this was a highly localised set, originally interpreted on outcrop VLJ-1989
and later deleted from the orientation models when that outcrop was excluded from the
DFN model parameterisation. The Omitted fracture sets in the version 2.0 geological
DFN model at Olkiluoto are:


PH10-NE: A gently- to moderately-dipping northeast-striking fracture set seen
only in pilot hole ONK-PH10. With only ten observations, this set did not need
to be explicitly modelled.



CTU1-NW: A steeply-to moderately-dipping northwest-striking fracture set seen
only inside deformation zones in CTU1.



WNW-Moderately Dipping: A moderately-dipping, west to northwest striking
fracture set seen inside deformation zones in domains CTU2, FSZ, NTU, and
SDZ. The mean pole vector of this set is variable in terms of its trend, but is
relatively consistent in terms of dip. It is thought that these features are related to
D2 deformation along the Selkänummi Shear Zone, but no strong kinematic
evidence exists in the data used in this fracture study. As this fracture set is
completely inside deformation zones, it has not been carried through the full
DFN analysis and its orientation parameterisation is presented for reference
only. This set is also expressed strongly in the veined gneisses (VGN) in domain
LSZ, and is included in the geological DFN parameterization for that fracture
domain.



DZ-SH: This fracture set is composed of north-northeast striking, subhorizontal
structures contained completely within deformation zones in domains CTU3 and
NTU. The tentative interpretation is that these are local-scale effects due to the
large, gently-dipping zones OL-BFZ20a and OL-BFZ099. Kinematically,
however, they do not make sense with respect to known phases of ductile
deformation. It is possible they represent induced fractures not detected during
core logging. Nevertheless, they exist as a separate set only inside deformation
zones and are therefore not carried through the full geological DFN
parameterisation.



NS-NNW Moderate Dip: This fracture set features strikes that are very similar
to the Global set VNS, but have southerly dips which are 10° to 15° steeper.
This set is only found inside deformation zones in domains CTU3 and NTU. It is
tentatively interpreted as representing local rotations and/or reactivation of VNS
fractures during brittle-ductile deformation episodes, though no direct kinematic
evidence exists to support this hypothesis.
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Figure 4-51. Fracture orientations in domain LSZ as a function of lithology.

Figure 4-52. Fracture orientations in drillholes as a function of fracture domain.

203

Figure 4-53. Fracture orientations on outcrops OL-TK10 (left) and OL-TK11 (right).
The results of the orientation model parameterisation are presented as Table 4-7. For
specific details on the assignment of fractures to orientation sets and the calculation of
hemispherical probability distributions, please refer to the version 2.0 geological DFN
summary report (Fox et al, in press).
4.10.5 Fracture Spatial Models

Spatial analysis quantifies how the location, size, termination and fracture intensity of
each set varies spatially. A spatial model makes it possible to extend local
measurements of fracture intensity to other portions of the rock mass where there are no
data. It also relates to the scaling of fracture intensity. Certain types of spatial models,
such as Poissonian or fractal, imply that fracture intensity will increase, remain the same
or decrease as a function of scale, according to particular equations. It is important to
quantify the scaling behaviour, as the scale at which fracture data are obtained may not
be the scale at which they are used in subsequent modelling or calculations. The spatial
model is related to the intensity model, in that it helps describe the geometry of
fractures in space. However, much of the spatial variability in the geological DFN
model is due to variability in fracture intensity as a function of set, lithology, domain
and elevation. That aspect of the 'spatial' model is, therefore, discussed in the intensity
model section.
During the version 2.0 geological DFN modelling, additional analyses were conducted
to determine if the assumption of Euclidean scaling and a Poisson point process were
valid. Specifically, mass dimension analysis of drillhole fracture spacings (Figure 4-55),
Baecher analysis (La Pointe et al. 2000) on surface outcrop and tunnel wall traces, and
stochastic modelling of fracture spacing distributions (Figure 4-56) were completed.
The results suggest that, although the intensity of all fractures outside deformation
zones appears clustered, the pattern is not fractal. A fractal process would produce a
power law distribution of spacings, and the spacings observed in drillholes (Figure
4-56) are clearly not power law. The best fit is shown by either a gamma distribution
(which is characteristic of multiple independent Poisson processes) or by a Weibull
distribution, which would be expected from a 'weakest link' system of cascading flaws
radiating from a series of Poissonian-distributed initial flaws (La Pointe et al. 2008,
Iacopino 1996).
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Figure 4-54. Fracture orientations in ONKALO pilot holes ONK-PH2 to ONK-PH10.
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2.96
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Table 4-7. Fracture orientation models as a function of set and fracture domain.
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Estimates of the fractal mass dimension were made for outcrops OL-TK10 and OLTK11 during the initial geological DFN model effort (Buoro et al. 2009). They
suggested that, at scales of 10 m and larger, the fractal mass dimension was close
enough to 2.0 that Euclidean size-intensity scaling was an appropriate approximation.
In addition, similar studies at Laxemar indicated that the apparent departure from
Euclidean scaling below 10-20 m scales was as likely to be a sampling artefact, rather
than a true scale-dependent change in the size-scaling and location model for fracture
centres (La Pointe et al. 2008). It is possible that the flowing fractures (i.e. those open
fractures identified as Posiva Flow Log anomalies) follow a different spatial model; the
hydrogeological model of Olkiluoto (Hartley et al. 2001) addresses this issue. PFL
anomalies show a strong correlation with identified DZs, and that for those flowing
features outside BFZs, a strong clustering aspect with elevation was noted. However,
the report also suggests that the PFL features outside BFZs are not of critical
importance in the stochastic modelling.
4.10.6 Fracture Intensity Models

The “number” of fractures in the rock mass is often referred to as the fracture intensity.
The fracture intensity may be described by different measures, which are described in
the DFN terminology (see Chapter 3 of Fox et al. in press). Fracture intensity here is
described in terms of P21, P10, P10Te, and P32. The volumetric fracture intensity P32 is by
far the most useful measurement of fracture intensity, as it is direction- and scaleindependent (within a specified size range); however, it is not possible to directly
measure P32 in the field. Instead, the fracture intensity analysis focuses on estimating
P32 for various combinations of fracture orientation sets and fracture domains from
drillhole (P10), outcrop (P21) and ONKALO tunnel maps (P21).
The version 1.0 geological DFN model (Buoro et al. 2009) utilised the Terzaghicompensated lineal fracture intensity (P10Te) as a proxy for P32. In the 2010 DFN model
revision, P32 is directly calculated from drillhole P10 by multiplying it by a conversion
factor, C13, calculated through the Wang approximation (Wang 2005) for univariate
Fisher-distributed fracture sets, and through stochastic simulation for all other
orientation probability distribution models. C13 is calculated on a set-by-set basis for
each combination of drillhole and fracture domain. Then, drillhole P10 values are
calculated in elevation 'bins' of varying sizes, and multiplied by C13 to obtain
distributions of P32 by fracture set, fracture domain and by elevation. In general, P32
values from both stochastic simulation and the Wang approximation are similar to
results obtained through Terzaghi compensation, though Terzaghi weighting tends to
over-estimate the true intensity of near-vertical fracture sets at Olkiluoto.
Fracture intensity is modelled as a function of fracture domain and fracture orientation
set. In one fracture domain (LSZ, the Liikla Shear Zone), fracture intensity is also a
function of lithology. Summary statistics for each domain-set combination are
produced, and the relationship between lithology, fracture morphology, set and domain
evaluated using non-parametric ANOVA and crosstab analysis. Spatial variability
within a single fracture domain is, where possible, modelled as a Gamma distribution
(NIST/SEMATECH 2010) at a specific size scale. For most fracture sets, the Gamma
distribution is appropriate at 10 m scales. Gamma distribution parameters are obtained
from maximum likelihood estimators, and the goodness-of-fit evaluated through the
Kolmogorov-Smirnov (K-S) test at a significance level (α) of 0.05. For several setdomain combinations, a statistically-significant fit to the gamma distribution is not
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possible. In some cases, this was due to an overall lack of data, which resulted in a
better fit to a Uniform distribution in space. In other cases, the large number of data
points (500-1000 values) made passing the K-S test, which is very sensitive to large
swings near the centre of the distribution, impossible, even for a good visual fit. For
cases where the probability distribution function (PDF) histogram, the cumulative
distribution function (CDF) and the quartile-quartile plot (Q-Q) were good visual fits,
but the distributions could not pass the K-S test at any reasonable level of significance,
the Gamma distribution was assumed to be a reasonable model simplification.
Fracture intensity as a function of elevation was also evaluated as the variability of
average (mean) P32 of each fracture set within 10 m vertical elevation bins. In general,
little to no elevation dependence was noted in the subvertical Global sets (VEW, VNS,
Figure 4-61). The foliation-subparallel sets did show some degree of elevationdependence (Figure 4-60) that is best modelled through a mix of exponential and linear
decay functions. To encompass both elevation and lateral intensity variability in a
stochastic DFN realisation, the model would be generated in depth slices, with a mean
intensity equal to the depth dependency, and a gamma distribution generated through
MLE from data within the depth slice. The results of the intensity model
parameterisation are illustrated below in Figure 4-57 to Figure 4-59, and summarised in
Table 4-8. Entries marked with a star (*) are those for which a gamma distribution fit
was not possible; 10 m intensity bins were used to compute summary statistics for these
set-domain combinations.
3m Bins, All Fractures outside of DZ

95% CI Notched Outlier Boxplot
95% CI Mean Diamond

9

Outliers > 1.5 and < 3 IQR

7

P32

5

3

1

-1
CTU1

CTU2

CTU3

D4

FSZ

LSZ

NTU

SDZ

STU

GA_TectonicUnit

Figure 4-57. Box and whisker plot of intensity of all fracture sets outside of
deformation zones combined as a function of fracture domain. Note that though mean
intensities are quite similar, both median and extremal values vary significantly
between fracture domains
.
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8

10m Bins, Domain LSZ, All Fractures outside of DZ
Fracture Sets as Function of Lithology

95% CI Notched Outlier Boxplot
95% CI Mean Diamond

7

Outliers > 1.5 and < 3 IQR

6

5

P32

4

3

2

1

0

-1
DGN-FP

DGN-SH

DGN-VEW DGN-VNS

VGN-FP

VGN-NE

VGN-NW

VGN-VNS

WNW
Moderately
dipping

GA_TU_SetName

Figure 4-58. Box and whisker plot of fracture intensity as a function of lithology in
domain LSZ, computed from 10 m binned fracture intensity data.

Figure 4-59. Example of a fracture set-domain combination, where a Gamma
distribution is both an adequate visual fit and is statistically significant according to the
Kolmogorov-Smirnov test. Most of the foliation-subparallel sets (FP) are very well
modelled by a Gamma distribution at 10 m scales, and some at even smaller (5 m)
scales.
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Figure 4-60. Fracture intensity as a function of elevation, domain CTU1 and FP Set.
This is one of the few domain-set combinations for which a clear intensity-depth
relationship is visible.
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Figure 4-61. Fracture intensity as a function of elevation, domain CTU2 and Set VEW.
This is typical for the subvertical fractures sets; they show no real depth-dependence,
and occasionally increase in intensity with increasing depth.
In the preferred size model alternative (TCM), fracture size and fracture intensity are
coupled properties; changes in one parameter such as P32 intensity result in changes in
other parameters, such as the distribution minimum size (r0) or the radius scaling
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exponent (kr). For the TCM size alternative, the arithmetic average (mean) P32 intensity
at a 10 m scale for each fracture set-fracture domain combination was used.
Table 4-8. Fracture intensity as a function of fracture domain and set. This table
presents the average, maximum, minimum and standard deviation of P32 intensity, as
well as the parameters for the Gamma distribution for each set-domain combination.
Domai Fracture Set
n
Set
Type
CTU1
CTU1
CTU1
CTU2
CTU2
CTU2
CTU3
CTU3
CTU3
D4
D4
D4
FSZ
FSZ
LSZ
LSZ
LSZ
LSZ
LSZ
LSZ
LSZ
LSZ
LSZ
NTU
NTU
NTU
SDZ
SDZ
SDZ
STU
STU

FP
VEW
VNS
FP
VEW
VNS
FP
VEW
VNS
FP
VEW
VNS
FP
VNS
DGN-FP
DGN-SH
DGNVEW
DGNVNS
VGN-FP
VGN-NE
VGN-NW
VGNVNS
WNW
Mod. Dip
FP
VEW
VNS
FP
VEW
VNS
FP
SH

Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Global
Local

P32 (m2/m3) over 10m elevation
Gamma Distr.
Scale bins
Std.
(m)
Mean
Min
Max
α
β
Dev.
10
1.891 1.402 0.000 7.707 1.765 1.116
15
0.408 0.523 0.000 2.511 0.647 0.621
10
0.554 0.810 0.000 6.722 0.467 1.186
10
1.816 1.769 0.000 12.368 1.055 1.722
10
0.436 0.761 0.000 8.338 0.328 1.328
10
0.426 0.683 0.000 6.455 0.389 1.094
5
2.967 2.973 0.000 13.937 0.905 3.262
10
1.697 2.208 0.000 11.731 0.591 2.871
15
0.336 0.603 0.000 3.272 0.326 1.026
10
2.101 1.971 0.000 10.617 1.136 1.850
10*
0.652 0.961 0.000 4.400
n/a
n/a
10
0.454 0.536 0.000 3.053 0.719 0.632
10
1.812 1.394 0.000 6.089 1.690 1.072
10
0.493 0.746 0.000 4.263 0.437 1.129
10
1.285 0.806 0.245 2.917 2.541 0.506
10*
0.856 0.691 0.000 1.775
n/a
n/a

Global

10*

0.049

0.130

0.000

0.411

n/a

n/a

Global

10

0.438

0.419

0.000

1.158

1.093

0.401

Global
Local
Local

10
10*
10

2.424
0.222
0.418

2.144
0.429
0.424

0.281
0.000
0.000

7.033
1.462
1.308

1.278
n/a
0.973

1.897
n/a
0.430

Global

10

0.600

0.406

0.000

1.212

2.179

0.275

Local

10*

0.543

0.712

0.000

2.298

0.580

0.935

Global
Global
Global
Global
Global
Global
Global
Local

10
10
10
10
15
10
10
10

1.503
0.567
0.493
1.690
0.391
0.593
2.059
1.645

1.507
0.851
0.758
1.821
0.632
0.854
1.720
1.404

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

7.726
7.588
5.264
13.262
5.110
6.214
8.466
7.396

0.995
0.444
0.423
0.861
0.441
0.483
1.433
1.373

1.510
1.277
1.165
1.962
0.869
1.228
1.437
1.198
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4.10.7 Fracture Size Models

Fracture size cannot be easily measured, since there are few techniques that reliably
delineate the extent of fracture in three dimensions throughout a volume of rock. One of
the most useful indications of fracture size is the trace pattern that the fractures produce
when they intersect surfaces. These are more easily measured, and produce data sets,
such as lineament maps and outcrop fracture trace maps. In the geological DFN
modelling, fracture traces are assumed to represent a random chord through a circulardisk fracture, whose size is quantified in terms of its one-sided surface area, which is in
turn defined by a single variable: the fracture (disk) radius, r. A probability distribution
is then used to characterise the distribution of fracture radii. Note that the specification
of fracture size as a radius does not require fractures to be modelled as circular disks;
any n-sided polygon is acceptable, so long as the resulting polygon has the same onesided surface area as the ‘equivalent’ circular disk fracture using the same value of r. A
probability distribution is used to characterise the distribution of fracture radii, generally
as a function of fracture set and fracture domain. The size model parameters calculated
during the 2010 modelling are presented below in Table 4-9.
Past site characterisation programmes (Darcel 2003; Darcel et al. 2003, Hermanson et
al. 2005, Darcel et al. 2006a, Darcel et al. 2006b, Fox et al. 2007) have shown that, at
least at Forsmark and Laxemar, the Pareto distribution, which represents a power law
behaviour of fracture size, appears to be the best-fit to the observed data. Other common
distributions of fracture trace lengths reported in the literature include the lognormal
distribution and the exponential distribution (Priest and Hudson 1981). Given that the
general lithology and tectonic histories are quite similar at Forsmark, Laxemar and
Olkiluoto, it is suggested that, as at the Swedish sites, a power law distribution is the
most appropriate method for describing fracture sizes. In addition, because of the innate
coupling of fracture size and fracture intensity (Fox et al. 2007, La Pointe et al. 2008)
when using power laws, the Pareto distribution / power law size models are
conceptually and computationally very attractive.
During 2010, two different conceptual models for describing fracture size were tested
using the Olkiluoto Island fracture data set:


The 'tectonic continuum' model (TCM): This is a coupled size-intensity model
based on a power-law fracture radius distribution. The assumption is that the
fracture size forms a continuous distribution from drillhole- to regional-scales
(Figure 4-65 to Figure 4-67), such that the radius distributions for all features
follow the same size-scaling exponent. Conceptually, the TCM model is
attractive, since it allows for the prediction of fracture intensities at multiple
scales of interest, and is computationally simple to implement. However, the
requirement of simultaneously fitting a scaling exponent to both outcrop
fractures and lineament or BFZ-sized features tends to produce poorer trace
length histogram fits at outcrop scales; the range of co-linearity between the
theoretical power law distribution and the observed (albeit both truncated and
censored) outcrop or tunnel data tends to be limited to a few metres.



The "outcrop-scale and Minor Deformation Zone model" (OSM+MDZ): This
model assumes that the features mapped at the outcrop and tunnel scale follow
different scaling exponents, although both scales are assumed to follow a power
law. The outcrop-scale model is parameterised from mapped outcrops and from
the ONKALO tunnel, and is valid from a minimum scale of approximately 0.1-
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0.9 m, depending on the fracture set and domain, to a maximum radius of 75 m
The Minor Deformation Zone component of the model is based on a scaling
exponent derived from lineament and deformation zone trace data, and extends
from a minimum scale of 75 m to a maximum scale of 564.2 m (the equivalent
radius of a square fracture with sides of 1000 m), in line with similar models
constructed in Sweden. The maximum radius cut-off for the outcrop-scale model
is based on work carried out in Sweden (Munier and Hökmark 2004, Fälth and
Hökmark 2006a-b, Fälth et. al. 2007, Fälth et. al. 2008), which investigated the
minimum size of a fracture or minor-deformation zone which might be capable
of violating the integrity of a deposition canister, due to induced slip from postglacial earthquakes. This model was previously used at Forsmark (Fox et al.
2007), where it was referred to as the outcrop-scale (OSM) and tectonic fault
(TFM) combined model. This model tends to produce better matches to
observed outcrop and tunnel traces, but also tends to predict more larger
fractures (in the range of 20-75 m) than the Tectonic Continuum alternative. The
major limitation at Olkiluoto is the extreme paucity of data at the lower end
(scales of 75-500 m) of the TFM model and at the upper end of the OSM model
(scales greater than 20 m).


The fracture radius size-scaling exponent, i.e. the power law shape parameter kr,
is estimated from fracture surface outcrop trace maps (Figure 4-62 and Figure 463), deformation zone surface traces (Figure 4-64), coordinated lineament maps
of the Eurajoki region and from mapping along the ONKALO tunnel. The trace
analysis produces an estimate of the trace length scaling exponent kt for those
domains and sets for which fracture information is available; the radius scaling
exponent is calculated by adding one to the trace length scaling exponent.

The minimum fracture size, r0, is more difficult to determine; and reference should be
made to the geological DFN summary report (Fox et al. in press) or to previous DFN
model reports from Forsmark (Fox et al. 2007) and Laxemar (La Pointe et al. 2008).
Past DFN models at other sites in Sweden have used a variety of methods for
determining or describing r0, including:


Setting r0 equal to the drillhole radius, on the assumption that the smallest
fracture mapped is one perfectly perpendicular to the drillhole and cuts across
the entire core (as employed at Laxemar and Forsmark).



Calculate r0 from the artefact induced by incomplete sampling on the smaller
end of complementary cumulative number plots of trace lengths (La Pointe et al
2008). The so-called "rollover effect", where the trace length scaling relationship
departs from the straight-line power-law relationship, occurs at a value
approximately twice that of the effective minimum radius (r0).



Through stochastic simulation, determine a P32 value on a set-domain basis for
either surface outcrop fractures (whose minimum size is often truncated at 0.5
m) or deformation zones. The ratio between the outcrop P32 or the deformation
zone P32 and the observed average drillhole P32 is used to compute the minimum
radius. This method has the advantage of ensuring that the resulting sizeintensity model simultaneously respects drillhole, outcrop and deformation zone
/ lineament data.
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The Tectonic Continuum model assumption is the preferred alternative for describing
the size of fractures at Olkiluoto. The advantages of computational simplicity, its
applicability at multiple scales, its success at sites in Sweden, and its usefulness to
downstream modellers, outweigh most disadvantages relative to the OSM+TFM
alternative. Distribution minimum radii are calculated from the trace length roll-over,
applied to the outcrop-scale P32. The results of the size modelling for surface outcrops
are summarised below in Table 4-9; for more details refer to the geological DFN
summary report (Fox et al. in press).

1: Vertical East-West (VEW)
2: Vertical North-South (VNS)
3: Foliation Parallel (FP)
11: NNE vertical set

Figure 4-62. Fracture traces mapped on outcrop OL-TK10 in tectonic unit D4.
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1: Vertical East-West (VEW)
2: Vertical North-South (VNS)
3: Folation Subparallel (FP)
11: NE striking local set
12: NNW striking local set

Figure 4-63. Fracture traces mapped on outcrop OL-TK11 in tectonic unit CTU2.

Figure 4-64. Deformation zone trace map at Z =0 m, coloured by fracture set. Blue =
VEW, Red = VNS, and Yellow = FP. Note that DZ traces are clipped to lie within the
version 2.0 geological DFN model footprint.
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Figure 4-65. Area-normalised complementary cumulative number (ANCCN) plot for
outcrop OL-TK11 (all traces combined), deformation zone traces at the ground surface
(z=0 m), at repository depth (z=-500 m), and coordinated lineaments traces.
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Figure 4-66. Area-normalised complementary cumulative number (ANCCN) plot for
outcrop OL-TK10 and deformation zone traces at the ground surface. This plot is used
to parameterise the TC size model.
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Figure 4-67. Area-normalised complementary cumulative number (ANCCN) plot for
data from the ONKALO tunnel (chainage 2350 - 2400 m) and surface deformation zone
traces.
Table 4-9. Fracture trace (kt) and radius (kr) scaling exponents calculated from
ANCCN charts of surface outcrops.
Model Domain

Orientation
kt
Set

kr

TCM

D4

FP

1.72

TCM

D4

Vertical

TCM

D4

OSM

P32 Match Points

Minimum Radius (r0) rmax

Outcrop

Borehole Rollover TCM Fit

(m)

2.72

0.42

2.10

0.30

0.032

564.20

1.69

2.69

0.24

1.11

0.19

0.021

564.20

Combined

1.80

2.80

0.66

3.21

0.24

0.033

564.20

D4

FP

1.18

2.18

0.44

2.10

0.30

0.001

75.00

OSM

D4

Vertical

1.35

2.35

0.22

1.11

0.19

0.002

75.00

OSM

D4

Combined

1.33

2.33

0.66

3.21

0.24

0.002

75.00

TCM

CTU2

FP

1.86

2.86

0.98

1.82

0.40

0.194

564.20

TCM

CTU2

Vertical

1.84

2.84

0.60

0.86

0.29

0.190

564.20

TCM

CTU2

Combined

1.90

2.90

1.58

2.68

0.38

0.211

564.20

OSM

CTU2

FP

1.27

2.27

0.97

1.82

0.40

0.039

75.00
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OSM

CTU2

Vertical

1.30

2.30

0.60

0.86

0.29

0.087

75.00

OSM

CTU2

Combined

1.37

2.37

1.57

2.68

0.38

0.090

75.00

4.10.8 Summary

Detailed recommendations for producing realisations of the geological DFN are
presented in the summary report (Fox et al. in press). The most relevant points in this
regard are as follows:


The fracture domains are an appropriate, statistically-significant division of the
rock mass at Olkiluoto. It is recognised that there is still some uncaptured
variability in fracture orientations inside the fracture domains, but based on past
experience, the uncertainty due to the size model is generally one to two orders
of magnitude larger than that due to orientation parameter variability (La Pointe
et al. 2008).



The 'tectonic continuum' (TCM) model is the preferred coupled size-intensity
model for use at Olkiluoto, based on a combination of acceptable fits to limited
outcrop and DZ-scale size data, on the needs of downstream model users, and
from experience at other potential repository sites in Sweden. It is recognised
that the TCM results in a poorer fit to the observed outcrop fracture trace data,
but it is believed that the advantages inherent in this model alternative outweigh
the disadvantages. It should be recognised that the size model is extremely
poorly constrained spatially (direct observations of fracture size are only
available in domains D4 and CTU2, with additional scale-limited data in FSZ
and CTU1 from the ONKALO). It is also important to recognise that there are
very few data on features in the critical size range of 20 m to 200 m; what data
there are come from model outputs (the DZ model) rather than from
observations.



At scales of 10 m or larger, fracture intensity should be simulated according to a
gamma distribution in all fracture domains, except LSZ.



For most fracture sets, fracture intensity is not depth-dependent. The only
exceptions are for the FP set in CTU2 and SDZ. In some domains, it is possible
to identify a near-surface (depth range 100 m to 150 m) domain of increased
fracture intensity.



At scales of 10 m or larger, fractures outside of deformation zones appear to
follow a Poisson point process in terms of the location of the fracture centroid.
Simulation results suggest that this assumption is also a reasonably good fit at
scales below 10 m.

4.11

Integrated assessment of submodels

4.11.1 Data uncertainty

In order to achieve a consistent view of the properties of the bedrock at Olkiluoto,
selected submodels have been analysed in an integrated manner. A short summary of
the correlations of the four deterministic sub-models is presented in Table 4-10 and
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discussed below. The integration of the brittle deformation model and the
hydrogeological model is tentatively discussed in Section 4.11.6, although more
information is provided on this subject in Aaltonen et al. (2010) and considerably more
will be provided in the updated hydrogeological model Vaittinen et al. (2010, in prep.).
Table 4-10. Presumed and considered correlations between the four deterministic submodels (from Aaltonene et al. 2010, Table 11-1).
Modelled
features
Lithology

Ductile
deformation

Alteration

Brittle
deformation

Controlled
by
Differences in rock type
properties,
e.g.
competence,
during
deformation processes,
can cause dissimilar
products of ductile
deformation. This is
seen
locally
at
Olkiluoto, but is not
shown in site-scale 3D
models.

Lithology

Ductile
deformation

Modelling of lithology
is strongly based on
understanding of ductile
deformation
history.
Indeed, the lithological
model is a specific
perspective
of
the
products of ductile
deformation, due to
migmatisation
and
deformation processes
at Olkiluoto.
Not
interpreted
or
modelled.

Hydrothermal fluids can
be
controlled
by
lithological contacts and
units. Hence, altered
volumes could e.g. be
delimited by pegmatite
veins.
No
clear
evidence based on data
and interpretations of
Olkiluoto bedrock.

In the case of strong
and
pervasive
alteration, circulating
fluids can follow the
weakest path in the
intact rock, i.e. the
foliation. Weathering
also usually progresses
along foliation planes.
These phenomena are
not depicted in 3D
models.
Not
interpreted
modelled.

or

Locally,
small-scale
faults and fractures may
be formed in altered
rock sections because of
variations
in
the
mechanical properties
of the host rock. This is
not shown by current
3D models.

Alteration

Brittle
deformation

Lithological units at
Olkiluoto were formed
during
ductile
deformation. Thus, they
are commonly faulted
by
younger
brittle
events. In clear cases,
offsets are included in
3D
models
of
lithological units. Also,
some old fracturing
controlled the intrusion
of diabase dykes.

Ductile
deformation
products, e.g. large
deformation zones, are
probably affected by
younger brittle phases,
e.g. by offsets. This is
not included in the
present model.

Brittle features can be
different in different
rock types, due to
variations in physical
properties of the host
rock. For example, in
tunnel
walls,
lithological unit-specific
fracturing
is
often
observed, e.g. in small
units of quartz gneiss.
These effects cannot be
seen in current 3D
models.
Usually at Olkiluoto,
the strongest fracture set
is controlled by the
foliation. Also many
sub-vertical
zones
follow the foliation, at
least locally. In places,
ductile or semi-brittle
structures
are
reactivated later in the
brittle regime.

Hydrothermal alteration
has taken place during
the formation of new
faults and the activation
of old faults, which has
created pathways for
hydrothermal fluids.
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4.11.2 Lithology and ductile deformation

The lithological model makes use of the ductile deformation model directly in the
modelling work - indeed, the lithological model is just another expression of the ductile
deformation model. Consequently, the alignments of the major lithological units closely
follow the trends of D2, D3 and D4 deformation phases, depending on the structural subdomains in which they are located (see Appendix VI of Aaltonen et al. 2010). In the
northern and southeastern sub-domain D2, deformation is assumed to be the dominant
phase with ca. E–W striking foliation, and this is directly reflected in the alignment of,
for example, the TGG gneisses. The southeastern sub-domain is zonally overprinted by
D3 and D4 deformations, causing some interference to the lithological units. The central
sub-domain is intensely affected by D3 deformation. The earlier structural elements are
rotated into parallelism with D3 structural elements, striking NE–SW, and the
pegmatitic granite and TGG gneiss units within the sub-domain follow the general
orientation of the D3 elements. The central sub-domain is cut by a wide zone of intense
D4 deformation, which has also, to some extent, affected the lithology (e.g. the TGG
gneisses within the D4 shear zone).
4.11.3 Lithology and brittle deformation

Examples exist where the lithological units are considered to have been displaced by
faulting. Some of this faulting, e.g. thrusts, appears to have exploited the existing
lithological boundaries and ductile fabric, as it quite closely follows the existing
lithological boundaries. Other forms of faulting are also present. Perhaps the clearest
example of possible block faulting is provided by N-S striking, subvertical brittle fault
zone OL-BFZ045, together with the adjacent parallel fault zone OL-BFZ216. These
zones are located in the wide anomaly seen in the ground geophysical map (see
Appendix I of Aaltonen et al. 2010). The modelled fault zones and the adjacent
lithological units are shown in Figure 4-68, where it can be seen that the TGG units
TGG13, TGG 15 and TGG23 terminate against the fault zones on the western side, and
it could be speculated as to whether TGG units TGG7_1, TGG7_2 and TGG24 are
continuations of these units on the eastern side.
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BFZ216

TGG7_2

TGG24
TGG13
TGG7_1

TGG15
BFZ45
TGG23

Figure 4-68 Possible faulting of the TGG units with respect to brittle fault zones OLBFZ45 and OL-BFZ216. View towards the NNE (from Aaltonen et al. 2010, Figure 112).
4.11.4 Brittle and ductile deformation

In outcrops and in the investigation trenches, one main fracture direction is always
parallel to the ductile foliation and another perpendicular to it. As the strike of the
foliation bends from E-W in the northern sub-domain to NE-SW in the central subdomain, the fracturing follows this change, demonstrating a close relationship between
the foliation and the fracturing.
In addition, some ductile thrust zones have been reactivated during later brittle
deformation, during which the existing ductile faults slipped parallel to the previous
reverse-slip direction but, this time, as normal faults. Brittle faulting was thus markedly
influenced by earlier ductile deformation, which created planes of weakness for
subsequent brittle structures. However, there are numerous small-scale ductile shear
zones at Olkiluoto which are not fractured at all.
4.11.5 Brittle deformation and alteration

Illitisation has a clear correspondence to several brittle zones, especially OL-BFZ021,
OL-BFZ099, OL-BFZ020A and OL-BFZ020B (Figure 4-69). Since the illitisation is
interpreted as having originated during the extensional period and the intrusion of
rapakivi granites at approximately 1.65–1.55 Ga, the extension and reactivation of the
existing thrust faults in that period may have produced dilatational gaps, increasing the
permeability of the zones; and prominent pathways within the faults have been
exploited by the hydrothermal fluids. Consequently, although the illitised volumes refer
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to the occurrence of pervasive alteration, they are closely linked to the existing fault and
fracture network.
In contrast with illitisation, no direct correlation between the alteration and site-scale
faulting can be observed; and in particular the kaolinised volume has a trend that
deviates from the faults in the ductile fabric, which may indicate pathways which are
more complicated than those currently modelled. These pathways may relate to a
general fracture network or to the diffusional properties of the intact rock at the time of
the hydrothermal alteration.

Figure 4-69 Brittle fault zones OL-BFZ021, OL-BFZ099, OL-BFZ020A and OLBFZ020B and 3D model of illitised rock volumes. View towards the EN (from Aaltonen
et al. 2010, Figure 11-4).
4.11.6 Brittle deformation and hydrogeology

GSM version 1.0 was used as background information for the hydrogeological zone
model (Vaittinen et al. 2009) and six distinct hydrogeological zones have been modelled
(HZ19A, HZ19C, HZ20A, HZ20B, HZ21 and HZ099), which have clear
correspondence with the brittle fault zones.
OL-BFZ019A and OL-BFZ019C, two gently-dipping thrust zones, are congruent with
HZ19A and HZ19C (Figure 4-70). HZ19B, on the contrary, has no clear counterpart in
the brittle fault zones, but is located in the vicinity of OL-BFZ019A and OL-BFZ019C.
Presumably, also this modelled hydraulic feature is related to the fractured rock and part
of the fault system. Other examples are shown in Aaltonen et al (2010), Chapter 11.4.
The brittle fault zones used in Vaittinen et al. (2009) were updated in GSM version 1.1
(Posiva 2009) and for this report, but with only minor modifications (see Appendix IX
of Aaltonen et al. 2010). In the updated hydrogeological model (Vaittinen et al. 2010, in
prep.), the brittle deformation model is going to be considered more thoroughly with
respect to the development of hydrogeological zones.
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OL-BFZ019A

HZ19A
HZ19B

OL-BFZ019C
HZ19C

Figure 4-70. Zones HZ19A, HZ19B and HZ19C (blue), and fault zones OL-BFZ019A
and OL-BFZ019C (red). View towards the NE (from Aaltonen et al. 2010, Figure 11-7).
4.12

Confidence assessment

As is emphasised by Aaltonen et al. (2010), the evaluation of the data and their
resolution within the site model volume is only one of the factors determining the
confidence of the model. It is more important to emphasise that in any geological
modelling, the main role is in understanding the key elements which control the
properties of the bedrock, which can then also be applied in the extrapolation and
interpolation of the existing data into areas of lower data resolution, without any major
loss of confidence. At Olkiluoto, for example, the existence of a well-known and
constrained pervasive anisotropy can be used as a guide during the modelling of
lithological units. Consequently, the knowledge of key controlling factors and the
geological understanding developed over the many years of investigations can be used
to complement lower data resolution, without loss of confidence. In general, the main
data-related sources of uncertainty in the geological modelling include the limited
number of drillholes, their uneven distribution and large separations, as well as biases in
drillhole orientation.
4.12.1 Data resolution

At Olkiluoto, the ONKALO area is well covered with drillholes and therefore the
confidence in the model is also higher in this area; nevertheless, there are still a few
"white areas" in the modelled Site area, where drillhole density is quite low and,
similarly, the confidence of the model is also low. Compared with earlier model
versions, the modelled volume is now much larger, and thus the variation in data density
is high and areas with significantly lower data density are included (Figure 4-2). It is
reasonable, however, to include as large an area of Olkiluoto Island as possible, because
the repository panel layout extends east of the volume included in previous model
versions; in addition, GSM end-users often include even larger areas in their modelling
tasks - for example, the hydrogeological model. In places where there are no drillholes,
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such as in parts of the eastern area, deterministic modelling is difficult, due to the lack
of proper data and, as a consequence, these areas are likely to be underrepresented by
geological features in the model. Another cause of uncertainty is the quite uniform
drilling orientation that results in bias, as this masks the occurrence of possible N-S
trending features. With the current drillhole density, possible “masked features” are,
however, likely to be of only local importance; and also many of the latest drillholes are
drilled in atypical directions, for example OL-KR44 to OL-KR47. In addition, pilot hole
data decrease the bias, especially in the central area.
An assessment of the confidence of the model, based on the distribution of surfacebased drillholes, outcrops and investigation trenches is shown in Figure 4-71, where the
high-confidence area is represented by the concentration of blue circles, each depicting
a 50 m radius around each drillhole. From Figure 4-71 it is obvious that the main areas
of lower confidence are located within the eastern and southeastern parts of the Site,
whereas the northeastern part is also characterised by a lack of natural outcrops. Figure
4-71 depicts the surface conditions and cannot be directly applied to the 3D situation;
the effect in 3D can, however, be demonstrated by Figure 4-72 and Figure 4-73.
In Figure 4-72 the distribution of surface-based drillholes at the -420 m level is
presented as intersections of cylinders with a radius of 50 m. Figure 4-73 is based on the
study of Kuusisto et al. (2010) who analysed the variance of lithology within the central
area by subdividing the volume into cells of size 200 m x 200 m x 200 m. The diameter
of each sphere in Figure 4-73 depicts the number of geological data in the
corresponding cell (i.e. how many drillhole metres intersect the specific cell), and from
the figure it is apparent that the number of data is lowest in the NE, S and SE parts of
the modelled volume, a situation which is influenced by the W/NW dip direction of the
drillholes.
The confidence assessment presented here and more comprehensively in Aaltonen et al.
(2010) refers only to geological data, although extensive geophysical surveys have been
conducted during the site investigations. Although in certain parts of the Site volume the
level of confidence may be considered low from the perspective of geological data,
confidence may be increased by the application of geophysical data. These data
measurements are, however, mainly based on drillhole geophysics, or are more focused
on the western part of the site area (see Appendix I of Aaltonen et al. 2010), and the
overall confidence in the NE, S and SE parts of the model is, therefore, still likely to be
considered as low to medium.
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Figure 4-71. Distribution of surface-based drillholes (intersections of blue cylinders,
r=50 m), outcrops (black crosses) and investigation trenches (red lines, thin line is OLTK17 which was reported after the data freeze). Note the strong concentration of
drillholes in the central area of Olkiluoto. Top view (from Aaltonen et al. 2010, Figure
12-1).

Figure 4-72. Distribution of surface-based drillholes at the -420m level. Holes are
presented as intersections of r=50 m cylinders. Top view (from Aaltonen et al. 2010,
Figure 12-2).
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Figure 4-73. The variance of rock types. The size of the cells for which the variance is
computed is 200 x 200 x 200 m. View towards the WSW. The diameter of the spheres
represents the relative number of data within each cell (from Aaltonen et al. 2010,
Figure 12-3).
4.12.2 Main uncertainties

The uncertainties associated with each of the submodels are listed in the respective
sections. Here, uncertainties considered to have a medium to high impact on the model
are considered further.
Lithological model
The main uncertainty in the lithological model is related to the extent and geometry of
the lithological units at depth and this uncertainty is more pronounced in the lowconfidence area due to the obvious lack of supporting data. Unknown lithological units
may occur, although the probability of this in the Site area is considered as low,
especially for Site-scale lithological units, due to the reasonably good data resolution. In
addition, as the lithological model is based on the ductile deformation model, any
uncertainty in the ductile model directly affects the lithological model. Based on the
current observations and the data acquired from the ONKALO tunnel and drillholes, the
confidence of the lithological model is considered high, although for small lithological
units the uncertainties are higher than for Site-scale units.

228

Ductile deformation model
The main uncertainty in the ductile deformation model is purely conceptual in nature
and relates to the understanding of the various deformation phases. The uncertainty
reflects the complexity of the ductile deformation and the associated small-scale
heterogeneities of the bedrock. Yet, this uncertainty is considered to have quite a low
impact on the GSM, as the current ductile deformation model seems to explain the
majority of the observed features; and this is also reflected in the confidence in the
lithological model, which applies the ductile model directly in its development. It is also
emphasised that it is not necessary to know all of the deformation history, as long as the
confidence in its understanding is considered sufficient. This is of course directly
related to the resolution of the model and to the question: what is the level of detail we
can predict with a good level of confidence (and what is the level required)? This topic
will be further investigated in the continuing prediction-outcome studies and will be
directly influenced by the needs of the end-users of the model.
Alteration model
The current alteration model is based on the identification of volumes of the highest
degree of pervasive alteration and this causes uncertainties in the location and extent of
the alteration – there may, for example, be sections within the modelled volumes where
there is no alteration. Similarly, in addition to the pervasive alteration, by the
implementation of fracture-controlled alteration into the modelled volumes, the extent
of alteration may increase significantly, although it is realised that the pervasive
alteration is a property of the intact rock, whereas fracture-controlled alteration is a
property of fracturing and can be treated as such in the handling of fracture data.
Another main source of uncertainty relates to the intensity of the alteration, i.e. there is a
strong variation in the intensity, and also the occurrence of alteration minerals is
heterogeneous. The impact that this variability might have on the current model, which
is based on drillholes, sometimes separated by large distances, compared with the
modelled phenomena, is unclear.
Brittle deformation model
Confidence in the existence of site-scale deformation zones is considered high, but
uncertainties related to their size and location exist, caused by data resolution and the
natural variability of the zones. Based on geological mapping of the ONKALO, subvertical deformation zones, in particular those trending N-S, have been observed. The
frequency of these zones is likely to be underestimated with the present drillhole
orientations, but extensive use of geophysics has allowed such subvertical zones to be
modelled. In addition, these vertical features are usually much less transmissive than the
gently-dipping HZs. Several intersections with sub-vertical zones are observed in the
ONKALO below HZ20, which has enabled a better estimate of the frequency of such
zones to be developed. This demonstrates that the zones are hard to locate by surfacebased drilling, but will be found by pilot holes and tunnels.
The size of the deformation zones is an important uncertainty – currently the majority of
the zones are modelled on the basis of restrictive criteria - for example, due to the
occurrence of bounding drillholes with no supportive data for the continuation of the
modelled zones. Again, prediction-outcome studies may provide some answers in this
area, but further elaboration is needed on the applicability of fault scaling laws, which
correlate fault widths and displacements to their sizes. In theory, it is possible to
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estimate the length of the fault on the basis of the maximum displacement (see e.g. Kim
& Sanderson 2005); however, the amount of displacement can only be estimated for
some faults that intersect the ONKALO tunnel. It is also possible to estimate the amount
of displacement on the basis of the thickness (width) of the fault zone (e.g. Hull 1988,
Walsh & Watterson 1988, Evans 1990) - yet again, only in a very few fault zones at
Olkiluoto can the thickness of the fault core be accurately determined.
Discrete fracture network model
Uncertainties in the geological DFN model can be placed in three general classes:
1. Conceptual uncertainty relates to the fundamental geological concepts on which
the model is based. An example of a conceptual uncertainty would be whether
the fractures measured in one part of the modelled volume are part of the same
population of fractures measured in a different part. If the fractures are thought
to be part of the same population, then the data could be combined and
parameterised as a single population; otherwise, the two populations should be
parameterised separately. Conceptual uncertainties typically have the greatest
impact on model results.
2. Mathematical uncertainty concerns the representation of the geological concepts
as mathematical equations or computer models. For example, a fracture might be
represented as a flat, circular disk, as a rectangular surface, or as something
more complex. These mathematical representations can contribute to the overall
uncertainty.
3. Parameter uncertainty has to do with the variability of a parameter and the fact
that this variability is not fully characterised, but only sampled by a relatively
small data subset consisting of selected outcrops or drillholes. Parameter
uncertainty is usually captured through the use of probability distributions or
bounding calculations.
The greatest single source of uncertainty in the geological DFN model relates to the
fracture size model; both conceptual uncertainties (TCM versus OSM+MDZ) and
parameter uncertainties (lack of direct data on fracture size in most domains, very little
information on features of sizes important in RSC assessments). The difference in the
fracture intensity in the MDZ size range (20 m - 564.2 m) between conceptual model
alternatives is quite large (1-2 order of magnitude). In addition, size data are available
for only three of the fracture domains at Olkiluoto; the assignment of size-scaling
parameters from one domain to another domain with clearly different properties (visible
in both the orientation and intensity models) induces additional parameter uncertainty.
Both parameter and mathematical uncertainties in fracture orientations have been shown
in past DFN models to have little to no effect on the overall model performance, as long
as the global pattern of fracture orientations is respected. Fracture intensity in most
domains is fairly well-constrained at sub-repository and near-repository depths; only in
domain STU is there little confidence in fracture intensities at depth. At performance
assessment scales (10 m and larger), the conceptual uncertainty inherent in the
assumption of Euclidean scaling and a Poissonian spatial arrangement is generally far
smaller than the conceptual and/or parameter uncertainties in the fracture size model.
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In summary, the principal uncertainties that need to be to be considered in the
geological DFN are directly related to the size of the model. Overall confidence in the
orientation and spatial models can be considered high, with a slightly lower confidence
(medium to medium high) in the fracture intensity model. The confidence in the fracture
size model is only moderate for domains with direct observations of fracture size, to low
for those domains without significant fracture size information. The bounds of the
uncertainty can be estimated and bracketed, but little actual reduction of the uncertainty
is possible without the collection of size data in other fracture domains (new outcrops)
or at larger (MDZ) scales.
4.12.3 Main open issues in the geological modelling of Olkiluoto

As was stated in the preceding section, the modelling results contain uncertainties
related to the accuracy of the size, location and characteristic parameters of the
modelled units.
The main issues that are judged to require further attention in the next versions of the
GSM and the Site Report are:


Although there is a reasonable level of confidence in the understanding of the
lithological and ductile evolution, further development is required, especially if
the resolution of the model is to be increased to include small-scale phenomena.
This subject will be considered as part of any detailed-scale modelling, which is
being addressed, mainly as part of the RSC programme. Also, the understanding
of the brittle evolution is in its early stages and will require further development,
and the characteristics of the kinematic phases of the site-scale fault zones need
to be studied further.



The rock mechanics characteristics of the hydrothermally-altered and weathered
zones need to be investigated more systematically, since these are likely to have
important implications for the construction of underground facilities. The
possible correspondence between the effects of alteration in the host rock and
brittle deformation zones needs to be evaluated in more detail in the course of
future modelling. This is an important subject to consider in the determination of
influence zones for local features and site-scale zones.



The specific internal characteristics of the modelled brittle fault zones need to be
developed, although it must be recognised that the characteristics of faults are
typically highly variable and discontinuous and, therefore, the descriptions of
specific intersections are not necessarily applicable to the fault as a whole. A
highly-crushed intersection of a fault at one intersection may transform into a
single shear fracture at another intersection. More brittle zones are modelled in
this model version using single shear observations in drill cores. This issue will
also be addressed in the planned future investigations of the characteristics of
brittle zone kinematics.



The analysis of influence zones will be further developed for RSC purposes and
in future GSM reports. The applicability of the rules regarding influence zones
to repository-scale fault zones will be assessed.
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The geological DFN model is only partially integrated with other elements of
geological site understanding, and further development is needed. In future, the
DFN model will be updated with lithological, foliation, brittle fault zone and
fracture data from new tunnel sections, drillholes and surface observations. In
addition, existing data from, for example, the OL3 construction site and the VLJ
repository can be assessed and utilised.



For practical reasons, this version of the GSM has been divided into thematic
submodels, but additional integration of these is needed in order to increase the
internal confidence of the model. At Olkiluoto, the geometry of the lithological
units is strongly associated with the ductile deformation history, and the Site
volume can be divided into sub-domains after the ductile deformation model.
Brittle deformation and alteration are spatially related, but only partly controlled
by older features. The approach of rock domains with clearly specified
properties can be developed in the future, especially in detailed-scale modelling.



The GSM will be updated, as new data are acquired from drilling, from surface
mapping and from the ONKALO tunnel, with the frequency of such updates
being coordinated by the OMTF. Prior to any update, a decision on a data freeze
needs to be taken in order to keep a balance between the set deadlines and the
acquisition of new data. The updates of the GSM will concentrate in the eastern
area in the future, because of the locations of the new drillholes and the
geophysical investigations carried out in that area.



All the above-mentioned issues will be addressed in the course of future
modelling activities, with the acquisition of new data and the development of
concepts based on the geological history and the style and type of deformation.

232

233

5

ROCK MECHANICS

5.1

Approach to rock mechanics model(s)

5.1.1

Objective

From a rock mechanics and rock engineering perspective, the design of an underground
repository for radioactive waste is unique in civil engineering for a combination of three
reasons:


the function of the underground structure is to ensure that unacceptable
quantities of radionuclides do not migrate to the biosphere;



compared to the usual project design life (~120 years) for other civil engineering
projects, the repository design life is many, many times greater, and beyond our
experience of any existing engineered structure, and incorporates such factors as
future ice ages; and



there is some choice as to the repository’s location and the orientation of the
repository tunnels, as compared to a civil engineering tunnel which has to go
from A to B, or a mine which is located at the ore body.

This means that the rock mechanics component of repository design and its support for
and interaction with the geological, hydrogeological, and hydrogeochemical
environments must be based on an overall consideration of the mechanical
characteristics of the site, rather than on some specific features – as would be the case
for a more conventional underground structure. The strategy for repository design will
not only use the rock mechanics and rock engineering tools currently available, but has
also to take into account the special nature of the function of the repository. Thus, the
rock mechanics model(s), as reported here, is a comprehensive presentation of the
knowledge, data, analysis, and assessment of all factors required for the repository
underground design and for supporting the safety analysis.
Therefore, following this Section on the purposes and use of the rock mechanics (RM)
model(s), this Chapter provides an overview of the rock mechanics aspects of the
Olkiluoto site characterisation programme. Section 5.1.2 provides a description of the
overall rock mechanics model, and Section 5.1.3 the rock mechanics model database.
An evaluation of the available investigation data, the ONKALO tunnel observations and
comments on the utilisation of the data are in Section 5.2, the latest version of the rock
mechanics model is summarized in Section 5.3, the interaction with the other disciplines
is described in Section 5.4, and finally Section 5.5 presents an evaluation of
uncertainties relating to rock mechanics properties.
5.1.2

Building up the rock mechanics model

In order to establish the rock mechanics content for this Site Report, it is necessary to
identify the parameters necessary for characterising the repository host rock at
Olkiluoto. These parameters are those that will be used in the analysis and design
methods highlighted in the orange boxes in Figure 5-1. This Figure illustrates the eight
methods used in rock engineering design studies, but only the four orange ones are
relevant to the Site Report (those in the Method A column are too simple and those in
the Method D column are not yet available).
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Objective

Method A
Method A

Method B
Method B

Method C
Method C

Method D
Method D

Use of
pre-existing
standard
methods

Analytical
methods,
stress-based

Basic
numerical
methods, FEM,
BEM, DEM,
hybrid

Extended
numerical
methods,
fully-coupled
models

Level 1
1:1 mapping

Precedent type
analyses and
modifications

Rock mass
classification,
RMR, Q, GSI

Database
expert
systems, &
other systems
approaches

Integrated
systems
approaches,
internet-based

Level 2
Not 1:1 mapping

Site
Investigation

Design based on forward analysis

e.g.
Kirsch
solution

Design based on back analysis

e.g. rock mass
classification
Construction

Figure 5-1. The eight main methods for rock engineering design – of which the four
methods highlighted in orange are those used for repository analysis and design. Note
that this Report concerns the information obtained from the site investigation in the lefthand box in order to support the design methods in the orange boxes. Also, the
Prediction-Outcome studies described in Chapter 9 occur in the feedback loop via the
Construction box.
Thus, the rock mechanics conceptual model is the collection of rock characterisation
parameters required to support the design methods highlighted in orange in Figure 5-1.
This includes characterisation of the in situ stress, the intact rock (including the thermal
properties), the rock fractures, the rock mass, and the brittle deformation zones. Using
the appropriate analysis methods, it is then possible to consider the stability of the rock
mass, the best orientation of deposition tunnels, etc.
With reference to the rock engineering design methods illustrated in orange in Figure
5-1, examples of the uses of the four methods are given as follows.


Method B1: Analytical and statistical methods, stress based (used for some
spalling analyses) This method has been used for the reduction of the stress
measurement tests and for assessing the potential for spalling around the
deposition tunnels and deposition holes via the Kirsch solution, see Figure 5-1.
The in situ stress field and the distribution of rock compressive strengths are
required to estimate the spalling potential. This method will continue to be used
in the analysis of the Posiva’s Olkiluoto Spalling Experiment (POSE) test
results. These methods are extended using probabilistic and fuzzy methods in the
spalling analyses (see e.g. Hakala et al. 2008).



Method B2: Rock mass classification, RMR, Q, GSI (used for assessing rock
mass quality and estimated mechanical properties for the numerical modelling in
Method C1) The rock mass classification systems Q and the derived GSI have
been used in the geological mapping, which has provided continuous data on the
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rock mass conditions along the whole of the ONKALO ramp. (Q differs from
the Q formula shown in Figure 5-1 by the deletion of the last quotient). These
rock mass classification values have been plotted via the Surpac visualisation
program to illustrate the mechanical rock conditions at Olkiluoto.


Method C1: Basic numerical methods, FEM, BEM, DEM, hybrid
These have been used to estimate the stress conditions for a variety of purposes,
i.e. the stress conditions around and between the underground openings
especially with regard to the potential for spalling (3DEC, Examine2D/3D,
Midas GTS, Fracod have been used), the effects of faults on the in situ stress
field (3DEC), and the effects on the stress field due to the emplacement of heat
generating canisters (3DEC).



Method C2: Data base expert systems, and other system approaches
Basic data on rock properties have been compiled in the rock mechanics
database (see next section) and for the in situ spalling strengths, as determined in
other countries; and the interaction matrix approach has been used to consider
the interaction of rock mechanics with other disciplines as reported elsewhere in
this Site Report.

5.1.3

Rock mechanics model database

The objectives of the RM model are to enable the:


storage and visual presentation of the rock mechanics information (see Figure
5-2);



prediction of the rock parameters outside the current tunnels and investigation
drillholes;



establishment of the level of confidence in such predictions;



comparison of the model results against results obtained during further
tunnelling (prediction-outcome); and



provision of indicators of any stress failure potential (instabilities) around
excavations.

The RM model geometry is based on the current geological model (see Chapter 4).
The interpretation of the parameters, i.e. data analysis and block modelling, is
undertaken separately for known brittle deformation zones and for other rock mass
features. The brittle deformation zones are divided into a core section and transition
zones (see Aaltonen et al. 2010 Sections 9.3.4 and 9.3.5 and Section 4.9.3 of this report
for explanations and descriptions of these and for the difference between transition zone
and influence zone) and the preliminary results from the current version of the RM
model have been used for this report to estimate the brittle deformation zone
parameters, and the quality and properties of the rock mass, including the thermal rock
properties (see Sections 5.2.4 - 5.2.6). The interpolation and extrapolation of data have
been studied by geostatistical means (Mönkkönen et al. 2011b). The current rock
mechanics model version 2.0 is described in more detail in Section 5.3.
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Figure 5-2. Example of rock mass quality (Geological Strength Index, GSI) in the
ONKALO tunnel. Note the grey areas where no sufficiently reliable geostatistical
prediction can be made – determined by the maximum interpolation/extrapolation
distance of ~30 m.
Emphasis is placed on the data obtained from the ONKALO because of the ability to
use geological and rock mechanics data obtained in situ. Also, the current POSE
experiment (Posiva’s Olkiluoto Spalling Experiment) is providing valuable data on both
the rock stress field at the repository depth and the rock spalling strength at the
deposition hole scale. The POSE experiment is supported by numerical analysis
methods that rely on assumptions such as rock continuity, homogeneity, isotropy and
elasticity, so that another output from the work will be the confirmation, or otherwise,
of the validity of these assumptions.
5.2

Rock mechanics data evaluation

5.2.1

In situ rock stress model

An attempt to characterise the in situ state of stress at the Olkiluoto site has been made,
based on the geological-tectonic history, information on regional stresses, and direct and
indirect stress measurements at the site. Given the complexity of the geological history,
a brief summary of the work by Mattila et al. (2007) and the data from Chapter 4 is
presented below, prior to establishing the most likely state of stress at Olkiluoto.
As described in Chapter 4, the geological-tectonic evolution of the bedrock at Olkiluoto
has included several phases of both ductile and brittle deformation, as well as alteration
of the rock mass. The brittle evolution included stages of both compression and
extension, primarily in a NW-SE direction (1850-1100 Ma), forming several of the
known deformation zones in the area. These stages were followed by a fault re-
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activation stage (900-600 Ma), a platform sedimentation stage (600-420 Ma), and the
Caledonian foreland stage (420-350 Ma). The most recent and still current tectonic
events involve the continued widening of the Atlantic Ocean (resulting in what is
known as ridge push) and the uplift of western Scandinavia (starting during the Eocene
and Oligocene some 55 Ma ago).
The tectonic history of Olkiluoto implies significantly varying stress conditions over
geological time. Thus, it is conceivable that evidence of the complex geological history
is reflected in present-day stress measurements, although the most recent and current
tectonic events are believed to be the primary sources that constrain the present stress
condition.
In Fennoscandia, the orientation of the major principal stress is attributed to an E-W
compression from the mid-Atlantic ridge push and a N-S compression from the Alpine
margin, resulting in a roughly NW-SE orientation of major principal stress (Heidbach et
al. 2008). In addition, regional in situ data from Veitsivaara, Romuvaara, Syyry,
Kivetty, and Olkiluoto down to 1 km depth all support the hypothesis that the principal
stresses are orientated in horizontal and vertical planes; H being directed NW-SE to EW, and that thrust conditions prevail (Stephansson 1986, 1987). Hence, the major
principal stress is the maximum horizontal stress, H, and H > h > v; where h and v
are the minimum horizontal and vertical principal stresses, respectively. The vertical
stress is predominantly well represented by the calculated weight of the overlying rock
mass.
Focal mechanisms in Finland support these general conclusions, which indicate a
roughly NW-SE orientation of H (Saari & Slunga 1996, Uski et al. 2003, Huhta &
Korsman 2005, Uski et al. 2006). The dominant faulting type is strike-slip on subvertical fault planes. A similar orientation was also derived from the event swarm of 16
earthquakes in Anjalankoski, south-eastern Finland in 2003 (Uski et al. 2003), as well as
geodetic measurements (e.g. Chen 1991, Kakkuri & Chen 1992, Lidberg et al. 2007).
More recently, at Laitila (about 40 km from Olkiluoto) on January 3, 2007, a
compressive stress orientation of 313/28 (bearing/plunge) was determined (Saari &
Lakio 2008). It should be noted, however, that the results of the focal plane and geodetic
solutions show considerable scatter. Locally, it may therefore be expected that stresses
may deviate from the NW-SE direction, especially given the presence of numerous
brittle fault zones in the region.
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Figure 5-3. Map of the Olkiluoto site, showing the location of the ONKALO where the
stress measurements have been carried out. OC and HF refer respectively to the
overcoring and hydraulic fracturing methods of stress measurement.
At the site scale, in situ direct stress measurements have been carried out down to 985 m
depth, using a variety of methods (Figure 5-3). Regrettably, there are no stress data at
Olkiluoto that close the gap between the relatively shallow in situ stress data and the
deep focal mechanism data. The in situ data are summarized in Table 5-1 and comprise:


Overcoring measurements (Ljunggren & Klasson 1996, Sjöberg 2003, SMOY
2006, Fecker 2007, Berg & Sjöberg 2008);



Measurements with long strain gauges (Hakala et al. 2013);



A newly developed cell equipped with Linear Variable Differential Transducers
and similar to the USBM cell (Hakala et al. 2013);
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Hydraulic measurements (Klasson & Leijon 1990, Ljunggren & Klasson 1996,
SMOY 2006, Ask et al. 2011); and



Convergence measurements (Lahti & Hakala 2010).

In addition to the above, supplementary data that more indirectly contribute to the stress
field determination have been collected:


Kaiser-effect measurements via acoustic emission (Peltonen 2005, Peltonen 2008);



Core disking observations (Ask 2011); and



Identification of potentially stress-induced elongations, so-called borehole
breakouts (Ask & Ask 2013).

Table 5-1. Available stress estimation data from the Olkiluoto site. Depth corresponds
to the vertical depth, year to that of the subsequent publication, and listed number of
measurement points corresponds to those in the initial reports.
Location/
Drillhole

Method

Year

Depth
[mvd]

OL-KR1 to OL-KR43
OL-KR1

Core disking
Hydraulic
fracturing
Hydraulic
fracturing
Hydraulic
fracturing
Hydraulic
fracturing
Overcoring
Acoustic emission
Overcoring
Acoustic emission
Acoustic emission
Hydr. frac/HTPF
Overcoring
Overcoring
Overcoring
Sleeve & Hydr.
frac.
Overcoring
Overcoring
Hydraulic
fracturing
Hydraulic
fracturing
Hydraulic

2010
1990

29-961
448-804

Measurement
s
[No]
4
13

1996

296-799

13

1996

554-730

2

1996

337-520

3

1996
2005
2003
2005
2005
2010
2006
2006
2006
2010

301-613
80, 500
310-390
292, 643
344, 487
122-800
130
132
119
207-253

15
6
3
2
2
23
1
2
2
6

2008
2006
2006

223
18
7-27

4
1
7

2006

24-25

2

2006

10-20

3

OL-KR2
OL-KR4
OL-KR10
OL-KR10
OL-KR14
OL-KR24
OL-KR28
OL-KR29
OL-KR40
ONK-PP74
ONK-PP75
ONK-PP77
ONK-PP125
ONK-PP170
JMT-1

JMT-2B
JMT-3
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JMT-4
ONK-KU1 (pers.
shaft)
ONK-KU2 (vent.
shaft)

ONK-KU3 (vent.
shaft)
Ramp chainage

fracturing
Hydraulic
fracturing
Convergence

2006

7-25

6

2007

180, 290

2

Convergence

2007

180, 290

2

Long strain gauges
LVDT

2007
2007

1
4

Convergence

2007

265
156, 204
222,265
180, 290

LVDT

2010

345-408

5

2

Key: HTPF denotes Hydraulic Tests on Pre-existing Fractures; LVDT denotes Linear
Variable Differential Transducer, and * data for which magnitudes could be derived (48
locations in total).
Most of the recent stress measurements have been carried out with the new LVDT cell
(Figure 2-1) in the ONKALO tunnels to overcome the problems that were found in the
normal overcoring stress measurements. The in situ state of stress can be solved by
numerical inversion using the results of at least three measurements around the
excavation profile. The preliminary results from the LVDT cell measurements are
shown in Figure 5-11.
Data evaluation
The major problem in defining the Olkiluoto stress state has been the high variation of
the results and inconsistency between hydraulic and overcoring data. This led to the
testing of alternative methods: Kaiser-effect, DRA (Differential Rate Analysis),
convergence, strain gauges and the LVDT-probe. All the data have been critically
reviewed and the overcoring data were subjected to semi-integration analyses to
evaluate the consistency with the hydraulic results (Ask 2011).
Most of the collected data have been subjected to a critical review (Ask 2011) following
the guidelines of the ISRM Suggested Methods (International Society for Rock
Mechanics): Haimson & Cornet 2003, Sjöberg et al. 2003, Kim & Franklin 1987). The
review also noted that several measurement results from various methods are associated
with measurement-related problems, malfunctioning equipment, and obvious violation
of inherent theoretical considerations. Data displaying clear problems or errors were
discarded in the review. Bearing in mind the confidence in the results, the shaft
convergence, Kaiser-effect and DRA methods were excluded. The convergence
measurements suffered from technical problems, the Kaiser-effect testing has a high
inherent error, and the DRA is sensitive to sample scale heterogeneity.
The review indicated that the principal stresses measured by the in situ methods can be
approximated by horizontal and vertical stresses. The magnitudes of the horizontal
components, h and H, demonstrate high variation but relatively well-defined trends
(Figure 5-4). Most data suggest a thrust stress regime at repository depth (i.e. H > h >
v), although the difference between the magnitudes of h and v is relatively small.
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Most data support the concept that the vertical stress corresponds to the weight of the
overlying rock mass.
In the semi-integration analyses, the collected overcoring data were forced to fulfil a
number of constraints derived from other methods to evaluate their consistency (Ask
2011). Semi-integration assumes that all data result from the same continuum, despite
the fact that the investigated volume is relatively vast and known to be intersected by
numerous small- and large-scale discontinuities. As a result, the stress field is likely to
deviate locally from this solution. The constraints were derived at a large scale, based
on hydraulic, convergence and acoustic emission and the LSG and LVDT data. Two
additional constraints involved the hypothesis that: (i) one principal stress is vertical and
(ii) that the vertical component equals the theoretical weight of the overlying rock mass.
The results supported the constraints (i) and (ii). Regrettably, the remaining scatter in
the re-evaluated overcoring data prevented a definite conclusion with respect to the
orientation of H (which was found to be in the range NW-SE to SW-NE) (Figure 5-5).
Seismic events in the vicinity of the ONKALO, primarily during 2008 (48 events), have
been concentrated in locations where the tunnel direction is NE-SW, whereas the
number of events in tunnels oriented NW-SE is considerably smaller. This result speaks
in favour of an orientation for H which is closer to NW-SE than NE-SW (Lahti &
Hakala 2010).
Additionally, a correlation between the direction of the predicted normal stress on
fractures and the orientation of transmissive fractures has been identified, leading
support to the E-W-orientation of H (Mattila & Tammisto 2011).
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Figure 5-4. Magnitudes of horizontal stresses derived from in situ measurements at the
Olkiluoto site (LSG denotes Long Strain Gauges and LVDT denotes Linear Variable
Differential Transducers). There is a question concerning the reliability of the hydraulic
fracturing data reduction in the thrust fault stress regime but the results have been
included for completeness.
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Figure 5-5. Orientation of H (OSH) derived from in situ measurements at the Olkiluoto
site (LSG denotes Long Strain Gauges and LVDT denotes Linear Variable Differential
Transducers). There is a question concerning the reliability of the hydraulic fracturing
data reduction in the thrust fault stress regime but the results have been included for
completeness.
Given that only hydraulic data seem to provide relatively consistent results with respect
to both stress magnitudes and orientations, it may be argued that measurement scales
smaller than a few m3 are not warranted at Olkiluoto. Because rocks are heterogeneous,
and the concept of stress means force per unit area, one may question at what scale
measurements should be made to properly sample the mean force. Hence, what is the
size of the Representative Elementary Volume (REV), defined as the smallest volume
of rock for which there is equivalence between the idealized continuum material and the
real rock? It should be remembered that the REV is a physical description of a volume,
and the various functions defined by homogenizing the body within the REV cannot be
used to understand, or model, phenomena that occur at scales smaller than the REV,
noting that the REV can have different volumes in the different rock domains. This
implies that tests conducted at a smaller scale than the REV are ambiguous, whereas
tests at larger scales can be used with proper attention to body forces and gradients (e.g.
Cornet 1993). The REV size at Olkiluoto is not known, and it is premature to discard
data before this hypothesis has been tested further. Instead, we proceed with
comparisons between in situ stress data and numerical modelling results, which are
described next.
The possible effect of brittle deformation zones on the in situ state of stress has been
studied with 3DEC (Discrete Element Code) numerical modelling (Figure 5-6) (Valli et
al. 2010). This work was undertaken because the presence of a discontinuity in the rock
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continuum can cause a local perturbation in the overall stress field and, the larger the
discontinuity, the larger this perturbation will be. Indeed, both the extent and nature of
the perturbation will be a function of the geometry and mechanical properties of the
discontinuity.

Figure 5-6. Plan view at 300 m vertical depth of the 3DEC model and its discontinuities
(Valli et al. 2011).
In these simulations, the direction of the thrust with respect to the local geology and the
strength of the brittle deformation zones were varied. Based on the results, no major slip
on BDZs is assumed and thus the overall in situ stress orientations and magnitudes are
according to thrust conditions (Figure 5-7). Even in the case of very low BDZ shear
strength, no significant BDZ slip-induced stress rotation or magnitude changes are
expected below the -300 m level. This means that, on the basis of the modelling, the
strongly varying stress measurement results cannot be explained by the existence of the
BDZs. If, however, such modelling were able to account for the exact geometry of the
BDZs, e.g. the detailed geometry of the BDF surfaces, it is likely that the modelling
would indicate additional local stress perturbations.
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10 MPa
(red)

25 MPa
40 MPa
(blue)

Figure 5-7. Distribution of the principal stresses for the NW-SE thrust model, across a
NW-SE cross section with view towards SW. Stresses are significantly affected by
geological features down to about 350 m vertical depth, but this effect diminishes with
increasing depth and normal stress on fault surfaces (Valli et al. 2011). Note that
compression is negative in the legend and the units are Pa.
Discussion and resulting stress models
The reasons for the inconsistent results are not solved, but the size of the Representative
Elementary Volume (REV) for different stress measurement methods in the Olkiluoto
migmatite is not well known. The interpretation of the hydraulic fracturing results also
includes some questionable assumptions because of the fracture orientations.
The overcoring measurements with different reference lengths indicated clearly that
10 mm strain gauges, used in normal overcoring methods, are too short and thus
extremely vulnerable to the rock heterogeneity. Measurements with long strain gauges
(60 mm) and LVDT-probe (127 mm reference length) have provided consistent results
on the tunnel scale. Also, the reduced variation in the deep hydraulic measurements
with the normal hydraulic device compared to the mini-device used in shallow depths
supports an REV problem.
The applicability of direct hydraulic fracturing, as opposed to hydraulic testing of preexisting fractures, HTPF, is problematic from a fundamental perspective (Rutqvist et al.
2000, Doe et al. 2006, Evans & Engelder 1989). If the Olkiluoto stress regime is one of
a geological thrust environment, then all the stress magnitude results from the hydraulic
fracturing are questionable. The fracture produced should be normal to the minimum
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principal stress and hence the shut-in pressure is that stress component. If the tests use a
great deal of water, one will obtain the vertical stress, and, if small amounts of water are
pumped, some component of the stress tensor is obtained but the identity of the
component is uncertain. Even if there is not a thrust regime at the Olkiluoto site, it is
well known and documented that the maximum horizontal stress from hydraulic
fracturing is a calculated value and not a measured value. On the other hand, the
orientation in the case of unambiguous axial fracture should be reliable. In the drillhole
OL-KR1, only two of the fifteen induced hydraulic fractures are unambiguous, while
the others show multiple orientations or en echelon fractures. There is no generally
accepted interpretation of induced en echelon fractures.
Given the situation described above, it was decided to present two alternative stress
models: one based mainly on hydraulic results and the semi-integration analysis, and the
other based on LVDT-measurements only. The reliability of the LVDT measurement is
supported by the core disking observations from the same locations.
Proposed In Situ Stress Model 1 based on hydraulic and semi-integration results
The proposed stress model based on hydraulic and semi-integration results involves
three domains, determined by the locations of Hydraulic Zones (HZ) and Brittle
Deformation Zones (BDZ), that are believed to provide a better representation of the
stress conditions at the site, rather than a model with only one stress domain (Figure
5-8, Figure 5-9, Figure 5-10 and Table 5-2). The first domain involves data sampled
above HZ20; the second domain includes data sampled between HZ20 and BFZ099;
and the third domain involves data collected below BFZ099. Geological descriptions of
the zones can be found in Section 4.9. The intervals displayed are regarded as
corresponding to the 99% confidence interval, thereby yielding estimated standard
deviations of 4, 4, and 3.5 MPa for H in the upper, intermediate, and lower domains,
respectively. The corresponding result for h is 3, 2.5 and 2 MPa, for the orientations of
H of 26, 20 and 10.
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Figure 5-8. General state of stress at Olkiluoto; magnitude of H. Blue symbols and
confidence intervals denote data located above HZ20, green data located between HZ20
and BFZ099, and red data located below BFZ099. The hydraulic fracturing results for
H are questionable but have been included for completeness.
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Figure 5-9. General state of stress at Olkiluoto; magnitude of h. Blue symbols and
confidence intervals denote data located above HZ20, green data located between HZ20
and BFZ099, and red data located below BFZ099.
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Figure 5-10. General state of stress at Olkiluoto; orientation of H. Blue symbols and
confidence intervals denote data located above HZ20, green data located between HZ20
and BFZ099, and red data located below BFZ099. The hydraulic fracturing results for
H are questionable but have been included for completeness.
Table 5-2. Interpreted stress field at Olkiluoto based on in situ stress data (99%
confidence interval).
Range
H [MPa]
Mean [MPa] 13.0+0.031z
Min [MPa]
2.0+0.030z
Max [MPa]
24.0+0.033z
Orient. [oN]
87 (8-165)
H [MPa]
Mean [MPa] 10.9+0.033z
Min [MPa]
0.1+0.032z
Max [MPa]
21.7+0.033z
Orient. [oN] 112 (53-171)
H [MPa]
Mean [MPa] 10.8+0.033z
Min [MPa]
3.0+0.030z
Max [MPa]
18.6+0.036z
Orient. [oN]
84 (53-115)
Key: z is the vertical depth.

Vertical depth
range
h [MPa]
8.5+0.024z
1.0+0.020z
16.0+0.028z
177 (98-255)
h [MPa]
5.3+0.027z
-1.7+0.027z
12.3+0.027z
202 (143-261)
h [MPa]
2.1+0.026z
-3.4+0.026z
7.6+0.026z
174 (143-205)

v [MPa]
0.0265z
0.0240z
0.0290z
v [MPa]
0.0265z
0.0240z
0.0290z
v [MPa]
0.0265z
0.0240z
0.0290z
-

0 to HZ20

HZ20 to BFZ099

BFZ099 – 900 m
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Proposed In Situ Stress Model 2 based on the LVDT results
The LVDT-results are preliminary because the biaxial tests to define the elastic
constants are unfinished. In the assumed CHILE (continuous, homogeneous, isotropic,
linearly elastic) conditions, the elastic constants affect primarily the stress magnitudes
and have a minor effect on the stress orientations. All results are interpreted assuming a
Young’s modulus of 55 GPa and a Poisson’s ratio of 0.25. The completed biaxial results
indicated less than 15% error for the assumed modulus.
The LVDT measurements results above and below HZ20 belong to different regimes
(Figure 5-11). Above HZ20 (-156 m to -265 m) the stress components are close to each
other and the stress field is not clear. Below HZ20 (-345 m to -408 m) the results are
quite well pronounced: the major in situ stress component is horizontal and the mean
trend is 144° (±25°). The intermediate stress component is also horizontal and the minor
is almost vertical. The mean magnitudes and standard deviations of the horizontal and
vertical components for the depth range from -345 m to -400 m are:
H = 28.8 MPa ± 4.7 MPa, h = 19.9 MPa ± 3.3 MPa and V = 13.3 MPa ± 4.0 MPa.
Because the measurements below BDZ20 are from a limited depth range, no gradients
can be calculated; instead, the following suggestion for the stress field at the repository
level is given:
H =33.5 MPa, trend 144° ±25°
h = 19.9 MPa ± 3.3 MPa, trend 54° ±25° and
V = 13.3 MPa ± 4.0 MPa.
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Figure 5-11. Preliminary results from LVDT cell stress measurements in the ONKALO.
Red numbers and red lines in stereoplots indicate the magnitude and orientation of the
major principal stress, respectively.
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5.2.2

Intact rock property model

Laboratory tests carried out using 38 mm to 62 mm core samples are considered the
most reliable source of data for estimating intact rock strength and deformability
properties. However, the resources available for obtaining a spatially comprehensive
coverage of data for the whole repository volume are limited; and, in order to overcome
this limitation, these data are interpreted, together with the geological and geophysical
data. In addition, strength index data, obtained using simpler and quicker test methods,
such as the point load test, the four point bending test and the Schmidt hammer test, are
also employed.
Geology

As described in the geology section (Section 4.6), the ONKALO and the repository area
consists of five rock types mainly: a) migmatitic gneisses VGN (43%) and DGN (21%),
b) homogeneous, banded and weakly- or non-migmatitic gneisses TGG (8%) and MGN
(7%) and c) pegmatitic granites PGR (20%). The combined volume of other rock types
(QGN, MFGN, SGN and KFP) is minor (<2%). Based on drillhole intersections at the
repository depth, from -350 m to -450 m, the portion of VGN is increased, so that the
respective percentages are: VGN 50%, DGN 14% TGG 5%, MGN 7% and PGR 22%.
Information from drillhole logs shows that the rock type varies frequently: 75% of
continuous sections of drillcore of a single rock type are shorter than 10 m, with the
mean uniform length being 4.4 m and the lower quartile 2.7 m (Figure 5-12).
Drillcores and some of the mechanical test samples have been classified based on the
foliation type and its intensity, i.e. using the Rock Mechanics Foliation (RMF)
classification (Milnes et al. 2006). RMF can have values between 0 and 3, representing
0 - none, 1 - low, 2 - intermediate or 3 - high rock mechanics significance. Based on
drillhole logs for each metre of core, the RMF varies frequently: 75% of continuous
sections are shorter than 4 m, the mean uniform length is 2 m and the lower quartile is 1
m (Figure 5-12).
A notable number of drillcores (17% of the drillcore length) show hydrothermal
alteration, which is suspected as having an impact on the mechanical properties of intact
rock. The amount of pervasive alteration is slightly lower (15%) and the median section
length of drillcore showing hydrothermal alteration varies between 5 m and 12 m,
depending on the alteration style and the alteration minerals.
Characteristics of rock strength, deformability and geology

Based on uniaxial compression tests, the uniaxial compressive strength (UCS) and the
crack initiation (CI) strength are seen to be rock-type dependent, although the
distributions are wide and overlap to a considerable extent (Figure 5-13 to Figure 5-15).
The median UCS of the main rock types lies between 95 MPa (DGN) and 111 MPa
(VGN), with the corresponding values for CI between 48 MPa (MGN) and 58 MPa
(PGR). The median values for CI/UCS ratio lie between 0.47 (MGN) and 0.56 (DGN).
The indirect tensile strength is also rock-type dependent and PGR has clearly a lower
strength than the gneisses, whereas TGG shows a slightly higher strength (Figure 5-16).
Mean indirect tensile strengths are 9.1 MPa for PGR and 14.4 MPa for TGG and 11.413.5 MPa for VGN, DGN and MGN. The direct tensile strength of VGN and MGN is
60% lower than the indirect tensile strength.
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Figure 5-12. Distribution of continuous uniform rock type sections (left) and continuous
rock mechanics foliation types (right).
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Figure 5-13. Distributions of uniaxial compressive strength (UCS) for the ONKALO
area main rock types.
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Figure 5-14. Distributions of crack initiation strength (CI) for the ONKALO area main
rock types.
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Figure 5-15. Distributions of the CI/UCS ratio for the ONKALO area main rock types.
The x-axis values have no units because they are a ratio.
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Figure 5-16. Distributions of indirect tensile strength for the ONKALO area main rock
types.
The median Young’s modulus for different rock types is 56 GPa (DGN) and 64 GPa
(TGG) (Figure 5-17). VGN, DGN and PGR have wider lower tails, caused by drillhole
ONK-PP68 samples; otherwise the distributions are narrower than those for strength
values. The median values for Poisson’s ratio lie between 0.22 (TGG) and 0.28 (MGN)
and the distribution is only weakly rock-type dependent (Fifure 5-18).
The Young’s modulus correlates moderately with UCS and CI (Figure 5-19), but this
correlation is not rock-type specific. The Poisson’s ratio and density correlate
moderately with UCS only for PGR (R2=0.46 and R2=0.40).
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Figure 5-17. Distributions of Young’s modulus for the ONKALO area main rock types.
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Figure 5-18. Distributions of Poisson’s ratio for the ONKALO area main rock types.
(Poisson’s ratio is dimensionless.)
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Figure 5-19. Correlation of uniaxial compressive strength (left) and crack initiation
(right) with Young’s modulus in uniaxial compression tests.
Core samples from the ONKALO shaft ONK-KU2 injection hole ONK-PP68, over the
depth range -90 m to -180 m, were used to calibrate different strength index tests.
Uniaxial compression tests (1 sample), point load test (5 samples), indirect tensile tests
(5 samples) and Schmidt-hammer test (10 hits), were carried out over a length of core of
about one metre and this set of tests was repeated approximately after every four metres.
The point load index, defined as suggested by the ISRM, and selected to be determined
on the same rock type, correlates poorly with uniaxial compressive strength (UCS)
(Figure 5-20). If only the closest point load sample, disregarding the rock type, is used
the correlation is still poor and the mean ratio (UCS/Is50) is 17.6 (Figure 5-20).
Similarly as with the Point load index, the correlation of indirect tensile strength is poor.
The Schmidt hammer index shows a moderate correlation with UCS (Figure 5-21).
Possible reasons for the general weak correlation between strength index values and
UCS could be: a) that ONK-PP68 has a mean UCS that is over 25% lower than in
previous tested drillholes OL-KR1 to OLK-R24, although the indirect tensile strengths
are about equal, b) that there are no homogeneous gneisses in ONK-PP68 (and thus with
the point load and UCS samples being from different rock environment), c) and that the
rock type and foliation intensity change rapidly (Figure 5-22).
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Figure 5-20. Correlation of peak strength (UCS) and point load index (Is50) in
drillhole ONK-PP68: a) for samples having the same rock type and Is50 calculated as
suggested by ISRM (filled symbols) and b) for closest point load sample regardless of
the rock type (symbol x).
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Figure 5-21. Correlation of uniaxial compressive strength (UCS) and Schmidt hammer
index in drillhole ONK-PP68.
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Figure 5-22. Distribution of geologically homogeneous test sections in drillhole ONKPP68. RMF=Rock Mechanics Foliation number described in Milnes et al. (2006).
The largest number of drill core strength and deformability data come from systematic
drill core point load and four point bending tests. This set includes 348 point load tests
from the depth interval of -350 m to -450 m. Although the correlation between point
load strength Is50 and UCS could be better, it is helpful in indicating the possible range
of the UCS and is widely used in rock mechanics. Here, the Is50 is converted to UCS
using a ratio of 17.45. Using this value the distributions and mean values for all rock
types fit well (Figure 5-23).
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Figure 5-23. Distribution of uniaxial compressive strength (UCS_lab) and point load
index converted to uniaxial strength using a factor of 17.45 (UCS_Is50).
Based on point load strength values, only QGN shows a clearly higher strength than that
of the other rock types (Figure 5-24). The mean UCS, based on Is50 values, lies
between 99 MPa (PGR) and 116 (MGN), but for QGN it is 154 MPa and for KFP 132
MPa. The width of the distribution of strengths is very similar to that of the laboratory
test samples (Figure 5-13). Point load strength does not correlate with foliation type and
intensity, i. e. assumed rock mechanics foliation number (RMF) (Figure 5-25).
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Figure 5-24. Distribution of compressive strength UCS_Is50 for the ONKALO rock
types. Is50 is converted to uniaxial compressive strength using a factor of 17.45.
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Figure 5-25. Distribution of compressive strength UCS_Is50 for the ONKALO foliation
types and intensities. Is50 is converted to uniaxial compressive strength using a factor
of 17.45.
Unlike the Young’s modulus based on uniaxial compression tests, the Young’s modulus
obtained from four point bending tests does not correlate with bending strength or with
point load strength (R2=0.05-0.06). The bending test Young’s modulus is about 17%
lower for PGR and the distributions for all rock types are extremely wide and overlap
extensively. As a consequence, the bending test results were not used further.
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In general, pervasive hydrothermal alteration reduces the point load strength, but by no
more than 5%, although migmatitic gneisses VGN and DGN seem to suffer slightly
more than PGR in this regard (Figure 5-26). There also seem to be no significant
differences in strength between different types of pervasive alteration, which is in
agreement with the conclusion of Ojala & Stenebråten (2008) who tested altered rocks
from drillhole OL-KR19.
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Figure 5-26. Distribution of compressive strength UCS_Is50 for the ONKALO area
fresh and pervasively altered rocks. Is50 is converted to uniaxial compressive strength
using a factor of 17.45.
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Drillhole wall sonic data and the interpreted sonic elastic parameters have poor
correlations with uniaxial compression test sample data (Öhman et al. 2009): the P wave
velocity has the best correlation with Young’s modulus (R2=0.27), but although the
UCS has a moderate correlation with Young’s modulus in compression tests, the
drillhole wall P wave velocity has a poor correlation with UCS (R2=0.03) (Figure 5-27).
If the P wave velocity is matched hole by hole with the UCS, allowing a 6 m location
correction, since the sonic depth location data is not accurate and could have an error of
several metres, the best achieved combined correlation is still only moderate (R2=0.4).
This method is not generally applicable, since it requires a considerable number of UCS
tests from each drillhole. Gamma-gamma density measurements have a moderate
correlation with compressive test sample density values (R2=0.62) and they also have a
poor correlation with UCS, but no correlation with the CI strength (Figure 5-28).
Neither gamma-gamma or sonic measurements have correlations with the point load
strength Is50.
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Figure 5-28. Correlation of compression strengths UCS and CI with gamma-gamma
density.
The spatial distribution of the results of the point load tests UCS_Is50 and UCS is not
determined by rock type, alteration or by ductile domains (see Sections 4.6 – 4.8),
instead the NE sector from the ONKALO centre has a slightly lower strength than that
of the SW sector (Figure 5-29). At the repository depth this difference is not so obvious
and lower strength can be observed only in few drillholes north of the ONKALO (
Figure 5-30).

Figure 5-29. Spatial distribution of all compressive strengths (UCS_Is50 and UCS). Red dots have >26% lower strength than the median,
green dots are medium strength values and blue dots have >26% higher strength than the median.
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Figure 5-30. Spatial distribution of compressive strengths (UCS_Is50 and UCS) at -350 m to -450 m levels. Red dots have >26% lower
strength than the median, green dots are medium strength values and blue dots have >26% higher strength than the median.
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The long-term properties of crystalline rocks have been examined in a literature survey
and a summary of each of the 38 published reports included in this survey is presented
in Hagros et al. (2008). Although the time-dependent strength of crystalline rocks is not
fully understood, the indications from the literature are that the strength properties
reported here will not significantly degrade over time.
Based on the above analyses, it can be concluded that the rock mass in the ONKALO
volume is heterogeneous - both rock types and the degree of foliation change frequently
over short distances. This results in highly variable properties and poor correlations
between different test results, leading to a poor spatial predictability of intact rock
parameters. In spite of this high variation, however, the distributions of intact rock
parameter values are quite well known.
Few notable conclusions can be drawn from these analyses: a) the strength of the rock
may vary spatially, but the reason for this variability has not been identified, b) the
variation in the median values of UCS and CI is about 20%, c) VGN has a slightly
lower compressive strength than other rock types, d) PGR has an approximately 25%
lower tensile strength than gneisses, e) the direct tensile strength is clearly lower than
the indirect tensile strength and f) although QGN is stronger than other rock types, this
is of minor significance as the volume of this rock type is small (<1%). The
recommended intact rock properties to be used in rock mechanics analyses are given
only for gneissic rocks and granitic pegmatite.
Resulting mechanics properties

The term ‘intact rock’ refers to visually unfractured rock. The mechanical properties of
intact rock can, in general, be characterised by the complete stress-strain curve (Figure
5-31 and Figure 5-32), which is established by using standard test methods and
procedures, as suggested by the ISRM (Fairhurst & Hudson 1999). The stress-strain
curve is used to select the appropriate conceptual model for intact rock and to define the
associated parameter values. Normally, a statistical approach to parameter values is
used for each geological unit and the rock samples are tested in controlled conditions. In
reality, rock behaviour under loading depends on loading conditions, sample size,
degree of saturation, loading rate, past loading history, etc. Therefore, the tunnel-scale
strength of intact rock, i.e. the spalling strength, is considerably lower than the intact
rock strength established via small laboratory samples.
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Figure 5-31. Characteristic stress-strain behaviour of Olkiluoto veined gneiss,
specimen from drillhole OL-KR10 at 400.01 m.
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Figure 5-32. Envelopes of the general stress-strain response of Olkiluoto migmatitic
gneisses in uniaxial and triaxial compression with two examples from drillhole OLKR10.
Based on the fact that the Olkiluoto rock types are very heterogeneous and that the type
and degree of foliation change rapidly (Figure 5-12 and Figure 5-22), all gneisses can be
considered in this context as one rock domain (type) with only the pegmatitic granite
being considered a separate type – observed as several metre thick layers with their own
parameter values (Table 5-3). For metamorphic rocks, the variation of all of the key
strength stress states is high, with a 95% confidence peak uniaxial strength between 58
MPa and 161 MPa and with 50% confidence limits of 92 MPa and 121 MPa. A study of
clearly-foliated VGN and TGG samples from two different drillholes showed that the
uniaxial compressive strength, crack damage and tensile strength may vary depending
on the loading orientation (Hakala et al. 2005). This same study indicated a mean
anisotropy factor of 1.4 for the Young’s modulus.
Metamorphic rocks are brittle and lose their bearing capacity rapidly with Class II type
post-peak behaviour (after the peak, the complete stress-strain curve does not
monotonically increase in strain – indicating strongly brittle failure behaviour).
Visually, fractures are formed immediately after the peak strength, associated with a
30% to 60% reduction in strength. With less than 5 MPa confinement, the metamorphic
rock types have a minor residual strength after 0.3% axial strain. A confinement of 15
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MPa stabilizes the post-failure behaviour somewhat, but the strength is still lost after a
small amount of deformation.
Table 5-3. Deformation and strength parameters for Olkiluoto gneisses (GN) rock types
and pegmatitic granite (PGR).
Parameter
Young’s modulus, E (GPa)

Poisson’s ratio,  (mm/mm)

Unconfined peak strength, P
(MPa)

Crack damage stress, CD (MPa)

Crack initiation stress, CI (MPa)

Indirect
(MPa)

Direct
(MPa)

tensile

tensile

strength,

strength,

T,I

T,D

Mode I fracture toughness, K*IC
Chevron Bend, (MPa1/2)

Mode I fracture toughness, K*IC
1/2
Brazilian Disk, (MPa )

Mode Il fracture toughness, K*IiC
Punch-Through
with
Conf.,
(MPa1/2)

Rock type

Mean value

Standard
deviation

95% conf.
limits

Number of
samples

GN

60

10

31 / 81

109

PGR

60

8

47 / 73

13

GN

0.25

0.04

0.15 / 0.33

109

PGR

0.29

0.06

0.14 / 0.34

13

GN

108

26

58 / 161

94

PGR

102

27

56 / 146

13

GN

99

26

51 / 153

84

PGR

85

17

56 / 113

13

GN

52

12

34 / 83

85

PGR

57

12

35 / 77

12

GN

12.1

2.9

6.6 / 17.4

98

PGR

8.9

2.1

4.6 / 12.0

51

GN

7.6

1.5

5.9 / 10.3

18

PGR

-

-

GN

2.29

0.57

1.43 / 3.01

9

PGR

1.58

0.2

1.39 / 1.77

3

GN

1.58

0.51

0.96 / 2.39

9

PGR

1.12

0.1

1.02 / 1.21

3

GN

3.47

0.39

2.87 / 4.04

9

PGR

3.30

0.47

2.89 / 3.77

3

0

The changes in deformation and strength parameters above the crack damage stress and
in the post-failure phase are defined by cyclic, damage-controlled testing, and are
presented as a function of damage. The damage is defined as the permanent volumetric
inelastic strain accumulated in the sample with each loading cycle. During the first 0.1%
of damage strain, the apparent Young’s modulus decreases by approximately 10
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GPa/0.1% strain and, after that, by approximately 3 GPa/0.1% strain (Figure 5-34). The
apparent Poisson’s ratio increases approximately 0.1/0.1% strain and exceeds the
theoretical maximum of 0.5 for an isotropic elastic rock at the point of formation of the
visual fracture (note that the Poisson’s ratio can be greater than 0.5 for an anisotropic
rock).
In all the uniaxial cases with the cyclic loading, the crack damage stress equals the crack
initiation stress up to 0.2% damage (Figure 5-34) and, in the majority of the 3 MPa
confined tests, the corresponding damage level was 0.3%. At the point when the crack
damage stress is coincident with the crack initiation stress, the 95% confidence limits
for axial stress are 20 MPa and 55 MPa. After this point, the post-failure behaviour is
defined by the geometry of the visual fracture, compared with the specimen geometry
and the amount of confinement. The effect of a confinement pressure of less than 3 MPa
is minor and the effect of damage on crack initiation and crack damage was obvious
during the first 0.2% to 0.3% of damage.
The few tests on pegmatitic granite indicate that their general stress-strain behaviour is
similar to that of the metamorphic rocks.
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Figure 5-33. Development of apparent deformation parameters in uniaxial damage
controlled tests after the first detection of crack damage stress (modified from Hakala &
Heikkilä 1997).
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Figure 5-34. Development of critical stress states in uniaxial damage controlled tests
after the first detection of crack damage stress (Hakala & Heikkilä 1997).
5.2.3

Properties of fractures

Geometrical properties of fractures

A description of the geometrical properties of the fractures is included here because
these govern the potential for block fall-out from the tunnel roofs. The fracture mapping
(of the natural fractures, which does not include the blast-induced fractures) in the
ONKALO access tunnel is carried out in two stages: first round mapping and then
systematic mapping, with the mapping procedure being described in detail in Engström
& Kemppainen (2008). The data from both mapping stages are used here to study the
geometrical properties of fractures. The mapping data from the ONKALO access tunnel
is available from chainage 0 to 4390 m, corresponding to an approximate depth range
from +3 m to -420 m.
Fracture mapping data from the ONKALO area drillholes and tunnel pilot holes are also
available, but these data do not include fracture length and waviness values. Core
logging data also have greater uncertainties than those derived from tunnel mapping
and, for these reasons, are not used to evaluate the geometrical properties of the
fractures.
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Prominent fracture sets from tunnel mapping data

The tunnel chainage with available data is divided into four sections in order to track
possible variation of fracture properties and orientations as a function of depth. The
locations of these sections, as well as their approximate depth coverage, are presented in
Figure 5-35. The tunnel section division is done in a manner that preserves
compatibility with the previous report by Kuula (2010). The prominent fracture sets for
the first 2400 m tunnel chainage were interpreted and the related data analysed by Kuula
(2010), covering the ONKALO tunnel sections 1 and 2 (Figure 5-35). The results
concerning the prominent fracture sets from that report are briefly summarized below.
The chainage range 2400-4390 m is analyzed in Mönkkönen at al. 2011 (Sections 3 and
4, Figure 5-35). The prominent fracture sets used for this chainage range are from
Nordbäck (2010) and the distribution of interpreted prominent fracture sets is presented
in a similar manner to that of Kuula (2010). Note that the length of Section 4 is only 790
m due to data availability.

Figure 5-35. The four mapped and analyzed ONKALO tunnel sections.
Prominent fracture sets in chainage 0-2400 m

Four prominent fracture sets have been interpreted for the first 2400 m chainage (i.e. the
first two tunnel sections) from the systematic mapping data (Engström & Kemppainen
2008) and these are presented in Table 5-4 (Posiva 2009).
Table 5-4. Prominent fracture sets for the ONKALO chainage 0-2400 m (Posiva 2009).
Prominent
fracture set
Set 1
Set 2
Set 3
Set 4

Mean
dip
08°
89°
85°
32°

Mean dip
direction
065°
081°
359°
135°
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The dominant fracture set (Set 1) is almost horizontal, dipping to the NE. The second
fracture set is nearly vertical, striking N-S. The third fracture set is also sub-vertical and
perpendicular to the second set. The fourth set is parallel with the foliation, dipping
around 32º to the SE. (A stereogram of these data is included in SR2008.)
In the round tunnel mapping stage, analysis of the prominent fracture sets is normally
carried out for each 5 m long tunnel section. If the number of accepted fractures is too
low to allow an interpretation of the prominent fracture sets, the neighbouring five
metre sections are incorporated. Note that this method is used only to determine fracture
sets; other fracture parameters are not affected.
Prominent fracture sets in chainage 2400-4390m

The prominent fracture sets used for the 2400-4390 m chainage are from Nordbäck
(2010). These sets, now denoted A-C, were originally interpreted from chainage range
1980-3116 m (Table 5-5). These sets correspond quite well with the sets observed over
the chainage range 2400-4390 m and also correspond well with the global fracture sets
discussed in Section 4.10.4 (on the DFN model) (Figure 5-36).

Figure 5-36. The interpreted prominent fracture sets from Nordbäck (2010) and
contours of all the fractures from chainage 2400-4390 m.
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Figure 5-37. The interpreted fracture sets from the round mapping and the set windows
from Nordbäck (2010). Data from the chainage 2400-4390 m.
Table 5-5. Prominent fracture sets for the ONKALO chainage 2400-4390 m.
Prominent
fracture set
Set A
Set B
Set C

Mean
dip
90°
05°
89°

Mean dip
direction
084°
043°
338°

The distribution of the prominent fracture sets along the ONKALO tunnel is studied by
comparing the fracture sets defined in the round logging phases with the prominent
fracture set windows (Figure 5-37). Every 5 m section of the access tunnel is analyzed
and, if a logged fracture set in a tunnel section lies within one of the three set windows
(Set A, B or C), a 5 m long section is considered as containing that set. If a logged
fracture set does not belong to any of the three sets, it is classified as belonging to the
group “others”. If a tunnel section does not contain any of the previously mentioned
groups, it means that the section does not contain mapped fracture sets. To summarise, a
5 m long tunnel section can therefore contain from none to up to four different group
assignments.
From chainage 2400 m to 3240 m the mean poles of the fracture sets from the round
mapping phase fall quite well into defined prominent fracture sets. After about 3200 m,
there seems to be an increase in the number of fracture sets not belonging to any of the
three sets, A, B or C. This might be due to fact that the prominent fracture sets from
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Nordbäck (2010) were interpreted from the data from chainage range 1980-3116 m and
the data after 3116 m have not had an effect on the interpreted set windows.
The vertical set A is the set most frequently observed in the chainage ranges 2480-2760
m and 3780-4050 m. It is also noted that this fracture set becomes more common with
increasing chainage values.
The sub-horizontal fracture set B is not commonly observed before chainage 3000 m,
but is regularly observed from there on. One notable area of occurrence is between
chainages 3120 m and 3320 m, where gently-dipping brittle fracture zones OL-BFZ20a
and OL-BFZ20b intersect the tunnel. This is clearly seen in Figure 5-38 and Figure 5-39
and this fracturing is also noted in the DFN model as omitted fracture set DZ-SH (see
Section 4.10). From this it can be expected that the brittle fracture zones might also
have an influence on the dip and dip direction of fracturing in other parts of the tunnel.
This influence can, however, be very difficult to notice and is also in most cases
insignificant.
The third fracture set, set C, is not very common. It is mostly observed in the chainage
range 2460-2700 m, and after that only occasionally.

Figure 5-38. Main fracture sets for the ONKALO chainage 2400-3300 m.
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Figure 5-39. Main fracture sets for the ONKALO chainage 3300-3900 m.

Figure 5-40. Main fracture sets for the ONKALO chainage 3900-4390 m.
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Number of fracture sets, Jn value

The Jn value in the Q system is based on the number of fracture sets, where a set is
defined as sub-parallel fractures occurring systematically with a characteristic spacing
(mean value); ‘random’ fractures are fractures that do not occur in this systematic
manner. As is evident from Figure 5-38 to Figure 5-40, the number of fracture sets (as
illustrated via the Jn value) varies with tunnel chainage. In terms of block fallout, the
minimum number of faces that a block can have is four (a tetrahedral block); the tunnel
periphery can form one face, so that a minimum of three fracture sets is then required
for a rock block to be formed, indicated by the red lines in Figure 5-41 to Figure 5-44.
Over the first 300 m, the Jn median value is 6 (representing two joint sets plus a random
set), which means that systematic or occasional rock blocks can be formed. From
chainage 300 m to about 1200 m, the Jn median value is 3 and, after chainage 1200 m,
the Jn median drops to 1, although there are isolated instances of Jn=6 beyond 1060 m
at 2475 m and around 3300 m. In either case, rock blocks cannot be formed, although it
is potentially possible for adversely orientated and weakly bonded foliation to act as one
or two additional block faces.
Table 5-6 shows statistical parameters of Jn value for the different tunnel sections. Note
that the analysis has been carried out using all the data, i.e. brittle fracturing zone
intersections have not been filtered out.
Table 5-6. Basic statistics of the Jn value in different ONKALO tunnel sections.
Section
1
Parameter (0-1200m)
n
236
mean
4.47
median
4
max
9
min
1
25-%
3
75-%
6

2
(12002400m)
244
1.35
1
4
0.5
0.5
2

3
(24003600m)
252
1.92
2
6
0.5
0.5
3

4
(3600-4390m)
150
2.23
2
4
0.5
1
3

All
882
2.50
2
9
0.5
1
3
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Figure 5-41. Histogram of logged Jn values in the ONKALO tunnel chainage 0-1200 m.
Block fall-out due to fractures can only occur when three or more fracture sets are
present, i.e. at or above the red line in the histogram (Posiva 2009).

Figure 5-42. Histogram of logged Jn values in the ONKALO tunnel chainage 12002400 m. Block fall-out due to fractures can only occur when three or more fracture sets
are present, i.e. at or above the red line in the histogram (Posiva 2009).
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Figure 5-43. Histogram of logged Jn values in the ONKALO tunnel chainage 24003600 m. Block fall-out due to fractures can only occur when three or more fracture sets
are present, i.e. at or above the red line in the histogram.

Figure 5-44. Histogram of logged Jn values in the ONKALO tunnel chainage 36004390 m. Block fall-out due to fractures can only occur when three or more fracture sets
are present, i.e. at or above the red line in the histogram.
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Fracture intensity, RQD value

The Rock Quality Designation index (RQD) was developed by Deere (Deere et al.
1967) to provide a quantitative estimate of rock mass quality from drill core logs. RQD
is defined as the percentage of intact core pieces longer than 100 mm in the total length
of core. When no core is available, but discontinuity traces are visible in surface
exposures or exploration adits, the RQD may be estimated from the number of
discontinuities per unit volume (Palmström 1982). The suggested relationship for clayfree rock masses is:
RQD = 115 - 3.3 Jv

(5-1)

where Jv is the sum of the number of joints per unit length for all joint (discontinuity)
sets, known as the volumetric joint count.
The first quotient (RQD/Jn) of the rock tunnelling quality index (Q = RQD/Jn · Jr/Ja ·
Jw/SRF) represents the structure of the rock mass. It is a crude measure of the block or
particle size, with the two extreme values (100/0.5 and 10/20) differing by a factor of
400. Note here that a nominal lowest value of RQD of 10% is conventionally assumed
for the RQD/Jn evaluation. If the quotient is interpreted in units of centimetres, the
extreme 'particle sizes' of 200 to 0.5 cm are seen to be crude, but fairly realistic,
approximations. Probably the largest blocks will be several times this size and the
smallest fragments less than half the size (Hoek 2007).
The RQD values of the ONKALO tunnel have been estimated using 1 m long scanlines
for each 5 m long tunnel section. For this report, RQD data are available up to chainage
4390 m. The mean RQD value in the ONKALO tunnel from chainage 0 to 4390 m is
97%. From chainage 1200 m, the fracture intensity starts to decrease and the mean RQD
value in the chainage range 1200-4390 m is 98.4% compared to the mean value in the
chainage range 0-1200 m of 94% (Figure 5-45).
The minimum RQD value experienced is 10% at chainage 2327 m. The width of this
zone is 0.2 m. This zone intersection (ONK-BFI-232700-232810) is compiled of core
with a TCF (Tunnel Crosscutting Fracture) fracture and small damage zones on both
sides of the core. A horizontal fracture set crosscuts through the zone intersection and
the intersection is crosscutting another zone intersection (ONK-BFI-232400-232550) in
the roof.
At chainage 2481 m, the RQD value is 30% and the width of the associated zone is 0.3
m. This is the location where brittle deformation zone OL-BFZ100 intersects the
ONKALO tunnel. The same zone also intersects the tunnel at chainage 900-910 m,
where the RQD value is about 70%.
A significant width of high fracture intensity can be found from chainage 285 m to 295
m where the RQD value is 50%. Chainage 292.00–295.00 contains a BFI (Brittle Fault
zone Intersection), which comprises several moderately-dipping filled fractures.
Another low value section, 55% < RQD < 65%, exists from chainage 260 m to 274 m,
where the BFI ONK-BFI-24250-28700 is composed of a single sub-horizontal fracture.
This fracture has a trace length of approximately 50 m and was visible on both walls.
The clay-filled fracture is surrounded by a 40 cm wide zone of soft and weathered rock
in the latter part of the intersection (chainage 280-285 m). The BFI ONK-BFI-4883048900, chainage 495-510 m, is composed of a single slickenside fracture with a visible
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trace length of ca. 70 m, reaching the tunnel roof at chainage 513 m. In places, this
fracture branches into several fractures with the same directions as the main fracture.
The significant drop in the RQD value around chainage 3300 m is caused by the
intersection of OL-BFZ020a and OL-BFZ020b.
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Figure 5-45. Logged RQD values for the ONKALO chainage range 0-4000 m (note that
the RQD value is expressed as a percentage ranging from 0 to 100)
The drillhole RQD data were recorded for 1 m long sections. The median values for the
depth ranges 0 to -120 m and -120 to -250 m were calculated for the deep drillholes
(drillholes which extend at least to the level z = -250 m). The mean RQD values of
these median values are 96.6% between 0…-120 m and 99% between -120…250 m
(Figure 5-48).
The need to calculate the RQD median value separately for two depth ranges is clearly
illustrated in Figure 5-46, which is an example of the variation of RQD value in a
drillhole. It can be seen how the rock quality changes with increasing depth, making it
necessary to separate the more fractured surface region from the rest of the drillhole
data in order to obtain a more realistic estimation of the RQD value.
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Figure 5-46. Variation of RQD-value over depth in drillhole OL-KR22. Note that the
maximum value of RQD is 100%.
Drillholes in Figure 5-48 are associated with into two spatial domains containing the
drillholes with median RQD values below 97%. These domains are identified in Figure
5-47. A single outlier, OL-KR40, is plotted immediately adjacent to drillholes assigned
to domains A and B.
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Figure 5-47. Locations of drillholes included in the RQD value study. The drillholes
with median RQD values lower than 97% are marked in red.
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Figure 5-48. Mean median values of the RQD (% values) recorded over one metre
sections for different drillholes. Note that the maximum possible value for RQD is
100%.
Fracture length and end type

During the ONKALO tunnel fracture mapping, it is only possible to measure the
tracelengths of fractures that terminate in the visible rock mass. In other words,
fractures that can be observed in the tunnel, but have terminations beyond the tunnel
perimeter, have unknown tracelengths, because the observations are curtailed. However,
it is possible to make a correction for this fracture truncation/curtailment if a specific
probability density distribution is assumed for the fracture semi-tracelengths (the
distance from the intersection point on the scanline to the end of the discontinuity trace)
and the number of such unmeasurable tracelengths is known (Priest 1993, pp 165-174).
However, this correction was not used for the ONKALO rock block stability analyses
because of the cylindrical tunnel rock surface and because the potential for block failure
is estimated assuming the worst case of long fractures.
For all fractures, both their length and end-type are mapped - a fracture can end in intact
rock (R), at another fracture (J), or continue beyond the tunnel (C). The distributions of
fracture end data are quite similar for all the tunnel sections. Most of the short fractures
end in the rock and the long fractures continue beyond the tunnel (Figure 5-49). The
distribution seems to become more uniform with increasing depth. It was found that the
end-type has no correlation with the fracture set.
Fracture sizes in the DFN model are discussed in Section 4.10.7.
In the first 2400 m chainage, the mean fracture length varies from 0.5 m to 1.5 m,
depending on the prominent fracture set. The length of the moderately-dipping fractures
(Set 4) seems to be greater than the length of the vertical or random (i.e. not in a specific
set) fractures, but this is partly caused by the orientation of the tunnel, which biases the
data (Figure 5-50).
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For the second half of the tunnel, 2400-4390 m chainage, the mean fracture length
varies from 0.8 m to 1.2 m, depending on the prominent fracture set. In these deeper
sections of the tunnel, the fracture length distribution of the moderately-dipping set B is
more similar to the other sets (Figure 5-51).
Mechanical properties of fractures

The second quotient (Jr/Ja) of the rock tunnelling quality index (Q = RQD/Jn · Jr/Ja ·
Jw/SRF) represents the roughness and frictional characteristics of the joint walls or
filling materials. This quotient is weighted in favour of rough, unaltered joints in direct
contact. It is to be expected that such surfaces may be close to the peak strength, will
dilate strongly when sheared, and are therefore especially favourable for tunnel stability.
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Figure 5-49. Trace length and end-type for all mapped fractures in the ONKALO
tunnel. For the x-axis, the fracture can end in intact rock (R), at another fracture (J), or
continue beyond the tunnel (C), with the two letters, e.g. RR indicating both ends of the
fracture. The contours indicate the predominance of short fractures, ending either in the
rock or at another fracture, for all chainage sections.(In this and subsequent contoured
Figures of this type, the plots have been contoured to visually indicate the overall
variation, even though the x-axis values may strictly speaking not be continuous.)
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Figure 5-50. Cumulative distribution of trace lengths for different fracture sets for all
mapped fractures in the ONKALO tunnel, 0-2400 m chainage, indicating the relatively
short fracture lengths. In the legend, the dip/dip direction are indicated.
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Figure 5-51. Cumulative distribution of trace lengths for different fracture sets for all
mapped fractures in the ONKALO tunnel, 2400-4390 m chainage. In the legend, the
dip/dip direction are indicated.
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Fracture surface parameters, Jr and Ja values

The fracture roughness number, Jr, can have values between 0.5 and 4: the lowest
values are for planar, slickensided fractures and the highest for discontinuous or rough
and undulating fractures.
The mapped fractures in the ONKALO tunnel become smoother and more planar with
depth and the mean Jr value drops from 3 to 1.5 (Figure 5-52). It is also noted that the
number of long slickensided fractures is decreasing with the depth and the mean number
of slickensided fractures for all depths is less than 10%, Figure 5-52.
The Jr value is also calculated from the drillhole data, which are edited to 1 m long
composites. The median values from the depth ranges 0…-120 m and -120…-250 m
were calculated for deep drillholes (drillholes which extend at least to level z = -250 m).
The median value of Jr is commonly 3 and no correlation with depth can be observed.
The fracture alteration number, Ja, can have values between 0.5 and 20. The lowest
values are for tightly-healed and unaltered fractures, where the rock walls are in contact,
and the highest for thick mineral-filled fractures.
The Ja value correlates with fracture length: the shortest fractures are more often
unaltered or slightly altered (Ja is 1 or 2); whereas, the medium length and long
fractures more often have softening or low friction clay mineral coatings (Ja = 4) or thin
or thick mineral filling and can shear without rock wall contact (Ja ≥ 5).
For chainages 0 – 1200 m, the mean Ja value is about 4. For very short fractures (length
1 m or less), the mean Ja value is 1. In the deeper sections of the tunnel (chainages
1200-4390 m), fractures are less altered. The mean Ja value for fractures with lengths
varying between 0 - 5 m is 1. For longer fractures (20 m), the Ja value varies mainly
between 2 to 3 (Figure 5-53).
Compared with other fracture sets in the 0-2400 m chainage, set 4 has more altered
fracture surfaces. The Ja value is also studied from drillhole data which were edited to 1
m long composites and the median values for the depth ranges 0…-120 m and -120…250 m were calculated for the deep drillholes (drillholes which extend at least to z = 250 m). The median value of Ja is commonly 3 and no correlation with depth can be
observed.
Fracture friction angle

Friction angles of the fracture surfaces can be estimated from the Jr and Ja numbers,
using the relationship φ+i = atan(Jr/Ja) (Figure 5-54). In the first section, chainage 0 to
1200 m, the friction angle is mainly between 30° - 40°, and the distribution is quite
uniform. In the second section of the tunnel (chainage 1200 to 2400 m), the friction
angle increases for almost all fracture lengths, being mainly between 40-60°. As the
depth increases from 2400 to 4390 m, the friction angle value tends to 50-60° for short
fractures (<5 m) and 20-30° for longer fractures.
In the Q logging, the fracture friction angle is determined using equation φ+i = atan
(Jr/Ja). The i in this equation consists of a geometrical component and an asperity
failure component. The value thus determined is the effective friction angle and is not
directly comparable with the fracture friction angle φ determined in the laboratory.
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Figure 5-52. Distribution of joint fracture roughness number Jr over different fracture
lengths for all mapped fractures in the ONKALO tunnel chainage 0-4390 m. For the
lower three tunnels lengths, these plots indicate concentrations of Jr values around a
value of 1.5 for both the shorter and longer fractures.

293

Fracture length

Fracture length

≥ 20 m, n=47

≥ 20 m, n=30

< 20 m, n=755

< 20 m, n=276

< 5 m, n=337

< 5 m, n=116

< 4 m, n=733

< 4 m, n=258

< 3 m, n=1319

< 3 m, n=611

< 2 m, n=4000

< 2 m, n=1827

< 1 m, n=4395

< 1 m, n=2884

Percentile
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%

< 0,5 m, n=4558

< 0.5 m, n=4285
0.75

1

2

3

4

0.75

≥5

1

2

3

4

≥5

Ja value (chainage 1200-2400)

Ja value (chainage 0-1200)

Fracture length

Fracture length
≥ 20 m, n=36

≥ 20 m, n=27

< 20 m, n=406

< 20 m, n=290

< 5 m, n=178

< 5 m, n=134

< 4 m, n=327

< 4 m, n=237

< 3 m, n=804

< 3 m, n=555

< 2 m, n=2272

< 2 m, n=1686

< 1 m, n=2208

< 1 m, n=1721

Percentile
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%

< 0.5 m, n=471

< 0.5 m, n=2051
0.5

1

1.5

2

3

Ja value (chainage 2400-3600)

4

0.5

1

1.5

2

3

4

Ja value (chainage 3600-4390)

Figure 5-53. Distribution of joint alternation number Ja values over different fracture
lengths for all mapped fractures in the ONKALO tunnel, chainage 0 –4390 m. These
plots indicate that the most altered fractures in the first tunnel section are associated
with the longer fractures; whereas for the three remaining tunnel sections the most
altered fractures tend to be the shorter ones.

294

Fracture length

Fracture length
≥ 20 m, n=47

≥ 20 m, n=30

< 20 m, n=755

< 20 m, n=276

< 5 m, n=337

< 5 m, n=116

< 4 m, n=733

< 4 m, n=258

< 3 m, n=1319

< 3 m, n=611

< 2 m, n=4000

< 2 m, n=1827

< 1 m, n=4395

< 1 m, n=2884

Percentile
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%

0 - 10°

10 - 20°

20 - 30°

30 - 40°

40 - 50°

50 - 60°

< 0.5 m, n=4285
≥ 60°

0 - 10°

10 - 20°

20 - 30°

30 - 40°

40 - 50°

50 - 60°

Friction angle (chainage 1200-2400)

Friction angle (chainage 0-1200)

Fracture length

Fracture length

Percentile
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%

0-10°

10-20°

20-30°

30-40°

40-50°

50-60°

Friction angle (chainage 2400-3600)

< 0.5 m, n=4558
≥ 60°

≥ 20 m, n=36

≥ 20 m, n=27

< 20 m, n=405

< 20 m, n=290

< 5 m, n=178

< 5 m, n=134

< 4 m, n=327

< 4 m, n=237

< 3 m, n=804

< 3 m, n=555

< 2 m, n=2272

< 2 m, n=1686

< 1 m, n=2208

< 1 m, n=1721

< 0.5 m, n=2051
>60°

0-10°

10-20°

20-30°

30-40°

40-50°

50-60°

< 0.5 m, n=471
>60°

Friction angle (chainage 3600-4390)

Figure 5-54. Friction angle and fracture length for all mapped fractures in the
ONKALO tunnel, chainage 0-4390 m.
Fracture undulation

Fracture undulation is defined by the amplitude relative to a 1 m long straight inspection
line. For chainage 0–1200 m, the undulation is mainly 20-50 mm, with the value not
changing in deeper parts of the tunnel (Figure 5-55). The shortest fractures are the most
planar. The main change from chainage 0-1200 m to chainage 1200-2400 m concerns
the fractures with lengths in excess of 20 m, where the mean undulation increases from
0 mm to 20–50 mm. In chainage 2400-4390 m the undulation varies almost linearly
from 0 mm (fractures < 1 m) to 20-25 mm (fractures > 20 m).
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Figure 5-55. Fracture undulation and fracture length for all mapped fractures in the
ONKALO tunnel, chainage 0-4390 m.
Fracture wall compressive strength

No new data have become available since Site Report 2008. The fracture strengths have
been systematically mapped for chainage range 1280-2935 m using the Schmidt
hammer and the results from the study by Kuula (2010) show that the measured values
are close to the intact rock strength for coated fracture surfaces and about 65% of the
intact rock strength for filled fractures.
No new laboratory fracture tests have taken place since Site Report 2008 - the reason
being that the small scale of the laboratory samples renders them less realistic for
estimating the large-scale mechanical properties of fractures. For example, the shear
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strength of the large-scale fractures is likely to be overestimated when based on the
results from small laboratory samples (Glamheden et al. 2007). Emphasis has instead
been placed on estimating the fracture properties from the tunnel mapping data.
Summary of mechanical properties

A summary of the mechanical fracture properties is presented in Table 5-7. The results
are based on the Q-loggings and some laboratory tests.
Table 5-7. Summary of mechanical properties of fractures for chainage 2400 to 4390
(Mönkkönen et al. 2011a). Note that the data for chainage 0 to 2400 are included in
SR2008 (Kuula 2010).
Joint properties from lab. testing

All sets

Basic friction angle [º] (1
JCS0 (laboratory scale) [MPa] (2
JRC0 (laboratory scale)
L0 (laboratory scale) [m] (3
Ln (natural block size) [m] (4
Intact rock strength [MPa] (5
Estimated joint properties

26.7
115
5
0.092
1
115
Set A

Set B

Set C

Mean Dip/Dip direction [°]
JRCn (natural block size) [-] (6
JCSn (natural block size) [MPa]
Normal stress σn = 0- 2 MPa (7
Friction angle [º](8
Cohesion [MPa]
Normal stiffness [GPa/m]
Shear stiffness [GPa/m]
Design dilatation angle [º]
Normal stress σn = 0- 10.6 MPa (9
Friction angle [º](8
Cohesion [MPa]

90/084
2.3-8
80

05/043
2.3-9
80

89/338
2.3-9
80

28-32
0.1-0.6
200-300
0.1-0.3
1.5-5.3

28-32
0.1-0.7
200-300
0.1-0.3
1.5-6.0

28-32
0.1-0.7
200-300
0.1-0.3
1.5-6.0

28-32
0.1-0.6
25003000
0-2
1.0-3.3

28-32
0.1-0.7
25003000
0-2
1.0-3.7

28-32
0.1-0.7
25003000
0-2
1.0-3.7

Normal stiffness [GPa/m]
Shear stiffness [GPa/m]
Design dilatation angle [º]
1) Average residual friction angle value from
laboratory tests on smooth fractures.
2) 100% of intact rock strength.
3) Specimen size at laboratory 92 mm.
4) Natural block size was selected to be equal to the
block size of JRC100 value.
5) Mean strength of intact rock specimen.
6) Median values from Q-logging between chainages
2400-4390 m. Fracture length < 5 m. In the
calculations, these values were used as fixed input
values.
7) Near tunnel perimeter low normal stresses are
possible.
8) Effective friction angles at different chainages are
discussed in Section “Fracture friction angle”
9) Mean vertical stress at 400 m depth is about 10.6
MPa.
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5.2.4

Properties of brittle deformation zones

Location of brittle deformation zone intersections

The estimation of the mechanical properties of the brittle deformation zones (BDZ,
BFZ) is based on drillhole data and the ONKALO tunnel mapping (Engström et al.
2008). In Mönkkönen et al. 2011, 24 fracture zones have been analysed, with the
location and size of these zones described in Aaltonen et al. (2010). Parameterisation of
brittle fault zones was previously undertaken in 2009 and thus the current study
provides an update to the earlier interpretation by Kuula (2010).
Analysed brittle deformation zones have been selected based on their size and location
and on the available data (Table 5-8), noting that a direct geological observation of a
deformation zone must exist for it to be considered, i.e., the deformation zone must
intersect a drillhole or ONKALO access tunnel, to allow an estimation of the parameters
to take place. All site-scale zones (see definition in Section 4.9.3) that fulfil the criteria
of direct geological observation were analysed; in addition, repository-scale zones (see
definition in Section 4.9.4), which are included in stress modelling (Valli et al. 2011)
are also analysed. This latter category mainly includes shallow-dipping zones located
centrally or close to the ONKALO and the proposed repository area. One of the main
BDZ zones is OL-BFZ100 which intersects the tunnel in several places (Figure 5-56).

Figure 5-56. Brittle deformation zone OL-BFZ100. The deformation zone is coloured
based on the interpreted rock quality.
As described in Aaltonen et al. (2010), each zone is validated and described based on
information from penetrating drillholes. The intersection points of the zones in each
drillhole are joined based on geophysical and hydrogeological information.
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Subsequently, a 3D plane (to the upper and lower boundary of the brittle deformation
zone) is created using the Gemcom Surpac® software.
The typical ‘architecture’ is shown schematically in Figure 5-57 (see Section 4.9.1 and
Aaltonen et al. 2010). If a lateral movement is known, the brittle deformation zone is
designated as a fault zone (BFI), whereas if it is missing, it is denoted a joint zone or
joint cluster (BJI; Aaltonen et al. 2010). A summary of the brittle deformation zone
types and the estimation of their associated mechanical properties is given in Hudson et
al. (2010).

Figure 5-57. A conceptual model of a single fault zone, consisting of a complex
branching fault core zone (indicated in black) and an equally complex zone of influence
(whose outer margins are indicated by dashed lines), from Mattila et al. (2007).
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Table 5-8. Summary of analysed brittle deformation zones.
Pre-core, core Intersections
Name
of
Brittle Intersects ONKALO tunnel at
and post-core drillholes
deformation zones
chainage 0 – 4325
(number)
mapped
OL-BFZ011

2

in
Confidence

Scale

Low

Repository

1

Low

Repository

13 + 1 (OL-PH4)

High

Repository

x

16 + 1 (OL-PH5)

High

Site scale

x

33

High

Site scale

OL-BFZ020b

16

High

Site scale

OL-BFZ021

13

High

Site scale

OL-BFZ039

2

Low

Repository

1

High

Repository

Low

Repository

4 +1 (OL-PH10)

High

Repository

17

High

Site scale

8 + 2 (OL-PH4)

High

Site scale

1 (OL-PH1)

High

Repository

3

Medium

Repository

OL-BFZ016
OL-BFZ019a

ONK-BFI-93190-96300

OL-BFZ-019c

ONK-BFI-104500-110850

OL-BFZ020a

ONK-BFI-3159

ONK-BFI-136480-136600
OL-BFZ043

x
ONK-BFI-223290-223450
ONK-BFI-3350

OL-BFZ045b

x
ONK-BFI-4377

OL-BFZ084

ONK-BFI-3540

x

OL-BFZ099
ONK_BFI_12850_12930
ONK_BFI_52150_52300
ONK_BFI_90020_90640
OL-BFZ100

OL-BFZ101

ONK_BFI_159290_159500

x

ONK_BFI_181900_183100

x

ONK-BFI-248150-248200

x

ONK-BFI-293150-293750

x

ONK-BFI-6560-6575

OL-BFZ106

1 (OL-PH3)

High

Repository

OL-BFZ146

7

High

Site scale

OL-BFZ152

2

Medium

Site scale

OL-BFZ159

1

Medium

Site scale

OL-BFZ160

1

Medium

Site scale

OL-BFZ161

1

Medium

Site scale

OL-BFZ175

5

High

Site scale

OL-BFZ214

1

Medium

Site scale

OL-BFZ219

1

Low

Repository

OL-BFZ118

ONK-BFI-71310-71805
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Estimation of strength and deformability properties

Determinations of the strength and deformability properties were based on the rock
mass classification technique, which has been described by Hudson et al. (2008, 2010).
The strength and deformation properties of the brittle deformation zones were
calculated based on the equations of the Hoek-Brown failure criterion (Hoek et al. 2002,
Hoek & Diederichs 2006).
The rock mass quality for brittle deformation zones is determined using the GSI value.
The GSI value is calculated from the Q´ value, which in turn is derived from the
Tunnelling Quality Index Q (Barton et al. 1974):

Q

RQD Jr Jw
 
,
Jn Ja SRF

(5-2)

when the parameters Jw and SRF are set to 1, i.e. Q becomes Q.

Q' 

RQD Jr

Jn Ja

(5-3)

The value of Q can be used to estimate value of GSI:

GSI  9  ln Q'  44

(5-4)

With high Q values, the GSI values calculated from Equation (5-4) can exceed 100. In
these cases, the GSI value is set to 100.
Nine of the analysed brittle fault zones intersect the ONKALO tunnel in the 0-4325 m
tunnel chainage range. For six of the BFIs, the pre-core, core, and post-core zones (i.e.
chainages less than the core zone, within the core zone and greater than the core zone,
respectively) have been mapped (Figure 5-58). The procedure for geotechnical mapping
in the ONKALO access tunnel is described in Engström et al. (2008). From three of the
zones, which intersect the ONKALO access tunnel, only the logged Q-median value of
5 m long chainage is available. In these cases, the drillhole data are used to classify the
rock mass quality of the zones. Brittle deformation zones that are not intersected by the
tunnel are also classified based on drillhole logging data.
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ZONE INTERSECTION
DATA IMPORT
Site

Tunnel ID

Intersection type

ZONE start (tunnel PLfrom)

ONKALO

VT1

BFI

4377

Zone Intersection ID

Tunnel
profile

Tunnel
dip

ONK-VT1-BFI-4377

24-2 transition

1:-10

Zone position

Tunnel
Mapping date
direction
120

17.9.2010

Chainage (m)

Tunnel part
left wall
right wall
roof
middle +1 m

From
4377.3

PJUH

Orientation (degrees)

To
4384.6

Dip
86

Dip dir.
92

4384.60

4389.0

89

80

4383,00
4383,00

4387,00
4387.0

86
86

84
84

Water
leakage

Sketch

Sample

Connection to previously known
intersections / deformation
zones

Dripping

No

Yes

ONK-BFI-3350,OL-BFZ045B

Fracture Code(s)
Within the
Within the
core zone
damage zone
4380_1

Characteristics of the "Pre core zone, damage zone"
Description

Zone1

Geologist

4380_6,4380_37,4
380_38,4380_8,43
80_7,4385_47
Footwall

Width (m)

Increased fault-parallel fracturing with some wall-rock alteration (chloritization, illitization,
saussuritization, pinitization). The pre-core zone is ~2 m wide on the left wall and 1.7 m wide on the
right.

1,5

Ri-Class
RiIII

RQD

Jn

Jr

90

3

1

Q-CLASSIFICATION
Ja
Jw
SRF
2

1

5

Q

Q-quality

3,000

Poor

Characteristics of the "Core zone"
Description

Zone2

SIN

Width (m)

The core of the zone consists of a layered, cohesive breccia cemented by quartz, chlorite and
sulphides (sphalerite, pyrite, chalcopyrite). In places the hydrothermal fillings form a network of
undeformed hydrothermal veins. Some sections around the veins and the fault also appear to be
illitized. The breccia overprints an older, also layered fine-grained mylonite with stretched quartz grains.
The youngest overprinting structures observed in the core are incohesive fractures (chloritic
slickensides and calcite-filled fracturing mainly). In places a very thin (some centimeters or millimeters
wide) fault gouge or clay is present. The apparent slip direction is sinistral with a striation in direction
07/169. Chalcopyrite disease can be seen in the sphalerite grains filling the voids between the euhedral
quartz grains in the hydrothermally cemented core. The core is ~0.45 m wide on the right wall and on
the left wall the core is ~.20 m. wide and branched. Resembles OL-BFZ100 by appearance and
orientation.

RQD

Jn

Jr

25

3

0,5

Q-CLASSIFICATION
Ja
Jw
SRF
6

1

5

Q
0,139

Characteristics of the "Post core zone, damage zone"
Description

Zone3

Increased fault-parallel fracturing with some wall-rock alteration (chloritization, illitization,
saussuritization, pinitization). Same width on both sides.

0,45

Ri-Class

RiIV-Rk4

Q-quality
Very Poor
Hanging wall

Width (m)
1

Ri-Class
RiIII

RQD

Jn

Jr

90

2

1

Q-CLASSIFICATION
Ja
Jw
SRF
2

1

5

Q

Q-quality

4,500

Fair

Figure 5-58. Example of geotechnical mapping of a deformation zone intersection in
the ONKALO access tunnel.
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Depending on the available data, the GSI value for a brittle deformation zone has been
interpreted via one of the following methods. In cases where the core has been
determined from the ONKALO access tunnel, the GSI value for the brittle fracture zone
is the value of the zone core. If the deformation zone intersects the tunnel in several
locations, the lower quartile value of the mapped core value is used.
The drillhole intersection locations of the zones were based on geological indications
(Table 5-9). Problems associated with the influence of drillhole location and orientation
of the observed structure have been indicated by Hudson et al. (2008) (Figure 5-59).
From drillhole intersection depth ranges, the smallest GSI values that were found in
each intersection were selected although, in the case of many drillhole intervals, it is
typical that several possible fault cores may be present. The interpreted GSI value for a
deformation zone is the lower quartile value of all selected GSI values (Figure 5-60).
The width of the range was not taken into account.

Figure 5-59. (a) Influence of drillhole location and (b) drillhole orientation (shown in
red), on the brittle deformation zone expression in a drillhole. Drillholes 1 and 2 would
indicate a relatively small deformation zone core; whereas drillholes 3 and 4 would
indicate a larger core—of the same deformation zone. Depending on both the location
and orientation of the drillhole, the intersected expression of the zone will be different
(Hudson et al. 2008).
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Figure 5-60. Schematic figure of logged GSI value for one brittle deformation zone
intersected in different drillholes. The GSI value for each intersection is coloured red.
The interpreted GSI value for the zone would be 49.

Both approaches are conservative, because the widths of the modelled zone are much
wider than the actual intersections. A method where the weighted average (weighted by
length) of intersections was also considered when interpreting GSI values. However,
because sections of poor rock quality are quite narrow, or as in some cases, the cores
consist of only one or two grain filled fractures, the poor rock quality sections
“disappeared” among better rock qualities within the zone intersection. As a conclusion
at this stage for rock mechanics modelling purposes, it was decided to characterise the
brittle fault zones by the value of the weakest region existing in the zone.
In Table 5-9 and Figure 5-61 geological intersection and interpreted GSI values are
presented for OL-BFZ100.
Table 5-9. Geological indications for the OL-BFZ100 intersections. ‘Core m_from’ and
‘Core m_to’ are the depths of selected GSI values of the intersection in question.
Hole_id

OL-PH1
ONKPH4
OL-KR22
OL-KR23
OL-KR25
Ol-KR26
OL-KR28
OL-KR34
OL-KR37
OL-KR42
ONKALO
ONKALO
ONKALO
ONKALO
ONKALO

Geological Geological Core
Core
Core
intersection intersection GSI m_from m_to
m_from
m_to
151,64
154,32
26
152,38 152,62
27,10
30,57
70
28,76
29,6

337,65
372,5
216,5
95,80
170,21
48,38
56,23
183,03
128,50
521,50
900,20
1592,90
1819,00

340,45
373,02
222,05
98,25
178,30
53,77
57,5
198,83
129,30
523,00
906,40
1595,00
1831,00

67
67
43
70
62
43
47
--RiIV
RiIV
RiIV
40
43

338,20
372,50
217,65
96,82
172,60
48,38
56,19

Obs.

339,60
373,02
218,31
97,9
173,20
49,46
56,71
No data
ONK_BFI_12850-12930
ONK_BFI_52150-52300
ONK_BFI_90020-90640
ONK_BFI_159290_159500
ONK_BFI_181900_183100
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ONKALO
ONKALO

2481,50
2931,50

2482,00
2937,50

56
46

ONK-BFI-248150-248200
ONK-BFI-293150-293750

3

80
GSI

2,5
2

GSI

60

1,5
1

40

core width

width

OL-KR26

OL-KR23

OL-KR22

ONK-PH4

OL-KR28

OL-KR37

OL-KR34

OL-KR25

OL-PH1

ONK_BFI_90020_90640

ONK_BFI_52150_52300

ONK_BFI_12850_12930

ONK-BFI-248150-248200

ONK-BFI-293150-293750

ONK_BFI_181900_183100

20

ONK_BFI_159290_159500

0,5
0

Figure 5-61. Minimum GSI values and width of minimum GSI sections in the tunnel
and drillhole intersections of brittle deformation zone OL-BFZ100. The blue dashed
line indicates the interpreted GSI-value of the core (GSI =43).
Strength of the intact rock

The strength of the intact rock within the brittle deformation zones has not been updated
since 2009. From previous measurements, a rough estimate of the intact rock strength in
the brittle deformation zone core is 22 MPa based on the Schmidt hammer
measurements conducted in the ONKALO access tunnel (Kuula 2009).
Strength and deformability properties of brittle deformation zones

The strength properties of the brittle deformation zones were estimated using RocLabsoftware based on the equations of the Hoek-Brown failure criterion (Hoek et al. 2002)
and the deformability properties were calculated from the seismic data, where available.
The results are presented in Table 5-10.
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Table 5-10. Strength and deformability properties of some brittle deformation zones
(Mönkkönen et al. 2011a).
BFZ characteristics
Width
Rock mass quality (GSI)

OL-BFZ011

OL-BFZ016

OL-BFZ019a

OL-BFZ-019c

OL-BFZ020a

OL-BFZ020b

‐‐
54

‐‐
49

‐‐
58

drillhole
intersection

1st quartile of
drillhole
intersections

0.1
54
mapped core
value from
tunnel
intersection

‐‐
55

1st quartile of
drillhole
intersections

0.2
64
mapped core
value from
tunnel
intersection

1st quartile of
drillhole
intersections

22
10
0

22
10
0

1.93
0.0060
0.50

2.00
0.0067
0.50

0.9
35
0.07
1.7

0.9
36
0.07
1.8

21.4
8.6

20.5
8.2

214.2
85.7

‐‐
‐‐

Strength of intact parts
sigci (MPa)
22
22
22
22
mi
10
10
10
10
D
0
0
0
0
Strength of BFZ
Hoek Brown Criterion
mb
1.93
1.62
2.23
2.76
s
0.0060
0.0035
0.0094
0.0183
a
0.50
0.51
0.50
0.50
Mohr‐Coulomb Fit
cohesion (MPa)
0.9
0.8
1.0
1.1
friction angle (°)
35
34
36
38
tensile strength (MPa)
0.07
0.05
0.09
0.15
compressive strength (MPa)
1.7
1.2
2.1
3.0
Deformability of BFZ*
Young's Modulus (GPa)
24.5
29.4
14.6
32.0
G = E / 2 (1+n), n = 0.25 (GPa)
9.8
11.8
5.8
12.8
Equivalent Stiffness of BFZ
Kn = E / width (GPa/m)
‐‐
‐‐
‐‐
159.9
Ks = G / width (GPa/m)
‐‐
‐‐
‐‐
63.9
* Due to the variation of the width of the zone core in drillcore intersections,
stiffness parameters have been determined only for zones which intersect the tunnel (minimum width used)
** No seismic data available, average value of all brittle deformation zones.
OL-BFZ021
OL-BFZ039
OL-BFZ043
OL-BFZ045b
BFZ characteristics
Width
‐‐
‐‐
0.15‐1.6
0.5
Rock mass quality (GSI)
41
60
65
48
mapped core
mapped core
1st quartile of
value from
value from
drillhole
drillhole
tunnel
tunnel
intersections
intersection
intersections
intersections
Strength of intact parts
sigci (MPa)
22
22
22
22
mi
10
10
10
10
D
0
0
0
0
Strength of BFZ
Hoek Brown Criterion
mb
1.21
2.39
2.86
1.56
s
0.0014
0.0117
0.0205
0.0031
a
0.51
0.50
0.50
0.51
Mohr‐Coulomb Fit
cohesion (MPa)
0.7
1.0
1.1
0.8
friction angle (°)
32
37
38
34
tensile strength (MPa)
0.03
0.11
0.16
0.04
compressive strength (MPa)
0.8
2.4
3.1
1.2
Deformability of BFZ*
Young's Modulus (GPa)
17.4
35.9
56.9
27.0**
G = E / 2 (1+n), n = 0.25 (GPa)
7.0
14.4
22.8
10.8
Equivalent Stiffness of BFZ
Kn = E / width (GPa/m)
‐‐
‐‐
379.2
54.1
Ks = G / width (GPa/m)
‐‐
‐‐
151.7
21.6
* Due to the variation of the width of the zone core in drillcore intersections,
stiffness parameters have been determined only for zones which intersect the tunnel (minimum width used)
** No seismic data available, average value of all brittle deformation zones.

OL-BFZ084

OL-BFZ099

0.3
50
mapped core
value from
tunnel
intersection

‐‐
40
1st quartile of
drillhole
intersections

22
10
0

22
10
0

1.68
0.0039
0.51

1.17
0.0013
0.51

0.8
34
0.05
1.3

0.7
31
0.02
0.7

27.4
10.9

24.0
9.6

91.2
36.5

‐‐
‐‐
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BFZ characteristics
Width
Rock mass quality (GSI)

OL-BFZ100

OL-BFZ101

OL-BFZ106

OL-BFZ118

OL-BFZ146

OL-BFZ152

0.25‐1
43
mapped core
value from
tunnel
intersections

‐‐
45

‐‐
37

‐‐
60

‐‐
58

‐‐
62

drillhole
intersection

1st quartile of
drillhole
intersections

drillhole
intersection

1st quartile of
drillhole
intersections

1st quartile of
drillhole
intersections

22
10
0

22
10
0

2.23
0.0094
0.50

2.57
0.0147
0.50

1.0
36
0.09
2.1

1.0
38
0.13
2.6

12.8
5.1

8.2
3.3

‐‐
‐‐

‐‐
‐‐

Strength of intact parts
sigci (MPa)
22
22
22
22
mi
10
10
10
10
D
0
0
0
0
Strength of BFZ
Hoek Brown Criterion
mb
1.30
1.40
1.05
2.39
s
0.0018
0.0022
0.0009
0.0117
a
0.51
0.51
0.51
0.50
Mohr‐Coulomb Fit
cohesion (MPa)
0.7
0.8
0.7
1.0
friction angle (°)
32
33
30
37
0.03
0.03
0.02
0.11
tensile strength (MPa)
compressive strength (MPa)
0.9
1.0
0.6
2.4
Deformability of BFZ*
Young's Modulus (GPa)
32.0
27.0**
23.1
27.0**
G = E / 2 (1+n), n = 0.25 (GPa)
12.8
10.8
9.3
10.8
Equivalent Stiffness of BFZ
Kn = E / width (GPa/m)
127.9
‐‐
‐‐
‐‐
Ks = G / width (GPa/m)
51.2
‐‐
‐‐
‐‐
* Due to the variation of the width of the zone core in drillcore intersections,
stiffness parameters have been determined only for zones which intersect the tunnel (minimum width used)
** No seismic data available, average value of all brittle deformation zones.

BFZ characteristics
Width
Rock mass quality (GSI)

OL-BFZ159

OL-BFZ160

OL-BFZ161

OL-BFZ175

OL-BFZ214

OL-BFZ219

‐‐
73

‐‐
46

‐‐
65

‐‐
51

‐‐
40

‐‐
51

drillhole
intersection

drillhole
intersection

drillhole
intersection

1st quartile of
drillhole
intersections

drillhole
intersection

drillhole
intersection

22
10
0

22
10
0

1.17
0.0013
0.51

1.74
0.0043
0.51

0.7
31
0.02
0.7

0.8
34
0.05
1.4

27.0**
10.8

28.1
11.2

Strength of intact parts
sigci (MPa)
22
22
22
22
mi
10
10
10
10
D
0
0
0
0
Strength of BFZ
Hoek Brown Criterion
mb
3.81
1.45
2.86
1.74
s
0.0498
0.0025
0.0205
0.0043
a
0.50
0.51
0.50
0.51
Mohr‐Coulomb Fit
cohesion (MPa)
1.4
0.8
1.1
0.8
friction angle (°)
40
33
38
34
tensile strength (MPa)
0.29
0.04
0.16
0.05
compressive strength (MPa)
4.9
1.0
3.1
1.4
Deformability of BFZ*
p Modulus (GPa)
g (
)
Young's
22.5
37.4
39.8
32.9
D eform ability of BFZ
G = E / 2 (1+n), n = 0.25 (GPa)
9.0
14.9
15.9
13.2
Young's Modulus (GPa)
24.4
18.2
29 .9
38.4
Equivalent Stiffness of BFZ
G = E / 2 (1+n), n = 0.25 (GPa)
9.76
7.28
11 .96
15.36
= E / width
(GPa/m)
‐‐
‐‐
‐‐
‐‐
EqKn
uivalent
Stiffness
of BFZ
Ks
‐‐
‐‐
‐‐
Kn==GE/ /width
w idth(GPa/m)
(GPa/m)
-- ‐‐
--192
* Due
the/ width
variation
of the) width of the zone
Ks to
=G
(GPa/m
-- core in drillcore--intersections, -76.8
stiffness
parameters
have
been
determined
only
for
zones
which
intersect
the
tunnel
(minimum
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5.2.5

Properties of the rock mass

Here the term rock mass refers to the volume of rock excluding the brittle deformation
zones. Rock mass parameters are normally based on the intact rock strength and the
rock mass quality. Intact rock strength is defined by laboratory tests and the rock mass
quality is based on Q’ or GSI mapping of drillholes, pilot holes and tunnels.
Tunnel mapping data are the most reliable source for determining the rock mass quality.
In the latest geostatistical study for the Rock Mass (RM) model it has been found that
the maximum acceptable interpolation distance for such data is 40-50 m. It was also
concluded that the accuracy of drillhole data is ± one Q class. The rock mass properties
have, therefore, been estimated using only the rock mass qualities, as determined from
mapping the ONKALO tunnel, and intact rock strength and deformation parameter
values based on core sample tests (Figure 5-62).
After chainage 1300 m, the mean rock mass quality is 90 (Extremely good, Q’ is close
to 200), Figure 5-63. Further, there are only six sections with the rock mass quality
below GSI 65 (Fair). The length of the longest section at chainage 3897 m is 14 m, the
length of other sections is 4 m or less, Figure 5-63.
In order to present the observed and expected rock mass qualities, the rock mass
strength and deformation parameters have been estimated for Good, Very Good and
Extremely Good rock mass qualities, by assuming the mean intact rock parameters for
metamorphic rock types, with a normal stress n = 5.4 MPa (as 0.5*0.027 MPa/m*400
m) and the methods presented by Hoek et al. (2002, 2006) (Table 5-11).
In unfractured or sparsely-fractured rock, the in situ strength of the rock around tunnels,
i.e. the spalling strength, is estimated to be between the crack initiation and crack
damage strengths. Using the mean values, this results in a spalling strength of 52-99
MPa for gneissic rocks. Based on experiments from the Äspö HRL in Sweden and the
URL in Canada (Martin & Christianson 2008), the spalling strength of the Äspö
granodiorite and the URL granite is about 57% of the uniaxial compressive strength –
with a corresponding mean value of 62 MPa for the gneissic rocks at Olkiluoto, if that
percentage is assumed. The preliminary results from the POSE experiment show that
about 65 MPa tangential stress causes shear (spalling) failure on the wall of 1.5 m
diameter full-face bored holes.

308

Ch. 0‐760
Ch. 700‐1500

Ch. 1500‐
2340

Ch. 2340‐
3260

Ch. 3260‐
4400

Figure 5-62. Rock mass quality (GSI value) mapped from the ONKALO tunnel,
excluding brittle deformation zones. Rock mass quality is good if GSI > 65.
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Figure 5-63. Rock mass quality (GSI value) mapped from the ONKALO tunnel for
chainage 0-4390 m, excluding brittle deformation zones.
Table 5-11. Olkiluoto rock mass deformation and strength parameter values for three
rock mass qualities.
Rock mass quality, GSI-value
Corresponding Q class

71
Good

81
Very
good

92
Extremely
good

Deformation parameters
Young’s modulus, Erm (GPa)
Poisson’s ratio, rm ()

47
0.25

56
0.25

61
0.25

Hoek
&
Brown
parameters
mb
s
a

strength
3.365
0.04
0.501

4.81
0.12
0.5

7.12
0.41
0.5

Mohr-Coulomb
parameters
crm (MPa)
rm (degrees)
T,rm (MPa)

strength
4.1
49
-1.4

6.8
50
-2.9

12.8
50
-6.6

23

40

74

Uniaxial compressive strength
of rock mass (MPa)
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A comparison between the brittle deformation zone properties and the rock mass
properties for the two key parameters of rock modulus and uniaxial compressive
strength is given in Table 5-12.
Table 5-12. Deformation modulus and compressive strength ranges for brittle
deformation zones and the rock mass (values have been rounded to the nearest integer).

Brittle
deformation zone
Deformation
modulus, E, GPa
Compressive
strength, UCS,
MPa

5.2.6

Rock mass

8-56
(mean 27)

47-61

1-5

23-74

Thermal property model

The thermal properties of the rocks at Olkiluoto have been studied using laboratory
measurements of drill core samples, theoretical calculations from rock mineral
composition and in situ measurements in drillholes. Laboratory measurements and
theoretical calculations on the thermal properties of rocks at Olkiluoto have been
presented previously by Kjørholt (1992), Kukkonen & Lindberg (1995, 1998),
Kukkonen (2000) and Kukkonen et al. (2005, 2010). A comparison between different
laboratory measurements applied in site studies in Finland and Sweden has been given
by Sundberg et al. (2003). Theoretical calculations on thermal properties using the
modal mineral composition of rocks have been presented by Kukkonen & Lindberg
(1995, 1998). In situ measurements at Olkiluoto have been presented by Kukkonen &
Suppala (1999), Kukkonen et al. (2000, 2001, 2005 and 2006) and Suppala et al. (2004).
The most representative data set on the thermal properties of rocks in Olkiluoto is based
on laboratory measurements of drill core samples (Kukkonen et al. 2011a), and the
thermal block model was constructed using this data set plus the lithological model of
Olkiluoto (Mattila et al. 2008, Aaltonen et al. 2010), see also Section 4. A complete list
of all samples measured is reported in Kukkonen et al. (2010).
The complete data set is based on 392 drill core samples with the measured parameters
including thermal conductivity, specific heat capacity and density. The methods of
measurement are described in detail in Kukkonen et al. (2010). Thermal diffusivity was
calculated from the measured parameters as:
s


c

(5-5)

where s is thermal diffusivity (m2s-1), λ is thermal conductivity (Wm-1K-1), c is specific
heat capacity (J kg-1 K-1) and ρ is density (kg m-3). As rock thermal properties are
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temperature dependent, all data values were either measured at or reduced to room
temperature. In addition, the mean values of thermal properties were also estimated as a
function of temperature up to 100°C using literature data on temperature dependencies
(Seipold 2001, Sundberg & Gabrielsson 1999, Sundberg 2002, see Kukkonen et al.
2011a for details).
The Olkiluoto bedrock is a migmatitic gneiss environment with rapid variations
between rock types, due to partial melting, plastic deformation and emplacement of
melts during the Svecofennian orogeny. As a result, the bedrock is a collage of rock
types with varying proportions of the paleosome component (unmolten rock rich in
mafic minerals) and the leucosome component (partial melt, typically rich in felsic
minerals with an overall granitoid composition). Its migmatitic origin generates
heterogeneity in composition and physical properties as well as in anisotropy, which
varies in scale from centimetres to hundreds of metres.
The main rock types which have been tested at Olkiluoto have been classified into the
following (Aaltonen et al. 2010; see Section 4): veined gneiss (VGN), diatexitic gneiss
(DGN), tonalitic-granodioritic-granitic gneiss (TGG), mica gneiss (MGN) and
pegmatitic granite (PGR). In addition, there are also minor occurrences of K-feldspar
porphyry (KFP) and quartzitic gneiss (QGN).
The most important rock forming minerals are quartz, potassium feldspar, plagioclase,
biotite (±other mica) and hornblende (±other amphiboles). From the petrophysical point
of view, quartz is a mineral with low density but high thermal conductivity; whereas the
feldspars have similarly low density but relatively low thermal conductivity. Mica and
amphiboles have high density but relatively low thermal conductivity. These basic
factors are also reflected in the thermal properties. An increase in quartz content is
expected to increase the thermal conductivity and diffusivity, but to decrease the
density. Conversely, an increase in the content of mafic minerals has the opposite effect.
Furthermore, all the main minerals are also thermally anisotropic, which has a
significant effect on the measured thermal properties of gneissic rocks with their welldeveloped foliation and gneissic banding. The gneissic rocks at Olkiluoto are, therefore,
expected to exhibit anisotropy in their thermal conductivity and diffusivity. A more
detailed discussion on the thermal properties of minerals at Olkiluoto is given in
Kukkonen & Lindberg (1998).
The mean thermal properties of the Olkiluoto rock types at room temperature are given
in Table 5-13. Correspondingly, mean values corrected for 60°C and 100°C are given in
Table 5-14. Histograms of thermal properties of all rocks are given in Figure 5-64 to
Figure 5-67 (for histograms for each rock type, refer to Kukkonen et al. 2011a).
Table 5-13. Summary of mean rock thermal rock properties in Olkiluoto (Kukkonen et
al. 2011a, Åkesson 2012).
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Rock type Conductivity Std

N

W m-1K-1

Specific heat Std
capacity
J kg-1 K-1

N

Diffusivity Std

N Density Std

10-6 m2 s-1

N

kg m-3

Coefficient of Std N
heat expansion
10-6 K-1

VGN
TGG
DGN
MGN
PGR
KFP
QGN

2.83
2.78
2.95
2.66
3.20
2.78
2.49

0.53 216
0.39 56
0.64 20
0.49 6
0.41 89
n.a.
1
n.a.
2

725
696
708
724
689
687
714

33 149
19 22
28 17
41
6
17 61
n.a. 1
n.a. 1

1.37
1.35
1.53
1.34
1.75
1.48
1.01

0.25 147
0.12 21
0.34 17
0.28 6
0.18 61
n.a.
1
n.a.
1

2741
2700
2742
2742
2635
2729
2766

43 217
29 54
51 20
33 6
38 89
n.a. 1
n.a. 2

10.6
n.a.
8.3
n.a.
7.2
n.a.
n.a.

2.2 10

All samples

2.91

0.51 390

712

32

1.47

0.29 254

2711

59 389

9.0

2.5 22

257

0.7

6

2.8

6

Values are given at room temperature; Std = standard deviation; N = number of
samples; Rock types: VGN, veined gneiss; TGG, tonalitic-granodioritic-granitic gneiss;
DGN, diatexitic gneiss; MGN, mica gneiss; PGR, pegmatitic granite; KFP, potassiumfeldspar porphyry; QGN, quartzitic gneiss.
Table 5-14. Mean thermal rock properties corrected for elevated temperatures
(Kukkonen et al. 2011a).
Mean at 25°C Applied correction
25 → 60°C (%)

Parameter

-1

-1

Value at 60°C Applied correction Value at 100°C
25 → 100°C (%)

Conductivity (W m K )

2.91

-3.1

2.82

-6.4

2.72

Specific heat capacity (J kg-1K-1)

712

7.3

764

15.8

824

Diffusivity (10-6 m2 s-1)

1.47

-8.5

1.34

-18.1

1.20

Density (kg m-3)

2743

0

2743

0

2743

The thermal conductivity of all samples varies from about 1 to 5 Wm-1K-1 (Figure 5-64);
with the highest mean conductivities being related to pegmatitic granite (3.20 Wm-1K-1)
and the lowest to mica gneiss (2.66 Wm-1K-1, Table 5-13). Veined gneiss, diatexitic
gneiss and tonalitic-granodioritic-granitic gneiss show intermediate values. All
conductivity histograms for individual rock types overlap. The standard deviations of
conductivity are in the range of 0.4 - 0.6 Wm-1K-1, which is due to natural geological
variation and the small sample size (Table 5-13). The mean for all samples is 2.91 (Wm1 -1
K ), which is slightly higher than the mean (2.70 Wm-1K-1) determined by Kukkonen
(2000) for the rock type previously referred to as mica gneiss (now referred to as veined
gneiss or tonalitic-granodioritic-granitic gneiss).
The specific heat capacity of the rocks varies from about 650 to 830 J kg-1 K-1 (Figure
5-65). The highest mean values were received for veined gneiss samples (725 J kg-1 K-1)
and the lowest for pegmatitic granite (689 J kg-1 K-1) (Table 5-13). This reflects the
differences in the mafic and felsic mineral contents of the rocks.
The thermal diffusivities of the samples lie in the range of 0.9 – 2.5 10-6 m2s-1 with the
mean of 1.47 10-6 m2s-1 (Table 5-13). Since diffusivity is a calculated parameter, it is not
independent of the other thermal parameters and density; and in the results, we see that
the value of the thermal conductivity has a dominant effect on the thermal diffusivity
and that there is a linear dependence between the two (Figure 5-68). High thermal
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diffusivity is found in rocks with high conductivity and vice versa. The means for
diatexitic gneiss (1.53·10-6 m2s-1) and pegmatitic granite (1.75·10-6 m2s-1) are above the
mean of all samples (1.47·10-6 m2s-1); whereas the other major rock types veined gneiss
and tonalitic-granodioritic-granitic gneiss are below the common mean (Table 5-13).

All samples: Thermal conductivity
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Frequency (n)
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2.91 ± 0.51 (390)
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30
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0
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2

3

4

5

Conductivity (W/(m*K))

Figure 5-64. Thermal conductivity of all rock samples at room temperature. The mean
value is 2.91 Wm-1K-1 (Kukkonen et al. 2011a).
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All samples: Specific heat capacity (22 °C)
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Specific heat capacity (J/(kg*K))

Figure 5-65. Specific heat capacity of all samples at room temperature. The mean value
is 712 J kg-1 K-1 (Kukkonen et al. 2011a).

All samples: Density
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Figure 5-66. Density of all samples. The mean value is 2711 kgm-3 (Kukkonen et al.
2011a).
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All samples: Diffusivity (22°C)
40

Frequency (n)

35
30

1.47 ± 0.29 (254)
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5
0
0.9

1.1

1.3

1.5

1.7
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2.3

2.5

Diffusivity (10-6 m 2 s -1 )

Figure 5-67. Thermal diffusivity of all samples at room temperature. The mean value is
1.47 10-6 m2s-1 (Kukkonen et al. 2011a).

All rock types: Diffusivity vs. conductivity
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R = 0.922

QGN
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4
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-1
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Figure 5-68. Diffusivity vs. conductivity at room temperature for different rock types
(Kukkonen et al. 2011a).
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All Rock types: Conductivity vs. core angle

Conductivity (W/m*K)
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0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00

Core angle (deg)
Figure 5-69. Thermal conductivity vs. core angle of different rock types (Kukkonen et
al. 2011a).

The migmatitic rocks at Olkiluoto are thermally anisotropic (Kukkonen 2000,
Kukkonen et al. 2005, Kukkonen et al. 2011a). Thermal conductivity and core angle
data show that the thermal conductivity varies considerably, depending on angle
between the orientation of the sample and the foliation or gneiss banding (Figure 5-69).
The maximum conductivity is observed along the foliation or gneissic banding with a
mean value of 3.4 Wm-1K-1; whereas the minimum is observed perpendicular to
foliation with a mean value of 2.4 W m-1K-1. The scatter of single data points is large,
but a trend is definitely observed and suggests a mean anisotropy factor of 1.4
(max/min).
Relations between properties and proxies for estimating the thermal properties indirectly

Various relations between thermal parameters have been studied by Kukkonen et al.
(2010). In addition, to providing more insight into the factors controlling the thermal
properties of the rocks, the relationships may provide indirect means (proxies) to
estimate the thermal properties of the repository volume. The relationships that have
been considered include conductivity vs. foliation orientation, conductivity vs. density,
specific heat capacity vs. density, conductivity vs. volumetric heat capacity, diffusivity
vs. conductivity and conductivity vs. leucosome content.
The results suggest that thermal diffusivity could be relatively easily estimated via the
measurement of thermal conductivity (Figure 5-68) with the key task being able to find
a proxy for thermal conductivity. The estimation of thermal conductivity could perhaps
be based on relationships between conductivity and density and conductivity and
foliation orientation. These relationships, however, are not universally applicable, but
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depend on rock types (Figure 5-70 and Figure 5-71) and for some rock types, no such
relationship seem to exist (Figure 5-70 and Figure 5-71).
Thermal conductivity shows a decreasing trend with increasing density for VGN, TGG
and MGN (Figure 5-70), which is attributed to the simultaneous decrease of quartz
content (a high conductivity but low density mineral) and the increase of biotite and
hornblende (low conductivity and high density minerals). On the other hand, pegmatitic
granite (PGR) differs from the general trend (Figure 5-70) and seems to show a weakly
increasing trend of conductivity with increasing density. The trend might be attributed
to the interplay of quartz and feldspars in a rock with very low content of mafic
minerals. The alteration of feldspars into illite and kaolinite (Aaltonen et al. 2010) could
also affect thermal conductivity and density.
The relationship between thermal conductivity and the foliation in the rocks (Figure
5-69 and Figure 5-71) provides an additional method of estimating the thermal
conductivity. When the relationship is studied according to rock types, it can be
observed that tonalitic-granodioritic-granitic gneiss (TGG) and veined gneiss (VGN)
show weak negative correlations (coefficients of correlation ≤0.5) whereas all other
rock types do not show any significant correlation (Figure 5-71). Any estimation based
on foliation, given the sample sizes, would, therefore, need to be restricted to veined
gneiss and tonalitic-granodioritic-granitic gneiss.
The application of different relationships as proxies for thermal properties is an option
that could be developed further, although such relationships display considerable
scatter, and must thus be applied carefully. As all these relationships show a dependence
on rock types, their use is obviously dependent on determining the rock type in the
volume to be estimated, i.e. the lithological model of the repository area. At this stage,
however, it has been decided to follow a simplified realistic approach. In the lithological
model each rock type is assigned the mean value of the thermal properties determined
for the particular rock type. In future studies, the model could be easily extended to use
the relationships discussed above.
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PGR: Conductivity vs. density

TGG: Conductivity vs. density
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MGN: Conductivity vs. density
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Figure 5-70. Thermal conductivity vs. density for the major rock types. Linear
regression results with the squared coefficient of correlation are shown for data sets
excluding quartz-feldspar porphyry and quartzitic gneiss (Kukkonen et al. 2011a).
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PGR: Conductivity vs. core angle

TGG: Conductivity vs. core angle
5

Conductivity (W/m*K)

Conductivity (W/m*K)

5

y = -0.0036x + 3.2619
R2 = 0.0677

4

3

2

1

y = -0.0101x + 3.2678
2
R = 0.5013

4

3

2

1

0

10

20

30

40

50

60

70

80

90

0

10

20

30

DGN: Conductivity vs. core angle
5

y = -0.0014x + 3.0913
R2 = 0.0008

4

3

2

1

60

70

80

90

y = -0.0129x + 3.4927
R2 = 0.3581

4

3

2

1

0

10

20

30

40

50

60

70

80

90

0

10

20

30

40

50

60

70

80

90

Core angle (deg)

Core angle (deg)

MGN: Conductivity vs. core angle
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Figure 5-71. Thermal conductivity vs. core angle of the major rock types (Kukkonen et
al. 2011a).
Temperature, temperature gradient and heat flow density

Drillhole temperature data were obtained from difference flow logs and normal
downhole geophysical logs, with drilling depth values being transformed into vertical
depth values by using the dip angle data for the drillholes. Measured temperatures range
from 9.7-10.7 °C at 350 m to 11.9-12.4 °C at 500 m (Figure 5-72). The average
temperature gradient at 350-500 m is 14.1 mKm-1. Heat flow density values determined
as products of temperature gradient and the mean thermal conductivity range from 33.1
to 49.5 mWm-2, and the mean heat flow density is 41.0 mWm-2 (Table 5-15). These
values refer to the depth range 350-500 m for which systematic measurements of
thermal conductivity of drill core samples are available (Kukkonen et al. 2011a). Heat
flow density values are given in Table 5-15 as measured (apparent) values without
palaeoclimatic corrections. The steady-state heat flow density can be estimated to be 510 mWm-2 higher (Kukkonen 1987, Kukkonen & Jõeleht 2003). The previous heat flow
value for Olkiluoto (32.4 mWm-2; Poikonen 1983) which was based on measurements
in a 202 m deep drill hole YD-1 is much lower than the present results.
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Temperature vs. depth
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Figure 5-72. Temperature vs. depth in Olkiluoto drillholes. Depth values are measured
from the drillhole collar.
Table 5-15. Heat flow density in Olkiluoto drillholes.
Drill hole Depth range

Temperature gradient

Conductivity

Average

Mean error

Average

Mean error

(mK/m)

(mK/m)

W/(m*K)

W/(m*K)

Cond.samples
N

Heat flow density
Average

Mean error

mW/m2

mW/m2

Notes

OL-KR1

355-488

13.9

0.02

3.00

0.10

34

41.8

1.5

1

OL-KR2

310-326

16.7

0.09

2.97

0.07

20

49.5

1.4

1

OL-KR4

436-519

14.4

0.05

2.83

0.14

8

40.6

2.1

1

OL-KR12

369-468

16.4

0.05

2.62

0.06

21

43.0

1.1

1

OL-KR13

360-421

11.8

0.10

2.86

0.10

14

33.8

1.5

1

OL-KR19

353-450

14.0

0.05

2.89

0.13

21

40.3

1.9

1

OL-KR25

358-460

14.4

0.02

2.96

0.07

23

42.6

1.1

1

OL-KR29

360-455

13.0

0.07

2.55

0.08

22

33.1

1.3

1

OL-KR40

353-448

13.3

0.004

3.15

0.08

23

41.9

1.1

2

OL-KR40

353-448

12.8

0.01

3.15

0.08

23

40.4

1.1

1

OL-KR46

355-455

15.1

0.004

2.96

0.06

28

44.9

0.8

2

OL-KR46

355-455

13.7

0.036

2.96

0.06

28

40.7

0.9

1

14.1

0.03

2.91

0.18

41.0

4.4

3

All

1) Temperature data from difference flow logs
2) Temperature from downhole logging in open hole
3) Error estimates were calculated as standard deviations of drill hole averages
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Radiogenic heat production

The decay of radioactive 235U, 238U, 232Th and 40K isotopes generates heat at a rate
which can be calculated from the whole-rock concentrations of U, Th and K (Rybach
1973):
A  10 5 (9.52U  2.56Th  3.48K ) 

(5-6)

where A is the radiogenic heat generation rate (μW m-3), ρ is density (kg m-3) and U and
Th are the uranium and thorium concentrations in ppm and K is the potassium
concentration in weight per cent, respectively. The calculation assumes that the decay
series are in equilibrium. As densities are not given for the samples analyzed in
Lindberg & Paananen (1991), an average density of samples in Kukkonen et al. (2010)
was applied (2711 kg m-3). For potassium concentrations XRF analyses were used, and
for U and Th neutron activation analyses. Using geochemical analyses of 67 samples
from drillholes OL-KR1, -KR2, -KR3, -KR4 and -KR5 (Lindberg & Paananen 1991),
values in the range of 0.6 – 4.7 μW m-3 are obtained (Figure 5-73).
The highest average heat production is associated with pegmatitic granite, intermediate
values with veined gneiss and tonalitic-granodioritic-granitic gneiss, and the lowest
values with mafic gneiss and quartzitic gneiss (Table 5-16). Heat production values are
higher than the averages reported by Kukkonen & Lahtinen (2001) for the neighbouring
Bothnian schist belt and Central Finland Granitoid Complex. The values are in good
agreement with the heat production data for the migmatitic Southern Finland Arc
Complex (Kukkonen & Lauri 2009).

Radiogenic heat production

Frequency (n)

20
15
2.29 ± 0.82 (67)
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5
0
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-3

Heat production (μW m )

Figure 5-73. Histogram of radiogenic heat production rate in Olkiluoto drillholes OLKR1, -KR2, -KR3, -KR4 and -KR5.
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Table 5-16. Radiogenic heat production rate of Olkiluoto rocks based on geochemical
whole rock analyses of core samples from OL-KR1, -KR2, -KR3, -KR4 and -KR5.
Rock type

Heat production (μW m-3)
Average
Std
N

VGN
QGN
PGR
TGG
MFGN
Miscellaneous

2.32
1.76
2.93
2.10
0.79
1.00

0.50
n.a.
1.80
0.90
n.a.
0.39

47
1
6
8
1
3

All samples

2.30

0.81

66

Rock type: VGN, veined gneiss; QGN, quartzitic gneiss; PGR, pegmatitic granite;
TGG, tonalitic-granodioritic-granitic gneiss; MFGN, mafic gneiss. Miscellaneous rock
types include inclusions and concretions.
Thermal expansion properties

The thermal expansion properties of the rocks have been studied by theoretical
modelling (Huotari & Kukkonen 2004) as well as by laboratory measurements
(Åkesson 2012). The determined parameter is the linear expansion coefficient α (K-1):



1 L
L0 T

(5-7)

where L0 refers to a reference dimension before heating, and ΔL to the extension
generated under the applied temperature change ΔT, respectively. The theoretical
estimation of the expansion coefficient of veined gneiss, using data on rock-forming
minerals and the modal composition of rock, yielded values in the range of 7-10 10-6 K-1
between 20-60 °C. Averages of experimental data for veined gneiss (20-60 °C) are 10.8
± 2.0 10-6 K-1 (perpendicular to foliation, N = 5) and 10.4 ± 2.8 10-6 K-1 (along the
foliation, N = 5). Averages for pegmatitic granite and diatexitic gneiss are 7.2 ± 2.8 10-6
K-1 and 8.3 ± 0.7 10-6 K-1. The average of all samples measured by Åkesson (2012)
gives a value of 9.5 ± 2.5 10-6 K-1 (N = 22; Table 5-13). The thermal expansion of the
samples is reported to be practically linear between 20 and 60°C.
Comparison of thermal properties measured in different scales

The scaling effects of thermal conductivity (or other thermal properties) can be studied
with the aid of direct measurements at different scales, or alternatively with theoretical
simulations based on the spatial correlation of thermal conductivity, i.e. variograms and
autocorrelation diagrams. These are discussed below in the sub-Section “Geostatistical
analysis of thermal conductivity”. In studies by SKB for the thermal dimensioning of a
repository, the scaling effects have been determined using both measurements at the
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small and large scales and also by theoretical modelling (Hökmark et al. 2009,
Sundberg et al. 2007, Back & Sundberg 2007, Back et al. 2007). An important part is
investigating the spatial variability of the thermal properties, with a special focus on
stochastic simulations for estimating the average thermal conductivity at different
scales. In the Swedish development of this methodology, particular attention is paid to
the lower tails of the thermal conductivity distributions, as the low values of
conductivity are important factors in influencing the canister spacing.
At Olkiluoto, the thermal properties of the rocks are controlled by the properties of the
migmatitic rock mixture. It can be considered as a two-component system, consisting of
a lower conductivity gneissic, and a higher conductivity part, which would correspond
to pegmatitic granite (cf. Table 5-13). The migmatitic structures generate variations
which respond to heat transfer at different scales, and with different averages and
distributions. The banding and foliation of the rocks generates a textural anisotropy,
which is further enhanced or subdued by the anisotropies of rock-forming minerals,
depending on the orientation of their anisotropy axes in the rock. Distribution diagrams
are expected to show smaller spreads (e.g. standard deviations) of data the bigger the
studied sample volume.
The applied laboratory measurements are based on rock disks cut from drill core. The
disks are 7 mm high and the diameter depends on the applied bit size, being typically
either 32 or 42 mm. The measured sample volume is typically smaller than 9.7 cm3. The
applied standard laboratory procedure gives conductivity (and diffusivity) values in the
direction of the drill core axis, which is usually at an acute angle to the foliation and
gneissic banding. In cases where the thermal conductivity (or diffusivity) must be
measured in other directions, mini-drill samples with a diameter of 24 mm and a volume
of 3.1 cm3 are used. The measurements provide data on the thermal properties at a small
scale. In contrast, in situ measurements with the TERO56 and TERO76 devices
(Kukkonen et al. 2005, 2009) refer to a much bigger volume. The TERO heating probes
are 1.5 m long, which defines the dimension of sampling along the drillhole axis. On the
other hand, the radial dimension of sampling in the TERO measurement depends on the
penetration of the signal into the rock and thus on the duration of the experiment at each
measurement station and the rock’s thermal diffusivity. According to theoretical
simulations, the temperature signal influences the rock to a distance of about 0.15 - 0.5
m in a typical 1- 12 hour long heating experiment. Thus the sampling volume in the
TERO measurements is of the order of 0.1 – 1.2 m3, which is several orders of
magnitude larger than the laboratory samples.
A comparison of TERO measurements and laboratory measurements in drillhole OLKR2 (Kukkonen et al. 2005) is shown in Figure 5-74. The drillhole tool is sensitive to
the thermal conductivity in a radial direction away from the drillhole, which in a typical
drillhole setting corresponds to a direction parallel to the foliation. The TERO results
are, therefore, expected to correspond better to laboratory conductivities measured along
the foliation. This is observed in Figure 5-74, but the trend is not systematic, which can
be attributed to the heterogeneity of rock and to the small number of laboratory samples.
The data points differing most from the 1:1 relationship are dominated by neosome
veins. This may due to an upscaling effect, caused by the presence of these higher
conductivity veins generating an effective thermal short-cut. The standard deviations of
in situ (0.4 Wm-1K-1) and laboratory measurements (0.5 Wm-1K-1) do not seem to differ
to any great extent.
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Figure 5-74. Comparison of thermal conductivity measurements in situ in drillhole OLKR2 with the TERO56 device and laboratory measurements of drill core samples, both
along and across the foliation. Drill core values are averages of 2-3 samples taken
within the 1.5 m long interval of TERO measurement. Data adopted from Kukkonen et
al. (2005).

Distribution diagrams of all available in situ measurements of conductivity in drillholes
OL-KR2, -KR14, -KR30, -KR31 and ONK-PVA4 (Kukkonen et al. 2011b) are
compared with the overall core sample results for samples measured in the direction of
the foliation (core angle ≤ 30°; Kukkonen et al. 2011a) in Figure 5-75. The mean values
suggest that the in situ measurements yield slightly higher (about 0.4 Wm-1K-1)
conductivities than the laboratory data on drill core samples. This could be due to the
short-cutting effects by more conductive granitic neosome veins and bands in the rock
in the larger sampling volume of the TERO measurements. The standard deviation of in
situ (0.40 Wm-1K-1) measurements is smaller than the standard deviation of laboratory
measurements (0.48 Wm-1K-1).
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Figure 5-75. Histograms of TERO in situ and laboratory measurements on thermal
conductivity. Laboratory samples measured in direction of foliation (samples with core
angle ≤30° were used). Averages, standard deviations and numbers of data values are
given for both histograms.
Geostatistical analysis of thermal conductivity

The spatial correlation of thermal properties was investigated with geostatistical
methods, using variogram analysis and conditional simulations with kriging, as well as
an estimation of the histogram properties at various scales. Geostatistical methods are
most widely applied in evaluating recoverable reserves in mining geology, but in
principle they can be applied to any spatially varying variable (e.g. Journel &
Huijbrechts 1978, Goovaerts 1998 and Chiles & Delfiner 1999). Geostatistical analysis
uses information on the spatial correlation of the variable values derived from
experimental sample data. The existence and characteristics of spatial correlation is
investigated with the experimental variogram function, which measures the dissimilarity
between neighbouring sample values in space:

 ( h) 

1
2N

 ( f ( x  h)  f ( x))

2

(5-8)

where f(x+h) and f(x) are known values at sample locations, h is the distance (lag)
between these locations and N is the number of sample pairs for distance h. It is
assumed that the variogram depends only on the distance between sample points and not
on the location. In order to study anisotropies, experimental variograms are calculated
and modelled in different orientations.
ISATIS software by Geovariances© was applied in the geostatistical analysis. The
present analysis concentrated on thermal conductivity as it produced the most useful
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results with the available data set. The spatial distribution of thermal conductivity
measurements is shown in Figure 5-76. As the samples are taken along drillholes, and
the distances between drillholes are of the order of 50 m or larger, the resulting
sampling geometry is not ideal for a geostatistical estimation of the conductivity of the
repository volume. The drillholes mainly intersect the lithological boundaries at acute
angles (approximately perpendicular to lithological units) and the thermal conductivity
is expected to show more similarity (i.e. a higher value of the correlation range) parallel
to the lithological units than perpendicular to them. The variogram calculated using a
minimum lag of 50 m (a typical drillhole separation) along strike did not indicate any
spatial structure. The result may indicate a true lack of structure, but most probably can
be attributed to the unfavourable sampling geometry and the small number of samples.
On the other hand, a reasonably well-behaved experimental variogram was obtained in
the direction of the drillholes (Figure 5-77) where a minimum lag value of 5 m was
applied.
The experimental variogram (Figure 5-77) is based on all measured values, without any
classification of the data set according to rock types. Different rock types, however,
show differences in their average and standard deviation values (Table 5-13), and
differences may also exist between their spatial correlation structures, but the present
data set is too small to provide any reliable information regarding the possible
difference between rock types. This variogram is applied below as a first approximation,
with the assumption that the spatial correlation structure is isotropic. This assumption
emphasizes a pure stochastic variation of the thermal conductivity structure.
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Figure 5-76. Distribution of thermal conductivity drill core samples in 3D space.
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The observed experimental variogram along drillholes was fitted with a theoretical
function. An exponential variogram model with a correlation range of 7.4 m and a sill of
0.17 was used (Figure 5-77). The presence of a correlation to a distance of 7.4 m infers
that scaling effects can be expected when scales of investigation vary from drill core
samples (cm scale) to in situ measurements (m scale) and further to the canister scale
(~10 m scale).
The exponential variogram model and the sample data were used for Gaussian
conditional simulations of the thermal conductivity of the repository area. A histogram
of calculated mean thermal conductivities in a single simulation in 10 m x 10 m x 10 m
volume is shown in Figure 5-78. The obtained mean (2.83 Wm-1K-1) is slightly lower
than the sample mean (2.91 Wm-1K-1; Table 5-13) but the standard deviation (0.3 Wm1 -1
K ) is much smaller than the core sample estimate (0.51 Wm-1K-1, Table 5-13) which
reflects the dependence of the variances on the different scales of the investigation.
The fitted variogram function can be applied for the rapid estimation of the standard
deviation of the thermal conductivity at different scales. This is based on the principle
of the additivity of variances (Journel & Huijbregts 1979). Using the nomograms of
auxiliary functions, standard deviation values of 0.27 Wm-1K-1 are obtained for cubic
volumes for 10 m3 blocks and 0.39 Wm-1K-1 for 1 m3 blocks, respectively. The value for
1 m3 blocks is in good agreement with experimental data measured in situ (Figure 5-75)
and the value for 10 m3 blocks agrees with the numerical result above (Figure 5-78).
Further, the Gaussian conditional simulation was applied for a test prediction of thermal
conductivities in the repository bedrock. The simulation was run 50 times, each run
providing one possible spatial distribution of the thermal conductivity. The results are
shown as a probability map of the thermal conductivity being less than 2.2 Wm-1K-1
(Figure 5-79), with the areas or volumes of low conductivity appearing as small patches,
according to the applied model. The result is strongly affected by the short correlation
range, the considerable distances between drillholes and the large total volume over
which the estimation is taking place.
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Figure 5-77. An experimental variogram (green dots) of thermal conductivity
calculated along the drillholes using a minimum lag of 5 m. The numbers of the sample
pairs for each lag are marked along the experimental variogram. The corresponding
exponential model is shown as a solid red line (range a = 7.4 m, sill = 0.17).

Figure 5-78. Results of a single Gaussian conditional simulation of thermal
conductivity in the repository rock space in 10 m3 volumes using the variogram in
Figure 5-77 and the measured thermal conductivities of drill core samples.
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Figure 5-79. Simulated probability (%) of thermal conductivity smaller than 2.2 W mK-1 in 10 m3 cubes using variogram in Figure 5-77 and thermal conductivity data of
drill core samples.
1

The present results indicate that a spatial correlation structure of the thermal
conductivity exists. The thermal conductivity values determined from core samples
correlate to a distance of about 7-10 m and provide useful information for scaling the
effects from core sample scale to the TERO in situ measurement scale and further to the
canister scale. The variance of the thermal conductivity decreases with increasing
volume of the investigation and this also affects the number of blocks below a given
conductivity value. For instance, assuming the distribution of thermal conductivity is
normal and taking an arbitrary conductivity value of 2.2 Wm-1K-1, it can be estimated
that only about 1-2 % of the 10 m3 blocks would have a mean thermal conductivity
below this limit, whereas the normal distribution corresponding to the core sample data
has about 8% below this limit.
The sample data base is still too limited for an extensive geostatistical analysis. It might
be possible to improve the variogram estimation using other variables, which would
correlate with the thermal conductivity (and other thermal properties). One of these is
the density (Figure 5-70). An extensive data set of in situ density measurements from
downhole logging (gamma-gamma logs) exists and could be investigated for variogram
structures. Density-conductivity relationships could then be used in estimating the
thermal conductivity with Markov-Bayes models and soft kriging methods (Goovaerts
1998).
Compilation of the thermal block model

The thermal block model was created by utilizing the 3D lithological model of GSM 2.0
(Aaltonen et al. 2010) and the mean thermal properties determined for each rock type
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(Kukkonen et al. 2011a; Table 5-17). In GSM 2.0, veined gneiss (VGN) is considered as
the main rock type, acting as background material in the model and the model includes a
number of solid objects, indicating the geometry of the different rock types. The most
important modelled rock types, located within the VGN background are tonaliticgranodioritic-granitic gneiss (TGG), diatexitic gneiss (DGN), mica gneiss (MGN) and
pegmatitic granite (PGR). In addition, a few mafic gneisses and diabase dykes have also
been modelled.
Table 5-17. Determined mean thermal parameters for different rock types (Kukkonen et
al. 2011a). VGN = veined gneiss, TGG = tonalitic- granodioritic-granitic gneiss, DGN
= diatexitic gneiss, MGN = mica gneiss, PGR = pegmatitic granite, KFP = K-feldspar
porphyry, QGN = quartz-gneiss.

Rock type

Thermal cond.
W/m*K

Specific heat
capacity
J/kg*K

Diffusivity 106 2
m /s

Density kg/m3

VGN
TGG
DGN

2.83
2.78
2.95

725
696
708

1.37
1.35
1.53

2741
2700
2742

MGN

2.66

783

1.24

2742

PGR

3.20

689

1.75

2635

All samples

2.91

712

1.47

2711

Block model specifications

The specifications of the block model geometry, covering the ONKALO tunnel area
(Figure 5-80 and Figure 5-81) are shown in Table 5-18.
Table 5-18. Specifications of the thermal block model.

Origin (m)

Extent (m)

Block size (m)

X = 1526020
Y = 6791610
Z = -500

650
1250
520

10
10
10

Rotation in relation to
axis (º)
0
0
-50
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650 m
1250 m

Figure 5-80. Location of the block model and the ONKALO tunnel.

Figure 5-81. Location of the block model (purple) with a portion of the 3D lithological
model. View from WSW.
Construction of the model

The thermal data obtained over the depth range of ca. 350 – 550 m, adequately
encompasses the proposed repository depth; however, it is uncertain how well the data
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represent bedrock volumes closer to the surface and the actual thermal block model has,
thus, been constrained to the depth range of 350 – 500 m. All other blocks at shallower
depths have been filled with the background values assumed for VGN.
The construction of the model was carried out using GemCom Surpac software and
included the following steps.
1) Creation of an empty block model with the specifications presented in Table 5-18.
2) Creation of the block model parameters and filling of all the blocks with default
values as follows:
Thermal_cond: Thermal conductivity, default value 2.83
Rock_type: Rock type, default value VGN
Heat_capacity: Specific heat capacity, default value 725
Diffusivity: Thermal diffusivity, default value 1.37
Density: Density, default value 2741
Dipdir_foliation: Dip direction of foliation, default value 145
Dip_foliation: Dip of foliation, default value 40.
3) Assigning rock type values (Table 5-17) to those blocks that are located inside solids
of a specific rock type, based on whether or not the centroid of the block is inside or
outside of the solid in question. This was done for DGN, MGN, TGG and PGR in that
order.
4) Calculation of the foliation orientation (dip direction/dip) for each block from
drillhole data using the nearest neighbour method. Although in this first model version
the foliation has not been used in assessing the anisotropy of the thermal conductivity, it
is stored in the block model for possible future use.
The construction process described above was realised by a number of ‘macro scripts’
that enable an easy update of the block model if the thermal data or the lithological
model were to be modified. The function of the thermal block model is to work as a
sub-model of the rock mechanics block model and the scripts also facilitate the
integration of these two models.
The outcomes of the ONKALO model for thermal conductivities are shown in Figure
5-82 (solid block) and Figure 5-83 (sliced block).
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Figure 5-82. Block model of thermal conductivity. View from S.
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Figure 5-83. Sliced block model of thermal conductivity. Spacing of slices is 100 m.
View from S.

The constructed thermal block model is a numerical manifestation of the lithological
model; and this is expected, since the rock type solids have been used as guides in
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assigning the thermal parameters to the blocks. Each parameter has thus only 5 values in
the model.
The thermal conductivity values determined vary between 2.66 – 3.20 Wm-1K-1, the
highest values being related to pegmatitic granites (3.20) and diatexitic gneisses (2.95).
The lowest conductivity (2.66) is associated with mica gneiss. TGG gneisses appear to
have only slightly lower conductivity values than the vein gneisses (2.78 and 2.83).
The measured values represent thermal conductivity along the drillholes; accordingly
the effect of anisotropy is not considered. It is known that, especially in the gneisses at
Olkiluoto, anisotropy may obscure the effect of lithological variation. Most of the
drillholes cut the general foliation trend almost perpendicularly, so probably the
measured values are close to their minima, as the maximum thermal conductivity is
expected to be obtained in directions parallel to the foliation.
5.2.7 Bedrock stability

The monitoring of bedrock stability makes use of microseismic (MS) measurements,
GPS measurements and precise levelling measurements (Lahti & Hakala 2010). The
microseismic network has operated since 2002 and has currently 14 seismic stations. It
operated continuously in 2009, during which 1256 events were located in the Olkiluoto
area (Saari & Malm 2010). The majority of these (1161) were explosions that occurred
inside the seismic semi-regional area (i.e. any particular area larger than the Olkiluoto
site) and especially inside the seismic ONKALO block (1135 events). The magnitudes
of the observed events inside the semi-regional area ranged from ML = -1.5 to ML = 1.6
(ML = magnitude in the local Richter scale). Two excavation-induced microearthquakes
(ML = -0.2 and ML= -0.4) occurred on 14 October 2009, both of which can be
associated with the lower contact of pegmatitic granite unit PRG5 with veined gneiss, as
well as with brittle fault zone OL-BFZ176. The events were located about 100-150 m
from the closest excavated part of the ONKALO and had estimated peak slip values of
37 μm and 19 μm. According to seismic monitoring, the rock mass surrounding the
ONKALO has remained stable since 2002 when the monitoring began.
GPS measurements have been carried out at Olkiluoto since 1995, resulting in 28
measurement campaigns. The GPS network at Olkiluoto currently consists of 14
stations (Figure 5-84). According to the time series of the GPS results, one third of the
baselines at Olkiluoto have statistically significant change rates, however, the observed
movements are smaller than ±0.20 mm/a (Kallio et al. 2010). The outer line GPS1GPS11 that crosses a fracture zone orientated in the direction of the Eurajoki strait, has
indicated some deformation, however, this may be due to the proximity of pillar GPS1
to the ONKALO, which might have resulted in some movement. More measurements
are needed to confirm the results (Kallio et al. 2010).
Precise levelling measuring campaigns have been carried out since 2003. In addition to
the measuring campaign in 2008, the GPS network was levelled in the autumn of 2009
(Lehmuskoski 2010). Having shown no movements over a period of two years, GPS6
showed an increased elevation of 0.7 mm, whereas GPS13 had reduced in elevation by
0.6 mm over a two year period, the reason for which could be due to the nearby
construction of Olkiluoto 3. The nodal bench mark above the ONKALO continues to
display a small increase in elevation, whereas around the Olkiluoto strait the increase in
elevation of 1.5 mm shown in 2008 has subsequently decreased; now having an
elevation of 1.1 mm greater than that in 2003.
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GPS15
Figure 5-84. The local GPS monitoring network at Olkiluoto. Black: Original network
was established in 1994 (GPS13 in 2003). Red: Pillars that were established in 2003
and 2005.
5.2.8 ONKALO stability

The term ‘stability’ in the ONKALO context is used to indicate that the function of the
openings should not be prejudiced by the occurrence of any rockfalls, spalling or the
failure of installed support measures such as rockbolts and shotcrete.
The stability of the ONKALO ramp is an important consideration, not only for ensuring
continued ramp access, but also as an indicator of the stability of the various excavated
components of the anticipated repository. At the time of writing, the ONKALO ramp
has reached the expected repository depth of -420 m and the ONKALO shafts the depth
of -290 m and several observations of the increased stress field with depth have been
made. These observations are mainly the occurrences of rock noises and loose rock
slabs (known as ‘events’) during scaling and have been made by the excavation
personnel and the tunnel surveyors. Normally, the events tend to occur just after
blasting. Even though scaling during excavation has been continuously implemented
and temporary rock reinforcement has been installed immediately after blasting, loose
rock has been observed at some fresh rock surfaces. During the excavation, the
temporary support has been increased by the use of frequent shotcrete. The
methodology for recording stress-induced events has been published by Engström &
Kemppainen (2008). A microseismic network has been established around the tunnel,
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but it is not generally possible to identify specific events from the collected
microseismic dataset.
In addition to the rock noises and event frequency increasing with depth, it has been
noted that events occur at locations where the tunnel profile changes from wider to
narrower or vice versa, near to tunnel intersections. There are occurrences in Figure
5-85 and Figure 5-86. In these cases, it is the tunnel profile change, rather than the
tunnel azimuth, which is the dominant cause. The events are mainly rock falls or the
opening of fractures, where block diameters vary from centimetres to metres. Typical
block thicknesses are 100 to 300 mm, with surface areas in the range 0.5–3 m2. The
shapes of these blocks are often controlled by slightly-altered, mica-rich foliation
surfaces as mentioned earlier (see Section 5.2.3 and discussion on the fracture sets)).
Sometimes rock noises presage a rock fall by only a few seconds. At the -420 m depth,
all excavated tunnels are potential locations for recording rock noises. These can occur
just after blasting, after scaling, or a long time afterwards, and even in the rockbolted
areas.
The factors governing the reasons for rock damage/failure in the ONKALO tunnel can
be summarised as follows:


the natural stress field (directions and magnitudes of the principal stresses),



local changes in rock type and rock strength (weak mica rich layers),



the foliation type and intensity,



the presence of fractures and fracture zones,



blasting (i.e. causing additional stress), the accuracy of drilling, and excavation
in phases, and



the tunnel geometry and its orientation.

Techniques for evaluating the spalling potential, based on a comparison of the rock
stress and rock strength for various tunnel orientations and depths, have been developed
and implemented for the Olkiluoto site (Posiva 2009, Siren et al. 2011).
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Figure 5-85. Observed rock falls in the fourth loop of the ONKALO tunnel (depth range
-295 m ... -415 m). The red dots indicate uncontrolled rock falls and red dotted circles
indicate tunnel sections where ONKALO staff has observed rock noises.

‐415 m

Excavation on
7 January, 2011

‐437 m
Figure 5-86. Observed rock falls in the fifth loop of the ONKALO tunnel. Note that
excavation work is not yet complete in the fifth loop. The red dots indicate uncontrolled
rock falls and red dotted circles indicate tunnel sections where ONKALO staff has
observed rock noises.
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Monitoring of rock is one method to ensure the stability of the excavated rooms and
monitoring of rock displacements has been taken place in a limited number of locations
in the ONKALO: in the POSE niche at -345 m (see Section 9.2.2, Figure 9-8 and Figure
9-14) and in the shafts at -180 m and -290 m (see Section 2.7, Figure 2-3 and 2-4). Rock
monitoring is not always an easy task, as demonstrated by the shaft convergence
measurements in the ONKALO at six locations at levels -180 and -290 m between 2007
and 2009. Convergence measurements were primarily designed to measure immediate
shaft excavation (raise boring) responses and secondarily to be used for monitoring
purposes. In the majority of the measurement campaigns, it was not possible to achieve
the preset measurement repeatability of 0.3 mm. During the latest measurement
campaign, it was discovered that the measurement device can produce an unexplained
variance of almost one mm. As the predicted immediate raise boring-induced
convergences are less than 2 mm and the expected longer-term monitoring values are
practically zero, it is clear that this type of convergence measurement is no longer to be
considered suitable for monitoring purposes.
5.3

Rock mechanics model version 2.0

The Rock Mechanics Model (RMM) is a description of significant features and
parameters related to rock mechanics (Mönkkönen et al. 2011b). The main objective is
to develop a tool to predict the rock quality and the potential for stress-induced rock
damage, which can be used for the design of the ONKALO and the repository facilities.
The RMM is based on the GSM, version 2.0 provided in Aaltonen et al. 2010, i.e. no
new interpretation of the main geological features has been attempted. The adopted
features are the rock type domains and the brittle deformation zones. Other input data
consist of the rock mass classification data from drillholes, pilot holes and tunnels, rock
mechanics laboratory and field test data and density data. The geometry is modelled
using Gemcom Surpac® software and all data are stored in an Access database. Surpac
supplies an interface for the database and it is used as an interpretation and visualization
tool.
The RMM version 2.0 is an update to the previous version of the RMM (version 1.0;
Remes et al. 2009), but the geometry of the block model differs from the RMM version
1.0 as it has been rotated to provide a better fit to the area of interest. The block model
now includes the ONKALO access tunnel and Disposal Panel 1, i.e. the first proposed
disposal panel of the repository (Figure 5-87). The density of the geometrical data in the
block model is also now slightly better. Also the search parameters for estimating GSI
and RQD in the block model have been changed from previous RMM version based on
results from the geostatistical study of input data (Mönkkönen et al. 2011b). The
changed parameters involve with orientation and radius of search ellipsoid and the
numbers of informing samples in search.
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Figure 5-87. Location of the block model dimensions showing the ONKALO and the
drillholes from which the GSI and RQD input data estimations were made. Dimensions
of a cell in the grid are 250 x 250 m (Mönkkönen et al. 2011b).

Also, considerably more data have been collected from the Olkiluoto site and these can
be used in the model, for example thermal properties have been added to the block
model (see Section 5.2.6). Whereas in version 1.0 the thermal properties of the veined
gneiss were assigned to the whole model, thermal properties are now assigned to the
model based on the lithology, but only within the depth range of 350 – 550 m. At
shallower depths the thermal values for veined gneiss have been used.
Geophysical data, such as seismic and 3D tomography data, were not specifically used
in the RMM model. The resulting velocity models were highly averaged and features of
interest could not be located with these methods. Also, geophysical data have been used
in the development of the geological model when modelling the brittle deformation
zones and lithological units, and they are thus already effectively included in the rock
mechanics model.
The data presentation in Figure 5-88 show a clear trend in the rock mass quality – as
indicated by the GSI rock mass classification index: for depths of 0–125 m, the GSI
values are generally between 60 and 90; below 125 m, the GSI values are above 77.
This indicates that the rock mass near the ground surface has been reduced in
mechanical quality, probably by the unloading associated with its geological history,
whereas the rock mass below 125 m depth has been unaffected and has a relatively
constant mean quality and variation with depth.

Figure 5-88. Estimated GSI values for the rock mass and major brittle deformation zones (the colours of the BDZs indicates their GSI
values; Mönkkönen et al. 2011b).
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Figure 5-89. 3D view of the ONKALO with the major brittle deformation zones inside the RMM area. Brittle deformation zones are
coloured based on their GSI values (Mönkkönen et al. 2011b).
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In the RMM, brittle deformation zones (BDZs) are visualized and presented as 3D
planes. This is due to the fact that brittle deformation zones are quite narrow and
presenting BFZs as domains in the block model is not possible, because of the large
block size compared to the width of the zones. The GSI values for the major brittle
deformation zones are presented in Figure 5-89.
5.4

Interaction with other disciplines

When considering the rock properties, including the thermal properties, there are strong
interactions between rock mechanics and geology, as indicated in the previous Sections
of this Chapter. This is because the lithological, brittle deformation and ductile models
(see Chapter 4) have been utilised in the development of the rock mechanics sub-models
(the stress model, the thermal model and the rock mechanics model Version 2).
Moreover, there are links with the hydrogeological and hydrogeochemical models, as
these disciplines have used the same supporting geological information. However,
attempts to establish a link between the in situ stress estimates and the fracture
transmissivities have not been successful, because of the data variability experienced in
both subject areas.
In addition to the interactions with other disciplines, the rock mechanics models have a
strong link with rock engineering design. Models and data have been used in the rock
mechanics simulations to support the design (see e.g. Kemppainen et al. 2011, Siren et
al. 2011).
5.5

Evaluation of uncertainties

5.5.1 Uncertainties related to in situ rock stress

The state of stress at Olkiluoto is not optimally constrained and there have been a
variety of problems, both technical and theoretical, with some of the in situ stress
measurement methods, as indeed is usual in stress measurement campaigns. The two
dominant data sets involve relief methods (e.g. overcoring) and hydraulic methods. As
noted in Section 5.2.1, the hydraulic method yields relatively consistent results, but the
scatter of the H orientation is greater than that observed at other sites. For drillhole OLKR1, the data have been re-evaluated and all results have been basically confirmed (Ask
2011). Because the induced fracture initiates at some point of weakness on the drillhole
wall, this produces a scatter in the H orientations as a result of, for example, foliation.
The relatively recent hydraulic stress measurement campaign (Ask et al. 2011),
involving the inclined drillhole OL-KR40 and the vertical drillhole ONK-PP125,
required the development of a novel approach to derive the stress field (Ask et al. 2010)
based on Daneshy (1973), Brudy & Zoback (1993) and Peska & Zoback (1995).
Because the technique encompasses additional material parameters and only three
unambiguous HTPF tests have been completed, the precision of the solution is judged to
be 3-5 MPa for the horizontal stress magnitudes and 10 for the H orientation.
For the conventional overcoring method, the number of unambiguous strain readings
was 25% for the CSIRO HI cell and 74% for the Borre Probe. Even so, the remaining
quality assured data still produced an almost random orientation for H (Figure 5-5),
with the remaining data indicating complete stress field rotations. Local site conditions
are known to influence overcoring results (e.g. Leijon 1986, Cornet 1993) and it is
concluded that the overcoring data do not significantly help in constraining the stress
field. Furthermore, the larger-scale relief methods, i.e. the long strain gauges (LSG, 50
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mm long), the LVDT cell, and convergence measurements, exhibited the same problem
in defining the H orientation. Common to all these methods is the fact that they involve
strain or deformation measurements, in combination with numerical modelling.
The convergence data suffered from technical problems, and only one test yielded
somewhat realistic results. For the LSG and LVDT data, there is a reasonable fit
between measured and calculated strains and deformations, which is an important data
validation measure. To check the reliability of a test, the calculated vertical stress is
compared with density measurements on cores. But all the LSG and LVDT tests
exaggerated the vertical stress considerably, in the worst case by five times. Also, and
similar to overcoring, the derived magnitudes are a function of the elastic parameters of
the rock samples. There is also the question of scale differences between the methods.
When the fit between measured and calculated responses is not acceptable, it is difficult
to identify the source of the error, i.e. whether it is related to the measurement or to the
inherent assumptions in the model.
For the supplementary methods, the scatter is pronounced. For the Kaiser Effect tests,
the internal error was very large and the method was therefore discarded. Attempts to
identify stress-induced elongations in drillhole walls using acoustic and optical
televiewers were inconclusive, because of various logging problems. Finally, regarding
the core disking data, two tests yielded results that are not considered realistic
(magnitude of H around 50 MPa at 350 and 550 mvd), and were therefore discarded.
Given these deficits in the various data sets, it is evident that sampling the stress field
has not been trivial at Olkiluoto. Attempts at quantifying the uncertainties in the stress
model in terms of standard deviations of the various components are even more
difficult, considering that all data are given the same weight. This is the reason for
presenting the most likely state of stress in terms of intervals in Section 5.2.1, rather
than precise functions.
In addition, apart from the assumed effect of the small-scale heterogeneity of the rock
mass on the in situ stress data, numerical modelling exercises have clearly indicated the
potential effect of stress perturbations induced by the large-scale geological structures,
i.e. the brittle deformation zones (BDZ). The BDZs, with cohesion and friction angle
being the key governing parameters, create a rock mass block structure down to some
350 m vertical depth, so that wide variations in the local stress state could be possible at
these shallower depths, where most of the stress measurements have been carried out.
At the deeper repository level, we expect the stress state to be more consistent, because
the higher stress levels mitigate the effects of the BDZs, as evidenced from first
principles.
5.5.2 Uncertainties in the rock mechanics properties

The values of the intact rock parameters and the associated standard deviations are well
known for the Olkiluoto rock types. However, it has been noted that the maximum
interpolation/extrapolation distance for rock mass quality is of the order of 30-70 m and
a much shorter distance is appropriate for intact rock strength. Additionally, the
accuracy of drillhole estimates of rock mass quality is ± one Q class. Because of this
variability over relatively short distances, and based on the current data, it is not valid to
make predictions of rock properties over any significant distance, as this would require
dense systematic testing; so, instead, a statistical approach has to be accepted.
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Although the statistical deviation of strength is well known for laboratory-scale
samples, the main uncertainty is the variation of in situ strength, which is lower than for
small samples. The in situ strength of the rock, i.e. the spalling strength, has a large
variation and the current value used of about 57% of the uniaxial compressive strength
is based on results from somewhat different rock types leading perhaps to unrealistic
predictions of the potential for stress failure. To overcome this problem, the ONKALO
tunnel stress failure observations are analysed – and the larger-scale in situ strength test
(POSE) is currently being carried out (see Figures 2-5 to 2-7).
The fracture density and orientation has been logged systematically from the ONKALO
tunnel, and the fracture properties at the tunnel surface are well known. Outside the
tunnel, fracture data are available from drillholes, although these data cannot be used to
determine the values of fracture length and waviness. Drillhole data are also biased by
the orientation of the drillholes and, in a similar manner to the rock properties, a
statistical approach based on tunnel mapping has to be accepted.
Some laboratory tests of fracture shear strength at a relatively small scale have been
carried out. The properties from the small scale of the laboratory samples are thought to
be less realistic for estimating the large-scale mechanical properties of fractures and,
therefore, emphasis has been placed on estimating the fracture properties from the
tunnel mapping data. The ONKALO tunnel mapping has increased the level of
knowledge regarding the location and properties of brittle deformation zones, although
the number of strength data from such zones is still quite limited.
Uncertainties in the parameterization of brittle deformation zones include a variety of
issues, one of which being the estimation of the GSI of the BDZ core zone. The
interpretation of the width of the BDZ core zone is subjective, because it involves a
selection of a section of core where the GSI is found to be different from the majority of
the core.
5.5.3 Uncertainties related to thermal properties

The significance of the thermal properties is associated with the temperature fields
around canister holes and the risk of high temperatures, if the thermal properties are less
satisfactory than anticipated when spacing the canister holes. Thus, the task is to
establish the mean rock properties and locate any low conductivity blocks. The present
thermal block model of Olkiluoto is based on measurement of the thermal properties of
drill core samples. The uncertainties in the model are related to the uncertainties in the
laboratory measurements, the representativeness of samples, and the interpolation of
data between drillholes, exacerbated by the site’s heterogeneity and anisotropy.
The uncertainties in laboratory measurements are: thermal conductivity ±5%; specific
heat capacity ±5%; and density ±0.2%. Consequently, the calculated diffusivity
uncertainty is ±10 % (Kukkonen et al. 2011a) with standard deviations in the range 0.4 0.6 Wm-1K-1, which is much higher than for single samples. The same applies to
specific heat, density and thermal diffusivity (Table 5-13). The variations are caused by
the reclassification of rock types (rock type previously referred to as mica gneiss and
now referred to as veined gneiss or tonalitic-granodioritic-granitic gneiss) and the small
sample size compared with the overall geological heterogeneity. This is reflected, for
instance, in the bimodal histogram of veined gneiss (VGN, Figure 5-65) caused by the
VGN sample set possibly including samples of mica gneisses (MGN), see Kukkonen et
al. 2011a.
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The rock samples have been cut perpendicular to the drill core axis, typically across any
foliation, gneissic banding or layering, so the measured thermal conductivities tend to
represent the minimum conductivities, as evidenced when the mean values are
compared with the conductivities measured, knowing the core angle to the foliation.
The means of all samples and all rock types (Table 5-13) are below 3 Wm-1K-1, which
correspond to directions differing less than 45° from perpendicular (Figure 5-69). But
the gneissic banding and foliation in the repository volume dips at a low angle of about
30-40°, which would indicate that, on average, the measured rock type means represent
the vertical component of thermal conductivity and diffusivity rather well. Pegmatitic
granite (PGR) has properties that differ the most from the other rock types, meaning that
modelling PGR requires special attention, although it has a higher conductivity than the
other rock types, and so is not expected to generate volumes of poorly conductive rock.
The thermal block model is a transformation of the lithological model, with numerical
values assigned to the 10 m size blocks. The uncertainty and representativeness of the
thermal properties depends on the reliability of the lithological model and any possible
dependence of thermal properties on location—which has not been studied, but would
not seriously bias the block model. The means should be recalculated for different subvolumes of the model. Alternatively, the overall mean values of all rock type samples
could be used instead, as the expected variation is quite small. The present data set does
not provide explicit data on thermal properties outside (above or below) the repository
volume. In the block model the volume above the repository was assigned the mean
values of VGN and for the volume beneath the repository level a similar approach is
suggested.
Because the temperature dependencies have not been measured, these have been
estimated with the aid of literature data on rocks with comparable lithologies (Seipold
2001, Sundberg & Gabrielsson 1999, Sundberg 2002, and see Kukkonen et al. 2011a,
for details) indicating a decrease of thermal conductivity of 3.1% for 25–60°C and 6.4%
for 25–100°C (Table 5-13). The expected effects for 25–60°C are similar to the
laboratory measurement error (5%), and only slightly higher than that for corrections
between 25°C and 100°C. In addition, the geological variation is higher than the
expected temperature effect variation.
For studies on the effects of glaciation, the bedrock thermal response needs to be
modelled to a depth of several kilometres, based on regional geological and geophysical
(gravity, seismic) data, with the input requiring data on geothermal heat flow, in situ
temperature data and thermal properties, together with the geological structures. The
present database is sufficient for thermal conductivity, specific heat capacity and
thermal diffusivity, but more data are probably needed on radiogenic heat production.
5.5.4 Implication of uncertainties on predictive modelling

The uncertainties relating to the geological information (i.e. as support for the rock
mechanics model) have been discussed in Section 4.7 and the uncertainties relating to
the rock mechanics measurements have been discussed in previous sub-sections of this
Chapter. Thus, the uncertainties relating to the lithology, rock stress, intact rock,
fractures, rock mass quality, brittle deformation zones, thermal properties, etc., are
known. The implications of these uncertainties relate to the use of the parameters in the
analytical methods highlighted in Figure 5-1, especially for repository design (i.e. the
orientation of tunnels and the necessary reinforcement/support requirements), plus the
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potential for rock spalling, both during excavation and during the thermal phase of the
repository.
However, as the ONKALO excavation work proceeds, and as more is learnt about the
rock mass and its properties, the uncertainties are gradually being reduced in all the
subject areas relating to rock mechanics. Moreover, statistical techniques, e.g.
geostatistics, Monte Carlo simulation methods, and fuzzy analysis, are being
incorporated into the analyses to account for the variability of the rock properties (see
e.g. Hakala et al. 2008, Siren et al. 2011).
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6

HYDROGEOLOGICAL MODEL

6.1

Introduction

This chapter details the hydrogeological model of the Olkiluoto site and is an update of
the previous version presented in SR2008 (Posiva 2009). Since the publication of the
previous model, new site data have become available from drillholes (Figure 6-1),
investigation trenches and surface surveys, ONKALO pilot holes and fracture wall
mapping, which have then been appraised and incorporated into the current update of
the model. In addition to making use of the new hydrogeological site data, the update of
the hydrogeological model is, in particular, based on the following:


the updated surface hydrological model (Section 3.3),



the updated geological model, and in particular the Brittle Deformation Zone
model (Chapter 4), and



the updated hydrogeochemical model (Chapter 7).

This chapter – whilst an update of earlier work – provides a full description of the
hydrogeological site model, save for technical details, which will be found in the
background reports:
Vaittinen et al. (2011): "Model for hydrogeological zones -- Update 2010", and Hartley
et al. (2012c): " Development of a Hydrogeological Discrete Fracture Network Model
for the Olkiluoto Site Descriptive Model 2011".
The concept of the hydrogeological model comprises:


the (internal) structure of the bedrock described in terms of hydrogeological
zones and the intervening sparsely fractured rock,



the rock mass’s hydrogeological properties (transmissivities, porosities),



the (primary) variables driving the groundwater flow (groundwater pressure,
salinity),



the description of the initial state and boundary conditions of the primary
parameters – groundwater pressure and salinity – driving groundwater flow, and



the physical laws (described with mathematical equations) connecting the
groundwater flow pattern to the properties, boundary conditions and initial state,
and to the primary variables.

This Chapter is organized, such that it first reviews the end-user needs for the sitespecific hydrogeological modelling. Over the years, end-user requirements have become
ever more specific and detailed, from a general site understanding to the quantification
of groundwater flow in bedrock fractures in the vicinity of planned deposition holes. An
overview of the hydrogeological modelling of the Olkiluoto site in the past is then
presented. Such modelling was performed for the first time c. 20 years ago. At that time
the primary objective of the modelling was to characterise the deep groundwater flow
circulation at the site scale. In the crystalline rock mass groundwater flow takes place in
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fractures that form a continuous path between areas of high and low pressures. In terms
of deep groundwater flow, such areas may be several hundreds of metres to kilometres
apart, meaning that the area to be covered by the hydrogeological model must comprise
a much larger volume of bedrock than the scale on which the groundwater flow is
described in more quantitative terms. Thus, in order to characterise the groundwater
flow at a detailed scale the model must address the structure of the bedrock at a larger
scale, e.g. Figure 6-2.
Whilst generally the groundwater flow in crystalline bedrock takes place in (some of)
the bedrock fractures, the practical modelling approaches employed need to consider a
few simplifications in order to address the problem in a tractable and practical manner.
To do this, the modellers must introduce a conceptual model or models that aim at
addressing the relevant aspects of the problem at hand.
6.2

End-user needs of groundwater flow model

The first hydrogeological models developed for Olkiluoto were related to the nearsurface repository for low and intermediate level waste (Korhonen et al. 1982; Winberg
1986; Taivassalo & Saarenheimo 1991; Vieno et al. 1993). Since that time, the primary
motivation for the hydrogeological modelling has been the development of long-term
safety assessments, related in particular to radionuclide transport modelling for a deep
repository for spent nuclear fuel. This is because the transport of radionuclides
dissolved in groundwater is seen as the most important release mode that can lead to the
transport of radionuclides to the surface environment. In this context, the main interest
from the groundwater flow modelling point of view concerns the block of rock that
separates a deposition hole and a nearby hydrogeological zone (this zone being termed a
layout-determining feature in the Rock Suitability Criteria (Hellä et al. 2009)).
However, whereas early safety assessments tended to focus on radionuclide migration,
it is now well understood that at least equally important is the potential to predict the
evolution of the groundwater composition and the capacity of the groundwater flow
system to allow the migration of elements or compounds potentially detrimental to the
Engineered Barriers of the repository.
In addition to the long-term safety assessment, hydrogeological flow modelling is
needed to support general site understanding under natural conditions (i.e. without the
impact of man-made constructions, on or below the surface) at the repository site. This
is also convenient, because a large part of the site data can be judged to represent the
natural conditions, and comparing the model predictions and actual observations
provides a very effective means of improving the consistency of the model with the real
world. This is, in turn, important in building confidence in any prediction for the future
evolution of the site, which may be affected by underground construction over the next
few tens of years or by climatic change in the longer term, when it is not feasible to
collect actual observations to judge the model's consistency with the then real world
observations. The model's consistency with the hydrogeological data (groundwater
pressure, pumping test responses) is relatively straightforward to deal with. On the other
hand, the large number of hydrogeochemical data and the interpretations drawn from
such data are also important to consider, although a formal coupling (through
mathematical models) of the site's hydrogeochemistry and hydrogeology is impractical,
apart from in some well-constrained experiments (Pitkänen et al. 2008).
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Figure 6-1. Deep drillholes at Olkiluoto. The area where the drillholes (labelled KR) are concentrated is referred to as the central
area. The main island of Olkiluoto and its companion landmass of Ilavainen to the southeast are merging due to land uplift.
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Attempting to reconcile the hydrogeochemical and hydrogeological models has revealed
that the current hydrogeological conditions at Olkiluoto have resulted from the longterm evolution of the site over the last few thousand years, which has been greatly
influenced by continuing land uplift (with a current rate of c. 6 mm/a). The
hydrogeological model has been used to describe this past, palaeohydrogeological
evolution.6 This is, in particular, related to studies of hydrogeochemical stability in
long-term safety analyses, in order to understand the expected hydrogeochemistry in the
vicinity of spent fuel canisters over the next few hundred thousands of years.
Over the last twenty years, the plans for spent nuclear fuel disposal have become ever
more specific, thus requiring more detailed knowledge of the actual site-specific
conditions at depth to support repository layout planning and the development of rock
suitability criteria (RSC). The customary conceptual model for the structure of the
crystalline bedrock describes a network of brittle fault zones intersecting less fractured
domains of rock. The brittle fault zones, besides being mechanical weaker, tend to
provide zones of higher transmissivity and are thus to be avoided when considering the
more suitable volumes of rock for locating deposition tunnels (Hellä et al. 2009).
Underground excavations unavoidably introduce significant changes to the groundwater
flow regime in the vicinity of the open tunnels, as they result locally in considerably
higher hydraulic gradients. The impact of such underground excavations on the
groundwater flow regime, and especially its effect on the groundwater salinity
distribution below the repository, can be addressed by hydrogeological modelling. In
addition to the influence on the salinity distribution, the hydrogeological impact of the
excavations must also be taken into account when considering its potential effect on the
hydrogeochemical stability in terms of the intrusion of oxygenated or sulphate-rich
water and movements of the redox front (e.g. MacQuarrie et al. 2010).

6

The evolution of the site has been greatly influenced by land uplift since the Littorina Sea stage; and
starting the modelling from this point is assumed to be necessary for understanding the current
groundwater flow conditions at the site. The part of the rock mass below about 300 m shows few changes
over the period covered by the model simulations, as was found in the course of developing the
description of the past hydrogeological evolution. However, it is not possible to exclude completely the
impact of the underground excavations at Olkiluoto in disturbing the groundwater regime at greater
depths; and thus the depth of the model is set at 2 km. The earlier evolution at the site, over geological
timescales of several tens of millions to billions of years, and including the origin of the saline
groundwaters at Olkiluoto, is described in Chapters 4 and 7.
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Figure 6-2. Various scales considered in groundwater flow modelling. The natural
boundary conditions may be specified directly for the regional and site-scale models.
The system of nested models transfers the natural boundary conditions to the model at
the smallest scale.
6.3
Developing a conceptual understanding of the groundwater flow
regime at Olkiluoto

Groundwater flow modelling has been an essential part of the studies on the sites
investigated for the nuclear waste repository since the beginning of 1980s. The first
modelling studies at Olkiluoto dealt with the groundwater flow at a near-surface
repository for low and intermediate level reactor waste (Korhonen et al.1982; Winberg
1986; Taivassalo & Saarenheimo 1991) and decommissioning waste (Vieno et al.
1993). The first site-scale groundwater flow modelling for the spent nuclear fuel
repository (Koskinen 1992a, b) was based on a bedrock model (Saksa et al. 1993) that
was compiled in 1992, as a result of the preliminary site characterisation phase carried
out in 1988–1992 with investigation data from five deep drillholes OL-KR1–5. During
the early stages of the site investigations, the hydrogeological model described the
zones giving rise to drillhole sections with high transmissivity. The interpretation of the
fractured zones was mainly based on the results of geological and geophysical
investigations and most of the zones were either moderately- or steeply-dipping. The
selected hydraulically important zones were simplified to create the geometry for
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numerical groundwater flow modelling. The available field data, which consisted of
estimated deep infiltration, hydraulic head measurements and pumping responses in
deep drillholes, were compared with the corresponding simulation results. The best
agreement with the field observations was sought by adjusting the conductivities of
hydraulic units, fracture zones and sparsely-fractured rock. It was learned after a simple
calibration effort that there were discrepancies between modelling results and the field
observations that could presumably be removed by the introduction of more significant
changes to the Olkiluoto flow model (Koskinen & Laitinen 1995).
Although it was already know at the time of the flow modelling studies in the early
1990s that Olkiluoto's deep groundwaters contain high salinities, fresh water conditions
were regularly assumed, which greatly simplified the numerical modelling. The
necessary numerical model development for providing a proper capacity to deal with the
high natural salinities at Olkiluoto was carried out by Löfman & Taivassalo (1993) and
applied to Olkiluoto by Löfman (1996). Following this development, the next phase of
site-scale flow modelling concentrated on estimating the groundwater flow in the
vicinity of a repository, which was modelled as a two-dimensional structure of elevated
transmissivity (Löfman 1999). This work was complemented later with sensitivity
analyses (Löfman 2000).
Sub-horizontal hydrogeological zones were for the first time studied as alternative
interpretations of the field investigations in 1996 (after Ahokas in Löfman 1996). Subhorizontal site-scale fracture zone R21 was modelled in the bedrock model in 1997
(Saksa et al. 1998) and site-scale hydrogeological zones R19HY and R20HY were
introduced in 1999 (Anttila et al. 1999, Löfman 1999). The interpretations of
hydrogeological zones R19HY and R20HY were based on pumping tests carried out in
the 1990s.
During 2001–2003 the bedrock model was updated in 2001 (Vaittinen et al. 2001 and
Saksa et al. 2002) and in 2003 (Vaittinen et al. 2003). In addition, updates were carried
out in 2002 of two sub-models to study the location for the ONKALO access tunnel
(Vaittinen et al. 2004a and 2004b). In 2001 hydraulic conductivities measured over 2 m
sections of drillhole (K2m) were added as one of the criteria for determining the
intersections of hydrogeological zones in drillholes, whereby such zones were based on
the integrated interpretation of engineering geological criteria and hydraulic
conductivity. The orientation and continuity of the zones were determined using the
results of hydraulic interference tests, geophysical measurements, fracture orientations,
and assumptions regarding their planarity. For each modelled zone a certainty value
related to orientation and continuity of the zones was given (Vaittinen et al. 2003).
Modelling was divided into separate disciplines after bedrock model version 2003/1 and
therefore engineering geological criteria have not been applied to hydrogeological
modelling since that date.
A brief update of the hydrogeological zones was performed for the estimation of water
inflow rates into the ONKALO (Sievänen et al. 2006) and a more extensive update for
assessing grouting after the penetration of the HZ19 zones (Ahokas et al. 2006). A
thorough hydrogeological model upgrade, aimed at underpinning numerical
groundwater flow modelling and layout planning, was compiled in 2006 (Ahokas et al.
2007).
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The 2006 model (Ahokas et al. 2007) described site-scale hydrogeological features,
where high transmissivities are common and hydraulic connections between drillholes
were observed as pressure and flow responses during the pumping tests and other field
activities. All drillhole intersections with a transmissivity higher than 1·10–5 m2/s below
approximately –150 m were considered, but due to the known heterogeneity of
hydraulic properties within hydrogeological zones (HZs), no specific minimum limit
value for transmissivity in the drillholes was used for implying the occurrence of a zone.
The continuity of the zones was mostly based on observed hydraulic connections,
interpreted from observed hydraulic responses, with geophysical measurements
supporting their continuity. In addition, the geometry of the zones and the fitted fracture
transmissivities were taken into account. One of the zones was based on anomalous low
heads observed in the drillholes.
The 2008 version was mainly compiled according to the same modelling concept as the
2006 version. However, in 2006 the hydrogeological zones were modelled to describe
site-scale hydrogeological phenomena and the geometry of the zones was not fixed
precisely on the basis of drillhole observations. To meet the requirements related to, for
example, the geological characterisation of the hydrogeological zones and to support
planning of groundwater sampling, some of the zones were changed to coincide more
accurately with the drillhole observations. In addition, the nature of the hydrogeological
zones at Olkiluoto, including their short intersections in the drillholes, with only one
highly transmissive fracture in some such intersections, and the use of limit values for
fracture transmissivities, necessitated modified drillhole descriptions for the zones. The
main effect of the tectonic units (see Chapter 4) is related to hydraulic connections
between the units. Generally, connections seem to occur within each of the main units
and connections between the units are weak (Vaittinen et al. 2008).
The development of the understanding of the hydrogeology at the site is largely due to
the growing number of field data and the iterative assessment of these data. Early
hydraulic data for characterising the individual fractures between the hydrogeological
zones were obtained with the HTU (Hydraulic Test Unit). This device had a fixed
packed-off section length for hydraulic measurements of 31 m, without resolving the
smaller-scale fracturing that gives rise to the measured conductivity values. In parallel
with this approach, the first steps aimed at characterising the small-scale bedrock
fracturing date back to the early 1990s, when Poteri (1992) carried out the first
statistical analysis of fracture orientations and sizes. Since then, the numerical
modelling techniques have improved considerably and the body of drillhole data has
expanded remarkably, along with the progress of the site investigations. In particular,
hydrogeological measurements have been revolutionised by the introduction of the
Posiva Flow Log (PFL), a sensitive device that facilitates the rapid scanning of deep
drillholes with a fine resolution (Rouhiainen 1993; Öhberg & Rouhiainen 2000) and a
practical lower measurement limit (threshold) in terms of transmissivity typically of
T  10–9 m2/s for the surface drillholes. The threshold limit may be lower for the pilot
holes as they may the tested using higher water pressure differentials.
Until 2008 PFL data, together with detailed fracture mapping data, had been obtained
from 56 surface-drilled holes and seven ONKALO pilot holes. All these data were
incorporated in the hydrogeological discrete fracture network modelling carried out by
Hartley et al. (2009) that was applied in the initial RSC programme to estimate inflows
to deposition tunnels and holes under open repository conditions (see Hartley et al.
(2012a) for details). It also provided input to site groundwater flow and transport
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modelling (Löfman et al. 2009; Posiva 2009, Section 8) for SR2008 (Posiva 2009). The
geological framework of fracture domains for that study was provided by the 2008
Geological DFN model (Geo-DFN) (Buoro et al. 2009).
6.4

Overview of the hydrogeological environment of the site

The most conspicuous characteristics of Olkiluoto's hydrology result from the fact that
it is relatively large island, c. 12 km2, in close proximity to the mainland. The annual
rainfall is c. 530 mm, but varies markedly from year to year and from month to month.
According to Karvonen (2008), annual surface runoff is c. 175 mm and annual total
evapotranspiration (comprising evaporation from the land surface and transpiration by
the plants) is c. 310 mm. Updated modelling by Karvonen (2011) estimated that annual
runoff is c. 168 mm and total evapotranspiration c. 340 mm. Recharge to groundwater
circulation in the bedrock at Olkiluoto is estimated to be equal to c. 1% (c. 5 mm/a) of
the annual precipitation (Karvonen 2010).
At present, the island of Olkiluoto forms a distinct hydrological unit, in which surface
waters flow directly into the sea. The island is divided into several local drainage basins
on the basis of topography and the direction of flow in ditches, and the main surface
water divide splits the island into northern and southern parts. The main island of
Olkiluoto, together with its companion landmass, Ilavainen, are separated from the
mainland by a narrow strait (see, Figure 6-1). The surrounding brackish sea water (with
a salinity of c. 0.6%) is quite shallow. The topography of the island is gently undulating
– the average elevation of Olkiluoto is about 5 m – contrasting with the clearly steeper
slopes of Ilavainen. The highest points of the investigation site are Liiklankallio,
Selkänummenharju and Ulkopäänniemi, with elevations of 18 m, 13 m, and 12 m,
respectively. Although the bedrock surface is relatively irregular, the surface relief is
rather subdued, even where the bedrock surface changes abruptly, as the depressions in
the bedrock surface are filled with a thicker layer of till. Occasionally, the most elevated
parts of the bedrock are exposed (Lahdenperä et al. 2005).
The distribution of head with elevation from 19 drillholes (locations in Figure 6-1) is
plotted in a summary figure of all the measured baseline heads, shown in Figure 6-3. At
the surface, the heads vary between 2 m and 9 m. In several drillholes a decreasing trend
with depth can be observed to a depth of approximately 50 m. Below a depth of 100 m a
weak increasing trend is apparent, whilst a strongly increasing trend is seen below a
depth of 500 m, due to the increasing salinity of the groundwater.
The heads recorded at the top of each drillhole correlate closely with the ground
elevation at those locations. The lowest heads were determined for drillhole KR6, which
is located close to the sea. The highest values were from KR4 and are likely to be
caused by the effect of local elevated regions (Hartley et al. 2012c). The overburden
thickness does not influence the heads at the top of the drillholes (Figure 6-4).
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Figure 6-3. Baseline head data (figure from Vaittinen et al. (2011)). The enveloping
thick black lines are calculated from the overall salinity profile at the site and assuming
two ground surface elevations (0 m and 7 m).
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Figure 6-4. Head recorded at the highest elevation in each drillhole, plotted on a map
of overburden thickness (Karvonen 2011a).

The site's hydrogeological environment has evolved over the period of several thousand
years. As is discussed in Chapter 7, this past evolution in the bedrock is nowadays
reflected in a distinct distribution of water types, characterised by specific signatures in
salinity, chemistry and isotopic composition, which are present as approximately
horizontal layers. Whilst the origin of the salinity in the bedrock has been explained as
being the result of different processes (Lámpen 1992), it is reasonable to assume that
deeper groundwaters – having high salinities at depths of a few hundred metres – are
very old (see Chapter 7; and also Pitkänen, Snellman & Vuorinen 1996, Puigdomenech
et al. 2001). Shallower groundwaters have been affected by climatic changes, especially
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the alternating periods of glaciations and interglacials during the last approximately two
million years. However, at Olkiluoto, only traces of the last glacial period, the
Weichselian, can be detected at the surface and indications of glacial meltwaters of this
origin are only found at depth in the bedrock. This last glaciation period spanning c. 100
ka has all but erased any evidence of the earlier ice ages.
The current interglacial started with the withdrawal of ice c. 11,500 years ago (Westman
et al. 1999). As the Weichselian ice sheet melted, huge amounts of fresh water were
released, forming the Baltic Ice Lake, that later turned into the Yoldia Sea. During the
Yoldia Sea stage the area of the current Finnish landmass was still predominantly
covered by ice but, as the melting progressed and the connection to the Atlantic Ocean
through southern Sweden was cut off by land uplift, the Yoldia Sea turned into the
Ancylus Lake c. 10,800 BP. It was soon after this, c. 10,000 BP, that the ice margin lay
over Olkiluoto. The site was submerged at that time, thus facilitating some meltwater
intrusion into the bedrock.
As time progressed, the connection to the Atlantic Ocean through the straights in the
south opened at c. 8500 BP, allowing saline oceanic water to enter the Baltic Sea.
Thereafter, the salinity kept continuously increasing until c. 6500 BP and remained
stable until 4500 BP. The maximum salinity during the Litorina Sea stage was much
higher than nowadays, typically between 10 and 15‰, although there are indications
that the salinity may have reached 20‰ (Westman 1999).
Olkiluoto Island started to emerge from the sea c. 2,500 years ago, as a result of land
uplift and the concomitant retreat of the shoreline. Land uplift is a consequence of the
cycle in which stadials (glaciations) and interstadials (temperate periods) alternate. At
the onset of a temperate period and in the course of progressive ice melting, the load of
the ice mass disappears and the Earth's crust commences recovery to the state that
would have existed before the ice age.
Today, perhaps the most conspicuous evident influence of land uplift is the
Olkiluodonjärvi wet land area, a former small lake (thus, järvi in Finnish) and a former
bay that became segregated from the Baltic Sea over the period 1491–1638 AD (Eronen
et al. 1995, Vuorela et al. 2009). Nowadays Olkiluodonjärvi is characterised as a typical
young peatland initiated on an uplifted shore. Another relative 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.
In modern times the surface environment of the site has been influenced by the
development of nuclear power facilities and their related infrastructure. Currently, the
greatest influence on the surface environment is from the construction of the OL-3
nuclear power plant and the ONKALO and their related earthworks. In addition, the
continuing site investigations for a spent nuclear fuel repository have resulted in more
than 50 drillholes and a number of other investigations, such as excavated trenches.
The deep groundwater environment is being affected by the excavation of the
ONKALO that reached the depth of the planned repository at the end of 2010. The
underground construction work for the repository is planned to continue for the next one
hundred years, following the emplacement of the first disposal canister in the 2020s.
After closure of the repository, the underground groundwater regime will return to a
state that corresponds to its natural characteristics; and land uplift – continuing into the
far future – will result in the merging of Olkiluoto Island with the mainland.
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6.5

Mathematical mode of groundwater flow and transport of salinity

The mathematical model of groundwater flow is based on the well-known Darcy
equation that relates the specific discharge or Darcy velocity, q [m3/m2s or m/s], of
groundwater to the hydraulic gradient, I [-], through a coefficient of proportionality,
K [m/s], called the hydraulic conductivity: q = K×I. In a more general case a threedimensional equation may be written as:

q  Kh ,
where the Darcy velocity takes a three dimensional form (three-component vector) and
the hydraulic conductivity is represented by a 3×3-matrix.7 The hydraulic gradient is
now expressed in terms of the hydraulic head h [m]. Physically, the Darcy velocity is
required to fulfil the law of conservation of mass (of incompressible water):
q  0
This then leads to the flow equation in the form of
  Kh  0

This applies to cases where the density of groundwater can be assumed to be constant.
However, groundwater chemistry can affect groundwater movement by changing the
density or the viscosity of the groundwater. At Olkiluoto the groundwater is known to
have high, but varying, concentrations of dissolved solids, giving rise to varying
densities. These density changes are likely to be dominated by the presence of dissolved
salt. Since gradients in the water table at Olkiluoto are expected to be relatively weak,
because of the subdued topography, the buoyancy forces arising from density variations
in the groundwater are significant. In such situations, the flow equation takes the form
 ( f  )
t

   (  q)  0

(**)

where the Darcy velocity is written in terms of pressure p [Pa] as follows:

q

k



 (p   gz )

where k [m2] is the permeability and g is the gravitational acceleration (≈ 9.81 m2/s),
z [m] is the vertical coordinate (positive direction is upward).
Numerical groundwater flow calculations in this chapter have been carried out with the
Connectflow code. Connectflow is the suite of Serco's groundwater modelling software
that includes the NAMMU continuum porous medium (CPM) module and the NAPSAC
discrete fracture network (DFN) module for modelling groundwater flow and transport
in both fractured and porous media on a variety of scales.8 ConnectFlow uses residual
pressure, pr, as the independent flow variable which is related to total pressure, p, by
pr  p   0 g ( z  z0 ) ,
where ρ0 [kg/m3] is the density of freshwater.
7

As symmetric (and positive definite) representations apply to representing the hydraulic conductivity
with a matrix, only six independent components need to be defined.
8
More information can be found at www.connectflow.com.
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The permeability and hydraulic conductivity are related to each other through
g
K k
,



where ρ is the density of water and μ [Pa·s] is the groundwater viscosity. (For
hydrogeological features, in particular, hydraulically-connected fractures, for which the
groundwater flow may be assumed to take a two-dimensional character – as in the case
of discrete hydrogeological fractures to be discussed in Section 6.8 – it is convenient to
describe their hydrogeological characteristics in terms of the transmissivity T [m2/s],
which connects the volumetric flow rate per unit width of the two-dimensional
formation to the hydraulic gradient in the two-dimensional Darcy’s equation.
Dissolved solids or groundwater salinity are transported by groundwater flow. A
customary approach to modelling the transport of dissolved substances applies the socalled advection-dispersion equation (ADE)9:
 ( f c)

   ( qc)    ( f D  c) .
t
where D is the dispersion tensor [m2/s], c [kg/m3] is the concentration, f is the flow
porosity and t is the time [s]. The transport of salinity, in turn, affects the flow field so
that the flow equation and the ADE must be solved iteratively. Although the ADE is
customarily applied in connection with solute transport in porous formations, the
dispersion itself is not – strictly speaking – a material property in the same sense as the
permeability (or hydraulic conductivity), but rather a parameter whose magnitude may
be determined or interpreted after having collected observational data on the spreading
of a solute plume along a transport path. In other words, it is a parameter that lumps
together various processes causing the spreading – thus dilution – of the moving solute
plume (Figure 6-5).

9

The formal derivations for the flow and advection-dispersion equations can be found in many textbooks
of subsurface hydrogeology, e.g. Bear (1979) or de Marsily (1989), Bear & Bachman (1993).
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Figure 6-5. Origins of hydrodynamic dispersion on a microscopic scale (adopted from
Bear 1972). An additional sub-process (not shown in the figure) also contributing to
the spreading of the tracer is molecular diffusion and matrix diffusion, which has been
identified as one key retardation process in the geosphere for solute transport in
connection to nuclear waste disposal.

Customarily, the various processes leading to spreading are parameterised in terms of
dispersion lengths, or longitudinal and transverse dispersivities αL and αT, respectively:
 i j
D
, i, j = 1, 2, 3,
Dij  m  ij   T vi   L   T 
v

where Dm is the molecular diffusivity (which is often ignored when modelling
macroscopic dispersion, as the corresponding term in this equation is much smaller than
the other terms), τ is the tortuosity, v  q /  f is the pore water velocity with
components vi (i = 1, 2, 3).

The equation written in the form shown above represents the movement of the solute in
the pore space that contributes to the flow routes of water – that is the flow governed by
Darcy's law. In addition to the kinematic porosity, the rock matrix is itself porous.
Solutes can be transported by diffusion from the pore water in the kinematic porosity
into the relatively immobile water in the low permeability rock matrix. This is a
retardation mechanism, because solutes would otherwise be transported at a velocity
determined by the groundwater flux and the accessible kinematic porosity. Rock matrix
diffusion also acts as a mixing process, since solutes that have diffused into the rock
matrix can diffuse back out over a period of time, acting as an immobile reservoir for
solutes. Rock-matrix diffusion is thought to be important in understanding the chemical
evolution of the groundwater at Olkiluoto (Löfman et al. 2009).
Whilst the matrix porosity cannot influence groundwater flow directly, it has an indirect
impact through diffusion, or matrix diffusion. This influence is taken in the
mathematical model by adding the term:

 De

c
w w0
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to the ADE. This term describes the mass transfer between the flow porosity and the
diffusion or matrix porosity. In the context of crystalline rock, the flow porosity is
interpreted as being represented by the flowing fractures; correspondingly the matrix is
represented by the rock mass adjacent to the fractures. In the matrix, the transport is due
only to molecular diffusion, which is often modelled as one-dimensional; i.e.
perpendicular to fracture plane:
nm  ( c) 
c

( De
)
t
w
w
where D'e is the effective diffusion coefficient in the matrix, nm is the matrix porosity, σ
is the specific fracture surface area, which is the average surface area of the matrix per
unit volume, and which is often referred to as the specific flow-wetted surface area. For
smooth planar fractures,  is given by 2P32, where P32 is the fracture area per unit
volume, which is a measure of fracture intensity.
The equations given above have to be supplemented by appropriate boundary and initial
conditions. Suitable boundary conditions for the groundwater flow equations 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 in the fractures at the domain
boundary or the flux of salinity into the groundwater in the fractures. 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 fractures
locally:

c ( w  0)  c
and that the flux of salinity in the matrix is zero at the maximum penetration depth d
into the matrix:
c 
 Di
(w  d )  0 .
w
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.
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 density and viscosity were obtained using empirical correlations for
NaCl brines (Laaksoharju et al. 2005) and (Kestin et al. 1981).
Numeric values of the flow and transport properties and specifications of initial states
and boundary conditions of the primary quantities – groundwater pressure and
concentration – are summarized in relation to palaeohydrogeological calculations in
Section 6.9.
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6.6

Hydrogeological site-scale structures

6.6.1 Modelling approach

The hydrogeological structure of the Olkiluoto bedrock on the site scale is described in
terms of hydrogeological zones (HZs) of elevated transmissivity, that contain
frequently-occurring, interconnected fractures, so that groundwater flow takes place
preferentially within them, with less flow taking place in fractures characteristic of the
rock mass between these hydrogeological zones. This approach makes it natural to
propose that all site-scale brittle fault zones (discussed in detail in Chapter 4) are
candidates for site-scale hydrogeological zones (Figure 6-6). Following the modelling
of the fault zones, as part of the geological Brittle Deformation Model, the basic idea of
the modelling procedure for HZs is that they are planar/semi-planar features.
Accordingly, the hydrogeological data are carefully evaluated against the Brittle
Deformation Model, for example, how well the measured (fracture-specific)
transmissivities (Figure 6-7) are aligned with the modelled planes of the brittle fault
zones (referred to in general as brittle deformation zones, BDFs, but more specifically
as brittle fault zones, BFZs, see Chapter 4). Fracture-specific transmissivities from all
deep drillholes up to OL-KR53, available B-drillholes and pilot holes up to ONK-PH13
were considered. Based on the distribution of the transmissivity values shown in Figure
6-8 (Vaittinen et al. 2011) within depth ranges above –50 m, between –50 and –350 m,
and below –350 m, a limit value representing 90% of the total of all transmissivities
within each depth range was chosen. All fractures with higher transmissivities than the
limit value (see Figure 6-8) were assessed for each depth range, whether they belonged
to a site-scale zone or to sparsely fractured rock.
However, as Vaittinen et al. (2011) stress, the brittle fault zones cannot be directly
modelled as hydrogeological size-scale zones. Whilst more than 60 000 core mapped
fractures exist in the fracture database (Aaltonen et al. 2010), the number of
transmissive fractures – that is those for which the transmissivity is higher than the
lower limit of the measuring device, which is around 10–10 m2/s for the PFL – is about
4800 (Tammisto et al. 2009, Palmén et al. 2010, and Palmén, Tammisto, Ahokas 2010).
The brittle fault zones in many cases are modelled as having a much larger extent than
the corresponding hydrogeological zones modelled by Vaittinen et al. (2011). On the
other hand, in some cases the hydraulic connections have a much larger extent than the
corresponding brittle deformation zone. In some drillhole sections without geological
evidence of a brittle fault zone, the transmissivity of a distinct fracture may be in the
order of 10–5 m2/s, but the number of such cases (e.g. in drillhole OL-KR23 at the depth
of 136.15 m) is low.
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Figure 6-6. Schematic description of the approach applied for developing a
hydrogeological description of the site, Drillhole intersections of transmissive fractures,
interpreted hydraulic connections, and site-scale Brittle Deformation Zones were
considered together and the continuity and hydraulic properties of the features were
determined. The interpreted features were classified as belonging either to site-scale or
to local-scale features on the bases of transmissivity, whether continuity is based on
hydraulic or geophysical measurements and on size of the feature. Figure from
(Vaittinen et al. 2011).
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Figure 6-7. A schematic presentation of the bedrock characterised in terms of a
hydraulic zone with frequently occurring fracturing, thus constituting a hydrogeological
zone within sparsely fractured, "average" rock.
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Figure 6-8. Fracture transmissivity values and threshold T values, i.e. greater than a
value (and potentially belonging to HZs) that decreases with depth and shown using a
darker colour within each depth range. The limit T values are 10–6 m2/s for the data
above –50 m, 2·10–6 m2/s for the data between –50 m and –350 m, and 3·10–7 m2/s for
the data below –350 m. Figure adopted from Vaittinen et al. (2011).
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In addition to the measured transmissivities and their classification between those
belonging to hydrogeological zones and those belonging to the averagely, or sparsely,
fractured rock, essential information about the hydraulic continuity (connectivity) of
such zones is provided by the hydrogeological responses to various field activities,
including the influence of the ONKALO. Supplementary information about the
continuity of the hydrogeological zones may also be provided by geophysical means
(Mise-à-la-masse measurements, VSP, 3D seismic and HIRE reflectors, electromagnetic
Gefinex 400 soundings) but, according to Vaittinen et al. (2011), the geophysical
information cannot be used to provide a conclusive indicator of hydrogeological
continuity. The extent of the zones is, in most cases, determined based on observations
in drillholes, in particular, on the observed hydrogeological responses to pumping tests,
on the hydrogeological influence of the ONKALO, and on various other field activities
(such as water sampling); as a result, the hydrogeological zones are usually defined only
within the central area (see Figure 2-1).
The model of hydrogeological structures on the site scale, that is the deterministic
structural model, is constructed using an approach that brings together the site-scale
geological brittle fault zone (BFZ) model, information on the location of the high
transmissivities, and hydrogeological responses to pumping and interference tests and
the construction of the ONKALO. The site-scale hydrostructural model describes zones,
co-located in many cases with the BFZs, that transmit the larger part of the volumetric
water flow in the rock at depth. As is explained by Vaittinen et al. (2010), linking all the
data from these different sources is by no means an easy feat – and in order to obtain the
most appropriate hydrogeological model it is not feasible to follow a simple set of
predetermined rules; the use of expert judgment is often necessary. Unavoidably, this
makes the description of the site-scale hydrostructural model somewhat subjective in
places. The data from the drillholes is mainly limited to the central area and the
extrapolation of the hydrogeological zones outside this central area often has to be
based on expert judgement. Most of the hydrogeological zones are assessed to have a
limited extent, so their extrapolation is over relatively limited length scales. Where there
are no indications of the restricted size of a hydrogeological zone, it is extended to
intersect the boundary lineaments.
Whereas the hydrogeological zones on the site-scale are modelled deterministically, the
description of the fabric of the sparsely fractured rock mass is based on a stochastic
approach, a hydrogeological discrete fracture model (hydro-DFN), developed on a
detailed statistical analysis of fracture mapping data from the drillholes, outcrops and
ONKALO rock walls. The hydrogeological properties of the stochastically-modelled
fractures are determined, based on the data from single-hole PFL pumping tests that
have provided a unique data set of fracture-specific transmissivities.10 The hydro-DFN
model is pertinent for describing the groundwater flow at the detailed scale in the
vicinity of a deposition hole. Moreover, the impact of the effective properties of the
sparsely fractured rock and their stochastic variability on the site-scale modelling is
estimated by upscaling of the hydro-DFN model.

10

It is acknowledged, however, that in the sparsely fractured rock the "choke effect" analyzed by
Öhman & Follin (2010) may blind the PFL from being sensitive to the transmissivity of the intercepted
fracture, and therefore the fracture specific Q/s (flow rate over drawdown) ratios should be used in
inferring the statistics of the hydrogeological properties of the bedrock fractures.
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In addition to the brittle deformation model, the ductile deformation model and the
description of Tectonic Units developed as part of this model (see Chapter 4), are taken
into account in order to characterise certain hydrostatistical aspects in detail. Here, the
underlying evolutionary hypothesis is that reactivation of the ductile and semi-ductile
deformation structures in a later brittle deformation stage(s) may have produced open
channels for groundwater flow (see Section 6.6.2).
The BFZs are classified into two categories, based on their lateral extent: site-scale
zones and repository-scale zones. The zone is classified as a site-scale zone if its extent
at any depth and in any direction is 1000 m or greater and the extent is defined by
several drillhole intersections and/or geophysical or topographic data. The other zones,
with a lateral extent of less than 1000 m, are systematically classified as repository-scale
zones, which are usually based on one or, at most, a few drillhole intercepts; their
orientation being mainly based on the orientation of the slickenside fractures in the
inferred core zones. Their actual extents are usually uncertain. The current Brittle
Deformation Model version 2.0 (Aaltonen et al. 2010 and Chapter 4) includes 178
modelled fault zones, of which 22 are classified as site-scale zones.
The update of the site-scale hydrogeological structure model mainly follows the
approach applied in the previous update in 2008 (Chapter 6 in Posiva 2009). However,
in order to consider the measured transmissivities in more detail and more
comprehensively, a systematic approach covering all drillholes up to OL-KR53,
available B-drillholes, and pilot holes up to ONK-PH13 was carried out. The
transmissivities of bedrock fractures were considered against the backdrop that the
volumetric flow rate of groundwater at depth is concentrated in the HZs. As the
transmissivity is a measure of the volumetric flow rate, the HZs were adjusted (or
conditioned) such that they followed the highest measured transmissivities in the
drillholes, whilst maintaining overall consistency with the BFZs. Overall, the measured
transmissivities display a decrease with depth, and it is assumed that a similar decrease
applies to the transmissivities of the hydrogeological zones. The continuity – or extent –
of the HZs, in turn, is mostly based on hydraulic responses observed during pumping
tests, overpressure tests and on various other field activities.
The effect of biased observations, i.e. the location and orientation of drillholes, on the
site-scale hydrogeological structure model has been examined, as have possible spatial
variations of the hydraulic conductivity.
6.6.2 Hydrogeological domains and zones at the site scale

In the 2008 Geo-DFN (Buoro et al. 2009) and the corresponding hydrogeological
discrete fracture network model (Hartley et al. 2009) the rock volume at Olkiluoto was
divided into fracture domains, based on key structures in the deformation zone model,
specifically OL-BFZ080 and OL-BFZ098. The relative intensity differences and
apparent mean pole vector rotations above, below, and between these structures were
the lines of evidence used to support the domain hypothesis. For the 2011 Geo-DFN
model (Fox et al. 2012), a somewhat different approach is taken. In this approach, the
goal is to identify rock volumes with fracture characteristics, such that the variability
between volumes is larger than the variability within volumes (after Munier et al. 2003).
Moreover, the underlying assumption is that the fracturing is constrained by the large-
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scale structural and tectonic history of the site,11 rather than by the latest-stage reactivated brittle structures. Accordingly, the ductile deformation model defines
structural units, which can be considered “statistically homogeneous” with respect to the
orientation and type of foliation, the orientation of axial surfaces, and the supposed
deformation intensity of a particular deformation phase (Aaltonen et al. 2010; see also
Section 4.7.3).
The ductile deformation model of the site describes three main tectonic units; the
Northern Tectonic Unit (NTU), the Central Tectonic Unit (CTU), and the Southern
Tectonic Unit (STU). These tectonic units are bordered by deformation zones, which
divide the major units into sub-units and in which shear-related structures are important
elements (Figure 6-9). For a description of the large and small-scale structures of these
Tectonic Units please refer to Section 4.7.3.
The tectonic subdomains defined in the Olkiluoto ductile deformation model are
assumed to be the rock volumes within which the hydrogeological zone and fracture
model is built. Based on the current understanding of the site, the main effect of the
tectonic units from a hydrogeological point of view is related to the hydraulic
connections between the units. Generally connections seem to occur within each of the
main units and connections between units are weak (Vaittinen et al. 2011). The highest
fracture transmissivities and hydraulic connections are possibly related to brittle
structures following the ductile deformation structures, where one ductile deformation
phase is dominant, comprising more homogeneous foliation than the surrounding
bedrock. The reactivation of the ductile and semi-ductile deformation structures within
later brittle deformation may have produced open channels for groundwater flow.

11

See Section 4.4.1 for a discussion on the Palaeoproterozoic ductile deformation, deformation phases D1
to D4, and metamorphism.
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SDZ
LSZ
D4-1
FDZ
S4

Figure 6-9. The tectonic units and major ductile deformation zones of Olkiluoto Island
(upper) and 3D model of the tectonic units and tectonic sub-units (Aaltonen et al. 2010).
View towards northeast.
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Hartley et al. (2012c) compared various fracture data characteristics in each domain:



stereoplot orientation data characteristics in terms of the fracture orientations
and major concentrations,



relative values of fracture intensities by fracture set,



depth profiles of fracture intensity data,



depth profiles of hydraulic conductivity,

and concluded that reducing the number of domains by merging adjacent domains
having the similar characteristics was essential for the statistical significance in the PFL
distributions used for model calibration. On the other hand, merging domains leads to a
larger number of drillholes within each domain and thus subtle differences between
fracture domains may be obscured; and it may also increase the variability between
drillholes within the merged domain. On the basis of these comparisons it was
considered that the nine domains based on tectonic units could be reduced to four
merged “hydraulic domains”, suitable for parameterising the Hydro-DFN model (Figure
6-10):
1.

NTU and SDZ

becoming NHU;

2.

CTU1, CTU2, and FSZ

becoming CHUW;

3.

CTU3 and D4

becoming CHUE;

4.

STU and LSZ

becoming SHU.

The hydrogeological site-scale concept of the site is based on coinciding spatial
information on the interpreted tectonic units, brittle deformation zones with drillhole-todrillhole connections largely based on geophysical connections, especially mise-à-lamasse conduits, and high fracture transmissivities and hydraulic connections (Vaittinen
et al. 2011). All site-scale brittle deformation zones were considered for the
hydrogeological model. The brittle deformation zones that were not intercepted by
drillholes – and thus were not based on direct observational data – were classified as
possible hydrogeological zones. The hydraulic connections generally seem to occur
within each tectonic unit and connections between the units are poor. Conclusions based
on hydraulic connections are preliminary, due to the concentration of deep drillholes
within CTU. Only five drillholes are full-length within NTU and one drillhole within
STU. However, many of the packed-off CTU drillholes are partly located within NTU
and one within STU, thus supplementing information on these tectonic units.
Thirteen site-scale hydrogeological features have been interpreted in Olkiluoto Island.
Twelve of them are mostly based on hydraulic properties and the continuity of the
interpreted hydraulic connections, and one is based on geological indications. In
addition to the site-scale features, some hydraulic connections are assessed as localscale features. The interpreted hydrogeological connections are supported by the results
of geophysical measurements, especially extensive electrical mise-à-la-masse
connections, which coincide with brittle structures, following the ductile deformation
structures and hydraulic connections.
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Figure 6-10. Tectonic domains (top) and merged hydraulic domains (bottom). See the
text for more explanation.

The current hydrogeological model introduces several changes from the previous model
version 2008 (Table 6-1). In the current model update hydrogeological zone HZ039 has
been added to the model, based on hydrogeological investigation data, and zone
OL-BFZ100 has been added based on the geological model. Hydrogeological zone
HZ004 has been replaced by zone HZ146, which follows the Liikla Shear Zone and
brittle deformation zone OL-BFZ146. Hydrogeological zone HZ21B is now included in
the basic model, based on new geophysical survey data. In addition, some changes have
been made based on new investigation data and depth-dependent limit transmissivity
values have been applied. Changes in drillhole intersections were caused by the
adoption of fracture-specific transmissivity values instead of K2m values, i.e.,
conductivities of 2 m long PFL sections (Vaittinen et al. 2011).
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Table 6-1. Summary of the changes in the hydrogeological structure model since
version 2008.
Zone
HZ001
HZ004
HZ008
HZ19A
HZ19B
HZ19C

New zones and modifications since 2008
Extended towards east to intersect drillhole OL-KR6
Replaced by new zone HZ146
Changes to fit with electrical Gefinex and seismic HIRE data
Drillhole intersections have been changed
Drillhole intersections have been changed
Drillhole intersections have been changed
Extended to intersect drillholes OL-KR8, -KR16, and -KR27
HZ20A Added intersection in pilot hole ONK-PH8
Intersection in drillhole OL-KR29 changed upwards
Extended towards southeast following seismic HIRE and 3D data
HZ20B Added intersection in pilot hole ONK-PH9
Connected northern border to HZ20A
Extended towards east and west to intersect bounding lineaments
HZ21
New intersection in drillhole OL-KR47
HZ21B Included in the basic model
HZ039 New zone, orientation based on OL-BFZ039
HZ099 Extended towards east to intersect drillholes OL-KR6 and -KR12
BFZ100 Included in the HZ model without modifications
New zone based on OL-BFZ146, i.e. Liikla Shear Zone
HZ146 Intersections in drillholes OL-KR27B, -KR40B, -KR45, and -KR49 – KR52
Northern lineament replaced by OL-BFZ214
Bounding
OL-KR53
intersects
southwest
lineament,
lineaments Drillhole
but the BFZ has not been modelled in GSM 2.0

6.6.3 Hydrogeological zone system HZ19

Site-scale hydrogeological zone HZ19 is characterised by fractures with high
transmissivities relatively close to the ground surface (mainly less than 200 m depth).
Those fractures are interpreted as being located in a plane-like formation, which is
further supported by the interpretations of several interference tests and responses to
field actions and ONKALO inflow episodes. Geologically-interpreted hydraulic
connections are located mainly between the Flutanperä Deformation Zone (FDZ) and
the Liikla Shear Zone (LSZ), i.e. within CTU2 (Figure 6-9). The orientation of
hydrogeological zone HZZ19 is sub-horizontal, close to the ONKALO, but changes to
gently-dipping in the south and southeast to follow the dip of LSZ. At the local scale,
the dense population of drillholes and observations in the ONKALO allows a more
detailed description of the hydrogeological zone. The interpretations of the interference
tests have suggested that, compared to the sub-horizontal hydraulic connectivity, the
sub-vertical connections are clearly weaker within the HZ19 system (Vaittinen et al.
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2011). Therefore, at the local scale the HZ19 system is divided into three, nearly
parallel sub-zones: HZ19A, HZ19B and HZ19C (Figure 6-11). According to the model
for the HZ19 system the sub-zones were intersected by the ONKALO access tunnel and
the three vertical shafts raise-bored to date. The geometry of the HZ19 zones has not
changed since SR2008 (Posiva 2009).
Vaittinen et al. (2011) determine the extent of the HZ19 system as follows (see labels
"1", "2", "3" and "4" in Figure 6-11):



"1": The northern boundary of the HZ19 system is modelled between drillholes
KR12 and KR2, and set to be located between KR41 and KR46, as no indication
of a pressure response along zone HZ19 is visible in packed-off drillhole KR2 –
nor in the near-by drillhole KR13.



"2": The boundary towards the west, where HZ19 approaches the ground
surface, is set between drillholes KR4 and KR1.



"3": In the south the HZ19 system is constrained so as not to extend into
tectonic domain LSZ.



"4": The boundary of the HZ19 system towards the northeast was modelled
between drillholes OL-KR46 and OL-KR41.

The modelling of the HZ19 system was originally based on the interpreted pressure
responses of the pumping tests carried out in open drillholes OL-KR7 and OL-KR8 in
1996 (Niva 1996, Ahokas et al. 2007, and Vaittinen et al. 2008b). The long-term
pumping test, carried out in drillhole OL-KR24 during spring 2004, provided new
information, thus indicating a significantly greater continuity for the HZ19 zones
(Vaittinen & Ahokas 2005). A more complete discussion on the earlier stages of the
modelling of the HZ19 system was presented by Vaittinen et al. (2009).

Hydrogeological zone HZ19C
Hydrogeological Zone HZ19C is associated with the most extensive sub-horizontal
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. The zone is modelled to intercept a large number of drillholes. In
many cases the transmissivity associated with a drillhole intersection is high
(Table 6-2).
The average orientation, dip/dip direction, of the hydrogeological zone is 8°/139° (cf.
Figure 6-11). The geometry of the zone has not been modified since SR2008 (Posiva
2009). The drillhole-specific transmissivity values have changed because in the updated
hydrogeological zone model the HZs have been described more specifically, such that
the intercepted section in the drillhole has been determined based on the fracturespecific transmissivities, according to a pre-set transmissivity criterion (usually, T=1E7m2/s). In other words, if an HZ has been interpreted as intersecting the drillhole, all the
fractures within the spatial section that is enclosed by such "high-T" fractures, these
included, defines the total transmissivity of the HZ in that drillhole.
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The Brittle Deformation Zone model describes a brittle fault zone OL-BFZ019C that
corresponds to the site-scale HZ19C. The brittle fault zone is a gently-dipping thrust
fault with an approximate dip of c. 10–25° SSE. The fault is located a few tens of
metres beneath sub-parallel repository-scale brittle fault zone OL-BFZ019A. Based on
SAMPO Gefinex results, OL-BFZ019C is extended to the southeast from the densely
drilled area.
The modelled brittle deformation zone has 21 drillhole intersections, and it is also
identified in the ONKALO access tunnel. In 10 drillholes, the fault is fixed to a mapped
brittle fault or a brittle joint intersection and in 4 drillholes to core loss sections, based
on the general geometry and/or on the interpretation of mise-à-la-masse surveys. The
brittle fault zone is modelled to intersect drillholes KR4, KR10 and KR24, without clear
geological indications, but based on its general geometry or on the interpretation of
mise-à-la-masse surveys. On the other hand, many of the drillhole intersections related
to OL-BFZ109C are lacking in proper fault intersections. The thickness of the fault core
is approximately 0.1–1.4 m and the core zone is frequently hydraulically conducting.
Fracture-controlled kaolinitisation, illitisation and sulphidisation are typical for the
zone, although occasionally illitisation is also pervasive.
Compared to hydrogeological zone HZ19C, a conspicuous difference is the limited
extent of OL-BFZ019C to the northeast and southwest. Hydrogeological zone HZ19C
continues to the northeast to drillhole KR11, where there is a clear brittle fault
intersection. However, OL-BFZ019C, which is fixed to KR40, cannot be connected to
KR11, because of the lack of any supportive structural evidence in drillholes between
KR40 and KR11. From a structural geological point of view, OL-BFZ019C and the
brittle fault intersection in OL-KR11 seem to be two separate fault zones. They could
possibly be connected via individual, water-conductive fractures (fault splays?), which
do not show in the structural geological model. In the southwest, HZ19C has been fixed
to drillhole KR29, which is not possible in the case of OL-BFZ019C, on the basis of
lacking supportive structural geological data.
OL-BFZ019C has been fixed to OL-KR45, whereas in the case of HZ19C, no hydraulic
connection to OL-KR45 has been observed. The continuation of OL-BFZ019C to
drillhole OL-KR45 is based on SAMPO Gefinex results and weak seismic indications in
the 2007 3D reflection survey results, and can be considered rather uncertain.

3

4

Figure 6-11 Locations of the HZ19A, HZ19C, and HZ19B subzones, from top to bottom (yellow, blue and green) and corresponding
brittle deformation zones OL-BFZ019A (upper) and OL-BFZ019C (lower). The labels "1", "2", "3" and "4" in the figure enclosing the
HZ19 system are explained in the text.
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Table 6-2. Transmissivities of the drillhole depth intervals interpreted to be associated
with hydrogeological zone HZ19C (Vaittinen et al. 2011).
Depth range along
drillhole [m]
98.5 – 126.5
105.0 – 123.4
146.3 – 151.1
60.6 – 64.8
104.0 – 144.0
42.0 – 46.5
79.0 – 81.0
55.7 – 64.5
47.9 – 49.9
49.8 – 51.8
50.4 – 52.4
108.3 – 113.2
135.2 – 137.2
112.5 – 116.5
70.1 – 84.9
92.3 – 97.5
207.0 – 211.0
143.2 – 159.7
96.0 – 98.0
80.0 – 92.5
143.4 – 145.4
152.0 – 165.0
171.0 – 175.1
116.9 – 123.1
266.0 – 287.0
83.6 – 89.6
117.1 – 125.2
84.3 – 86.3
106.2 – 108.2

T [m2/s]

KR4
3.7×10−5
KR8
2.1×10−5
KR9
9.1×10−6
KR10
2.5×10−8
KR11
4.4×10−6
KR12
2.3×10−6
KR14
4.6×10−6
KR15
6.8×10−6
KR16
7.0×10−6
KR17
3.0×10−6
KR18
6.0×10−6
KR22
1.1×10−4
KR23
1.5×10−5
KR24
1.9×10−5 (*)
KR25
1.6×10−5
KR25
2.8×10−5
KR27
2.8×10−7
KR28
4.8×10−5
KR29
2.9×10−7
KR30
3.9×10−6
KR31
6.9×10−6
KR36
6.1×10−5
KR37
1.2×10–5
KR38
1.9×10–5 (*)
KR40
9.4×10−7
KR42
2.3×10−6
KR44
2.1×10−6
KR46
2.2×10−8
KR48
4.3×10−6 (*)
ONK56.0 – 60.0
3.0×10−5
PH5
(*) Measured T value divided between two zones

Figure 6-11. Zones HZ19C (blue) and OL-BFZ019C, and fracture transmissivities, view towards northeast.
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Hydrogeological Zone HZ19A
Hydrogeological zone HZ19A explains the uppermost, sub-horizontal hydraulic
connections covering a larger area and the hydraulic pressure responses observed in
drillholes KR15B − 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 (Table 6-3).
The average orientation, dip/dip direction, of the zone is 5°/144° (cf., Figure 6-12).

Table 6-3. Transmissivities of the drillhole depth intervals interpreted to be associated
with hydrogeological zone HZ19A (Vaittinen et al. 2011).

KR4
KR8
KR10
KR14
KR15B
KR16B
KR17B
KR18B
KR22
KR23
KR24
KR25
KR27
KR28
KR29
KR30
KR31
KR34
KR35
KR35
KR36
KR37
KR38
KR44
KR48
ONKPH4

Depth range along
drillhole [m]
80.5 – 84.1
76.7 – 83.3
39.8 – 41.8
47.5 – 56.0
19.1 – 25.1
17.0 – 19.0
8.0 – 10.0
31.3 – 33.3
89.2 – 102.7
88.7 – 94.7
93.0 – 95.3
58.6 – 64.6
129.0 – 133.0
134.0 – 140.0
62.0 – 64.0
50.7 – 54.7
101.4 – 109.4
60.7 – 82.3
69.1 – 78.8
89.6 – 96.9
84.5 – 95.4
112.0 – 126.0
86.2 – 89.6
89.1 – 107.1
95.1 – 97.1

1.7×10−5
2.7×10−5
2.6×10−7
1.6×10−4
1.7×10−5
1.4×10−6
1.0×10−5
1.7×10−5
1.5×10−5
2.0×10−6
3.2×10−5
4.0×10−5
6.0×10−7
4.8×10−7
1.1×10−7
4.1×10−5
1.1×10−6
7.2×10−5
5.4×10−5
2.3×10−5
5.7×10−5
1.6×10−5
5.1×10−5
3.4×10−5
1.5×10−5

84.0 – 86.0

1.3×10−5

T [m2/s]

Figure 6-12. Zones HZ19A (yellow) and OL-BFZ019A, and fracture transmissivities, view towards east.
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Hydrogeological Zone HZ19B
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, dip/dip direction, of the zone is 16°/151°.

Table 6-4. Transmissivities of the drillhole depth intervals interpreted to be associated
with hydrogeological zone HZ19B (Vaittinen et al. 2011).
Depth range along
drillhole [m]
140.6 – 142.6
46.9 – 48.8
249.1 – 256.5
136.5 – 162.5
175.0 – 185.5
192.5 – 209.5
112.5 – 116.5
112.5 – 125.5
256.6 – 262.7
161 – 189
163 – 179.5
195.2 – 197.2
116.9 – 123.1
106.2 – 108.2

T [m2/s]

KR4
9.0×10−7
KR7
4.2×10−7
KR8
6.3×10−6
KR22
1.3×10−4
KR23
5.7×10−6
KR23
1.6×10−5
KR24
1.9×10−5 (*)
KR25
3.5×10−6
KR27
3.4×10−6
KR28
1.8×10−6
KR31
2.2×10−5
KR37
1.6×10−7
KR38
1.9×10−5 (*)
KR48
4.3×10−6 (*)
ONK172.0 – 176.0
1.6×10−6
PH5
(*) Measured transmissivity value divided
between two hydrogeological zones

Uncertainties and alternative interpretations
As the horizontal extent of the HZ19 system towards the northeast, south and southwest
is based on expert judgement, its extent is subject to uncertainty. Furthermore, despite
its shallow depth and some indicative fracture observations in the investigation trenches
(Ahokas et al. 2007), its surface expression could not be determined.
Instead of the currently modelled planar connection transmitted by hydrogeological
zone system HZ19, the flow route from drillhole KR9 to KR11 is possibly channelled
along SSW-NNE striking brittle structures associated with the D4-1 shear zone (cf.
Figure 6-13). This possibility is supported by missing responses in the modelled HZ19
intersection in drillhole KR11 to field activities carried out in nearby drillholes KR41
and KR46, whereas KR11 and KR9 appear hydraulically connected (Vaittinen et al.
2011). Electrical mise-à-la-masse conduits and ductile sub-unit D4-1 coincide with each
other well, also suggesting hydraulic connections.
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Figure 6-13. Possible groundwater flow connection between drillholes KR9 and KR11
following ductile D4-1 feature. Mise-à-la-masse conduits following D4-1 feature are
also shown.
6.6.4 Hydrogeological zone system HZ20

The hydrogeological zone system HZ20 is considered the most important
hydrogeological feature to be intersected by the ONKALO access tunnel and shafts. The
HZ20 system is modelled with two zones describing upper (HZ20A) and lower
(HZ20B) surfaces of the interpreted direct hydraulic connections within the system. The
sub-horizontal hydrogeological zones were for the first time studied in groundwater
flow modelling as alternative interpretations of the field investigations in 1996
(according to Ahokas in Löfman 1996). Site-scale hydrogeological zone R20HY was
introduced in 1999 (Anttila et al. 1999; Löfman 1999).
Modelling of the HZ20 system is based on the results of pumping tests carried out since
1992:



OL-KR1 test in 1992 (Ylinen et al. 1992) providing first indications of the HZ20
system,



OL-KR7 test in 1995 (Niva 1996),



OL-KR4 test in 1998 (Jääskeläinen 1998; see also Figure 6-14),



OL-KR24 test in 2004 (Vaittinen & Ahokas 2005).
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The higher than expected drawdowns in the OL-KR4 and OL-KR24 pumping tests
support the limited extension (or limited connection to boundary zones) of the HZ20
zones (Ahokas et al. 2007). Also, the hydrogeological analysis of hydraulic effects
during the excavation of the access tunnel provided more detailed information on the
HZ20 system (Vaittinen et al. 2010b). Based on geological mapping data, the system
was met at chainages 3157– 3182 m (HZ20A) and 3286 – 3325 m (HZ20B) in the
ONKALO access tunnel.
The construction of the ONKALO, which started in 2004, approached the HZ20 system
by mid-2008. The hydrogeological model of that time already described the HZ20
system as the most significant hydrogeological system the ONKALO was destined to
intercept. The excavation through the HZ20 system was preceded first by the drilling of
pilot hole PH8 through HZ20A. After a suite of investigations in the pilot hole, the
excavation work commenced with a standard procedure, involving the drilling of probe
holes and pre-grouting holes before the drilling of the blasting holes. The excavation
through HZ20A was followed by drilling pilot hole PH10 through HZ20B, and this was
then followed by the investigations in the drillhole before tunnel excavation was
resumed with the standard manoeuvre of drilling probe holes, pre-grouting holes and
blasting holes. Based on the pre-determined observation limits, the probe holes provided
knowledge of the need for injecting cement grout into the pre-grouting holes (forming a
funnel-shaped pattern embracing the pre-grouted section). As the hydrogeological
model had predicted, the investigations in the pilot and probe holes confirmed the
inflow water rates associated with the HZ20 system would be very large without pregrouting. Excavation through the HZ20 system was completed in January 2009. Whilst
currently the inflows from the HZ20 system seem to have stabilised at rates of
6−7 L/min, based on measured flow rates at the weirs installed in the ONKALO,
episodes of very high inflows gave rise to strong responses measured in the
hydrogeological monitoring network, contributing to a further evaluation of the
connections associated with the HZ20 system (Vaittinen et al. 2011).
The ONKALO's hydrogeological response has also been detected with PFL
measurements. Flow changes in open drillhole OL-KR40 strongly support the
modelling of zone HZ20B, observed inflows at depths of 607 m (358 mL/h) and 611 m
(223 mL/h) in 2006 have changed to outflows of 7690 mL/h and 4070 mL/h in 2009,
respectively. Moreover the pressure heads measured by the PFL have decreased from
2 m to −13 m and to −14 m at the same depths.
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Figure 6-14 Observed packed-off sections and interpreted drawdowns during the
pumping tests carried out in drillhole OL-KR4 in 1998. Uncertain connections are
shown with dashed lines (Vaittinen 2008). The test was carried out in the packed-off
section at a depth of 293.5–375.2 m 17 February to 3 March 1998 (Jääskeläinen 1998).
The pumped drillhole section covered the whole of the HZ20 intersection. The average
pumping rate was 17 L/min and the drawdown was about 17.8 m in the pumped section
and about 0.3 m above the pumped section. Responses of up to 9.5 m were observed.
The higher than expected drawdowns in the OL-KR4 and OL-KR24 pumping tests
support the limited extension (or limited connection to boundary zones) of the HZ20
zones (Ahokas et al. 2007).
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The details of the responses to the ONKALO excavations seem to imply that HZ20 is
effectively isolated from the well-connected network of the site's hydrogeological
features (Vaittinen 2010). It is assumed that such hydraulic isolation arises from very
limited hydraulic connections between the tectonic units. In other words the hydraulic
connections of the HZ20 system through the interfaces between the Central Tectonic
Unit (CTU) and its neighbourhood (Vaittinen et al. 2011) are weak; it means that
pressure responses are not transmitted though the HZ20 system outside the CTU. While
the available site data do not facilitate conclusive interpretations, this paradigm is
incorporated in the hydrogeological model by limiting (terminating) the continuity of
HZ20 zone through the tectonic unit boundaries.
Geological and hydraulic characteristics within the HZ20 system vary. The
characteristics of drillholes located close to each other, especially drillholes KR10,
KR4, KR28, KR22, and KR25, are quite similar (Figure 6-15), whereas the hydraulic
characteristics of nearby drillhole KR7 differ substantially from the characteristics of
these drillholes. A plausible explanation is that drillhole KR7 is located in an area where
the possibly distinct northwest and central parts of the HZ20 system intersect each
other. The HZ20 system is notably thinner in drillholes KR4, KR22, KR25, and KR28
than in the other drillholes, with its thickness ranging from 30 m to 65 m. The shaft
drillholes KR24, KR38 and KR48 are located very close to each other. The thickness of
the HZ20 system determined by these drillholes varies from 85 m to 95 m. Drillholes
KR7, KR9, KR10, and KR29 are located close to the interpreted boundaries where the
thickness of the HZ20 systems varies between from 95 m and 260 m by drillhole. In
drillholes KR23, KR27, KR40, and KR44 only either zone HZ20A or HZ20B is
modelled. Uncertainties in thickness estimates are related to the interpretations of
pressure responses and the applied packed-off sections in the drillholes.
The geometry of the HZ20 system is also strongly supported by geophysical mise-à-lamasse and Sampo Gefinex results, and several VSP reflectors, the 3D seismic reflectors
as well as seismic HIRE anomalies (Vaittinen et al. 2011; see also Figure 6-16).

Figure 6-15. Internal properties of the HZ20 system in terms of fracture frequency, engineering geological classification, and
fracture transmissivity. Drillholes are set from west to east.
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HZ20A

HZ20B

Figure 6-16. A seismic HIRE profile (Kukkonen et al. 2010) viewed towards northeast, without
(top) and with hydrogeological zones HZ20A and HZ20B (Vaittinen et al. 2011). The zones are
cut in front of the profile, indicated by the black line in the insert, which is viewed from above.
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In many of the drillholes the HZ20 system is compact and sharply distinguishable from
the averagely fractured rock, based on high fracture transmissivity values. However,
long-term drawdown, caused by leakage of the HZ20 zones into the ONKALO, enabled
observation of weak hydraulic connections to the HZ20 system (Vaittinen et al. 2011),
suggesting a somewhat greater extent of the system compared to the earlier model
version of 2008.
Mapped observations of the HZ20 system at the surface have not been confirmed and
the shallowest direct hydraulic connection would appear to be the uppermost monitoring
level in drillhole OL-KR5 at a depth of c. 40 m. Groundwater pressure responses to the
ONKALO have been detected in a 13 m deep drillhole, located close to drillhole KR5,
and this has been interpreted as being due to the presence of the HZ20 system (Vaittinen
et al. 2010a). The extent of the HZ20 system is modelled as follows (see Figure 6-16 for
explanation of labels "1", "2", "3" and "4"):



"1": The northernmost direct hydraulic connection is interpreted in drillhole
KR5 level L8, located at a depth of c. 40 m. The edge of the HZ20 system
towards the east seems to be quite sharp within the northwest area. No indication
of hydraulic connection to the HZ20 system is visible in drillhole OL-KR21
located close to drillhole KR5. In addition, within drillholes KR15−KR18 only
one monitoring section KR16 L1 has a direct hydraulic connection to the HZ20
system, although these drillholes are separated by less than 50 m.



"2": No hydraulic responses related to the HZ20 system have been observed in
drillhole KR3. The boundary is therefore set between drillholes KR39 and KR3.



"3": HZ20A was extended to drillhole KR7 based on the flow and pressure
responses observed since the drillhole was packed off in 2007. Furthermore,
HZ20B was extended towards the east following the seismic HIRE and 3D
surface seismic results (Vaittinen et al. 2011). The extended part does not
intersect any drillholes.



"4": HZ20 was extended to drillhole KR8 based on the measured responses to
the KR24 pumping test. Based on seismic HIRE data (cf. Kukkonen et al. 2010)
the continuity of the HZ20B zone has been extended towards the southeast,
below LSZ. No new drillhole intersections were included in the zone.
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Figure 6-17. Locations of the HZ20A, and HZ20B zones and corresponding brittle
deformation zones OL-BFZ020A (upper) and OL-BFZ020B (lower). See the text for the
explanation of labels "1", "2", "3", and "4" shown in the figure.
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Hydrogeological zone HZ20A
Zone HZ20A describes the upper surface of the interpreted direct hydraulic connections
included in the HZ20 system. The modelling of 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 of the zone, dip/dip direction, is 15°/109°.
Compared to the previous version of the model, zone HZ20A has been extended to
intercept drillholes KR8, KR16 (packed-off section L1), and KR27 (L1). The hydraulic
connections with the latter two drillholes were interpreted, based on observations of
groundwater pressure responses to the construction of the ONKALO. Also the
intersection depth in drillhole KR29 has been changed. The hydrogeological zone is
modelled to intersect zones HZ001 and HZ099, located within NTU, and to reach the
ground surface in the vicinity of the shoreline.
The corresponding brittle fault zone OL-BFZ020A is modelled with approximate
orientation, dip/dip direction 20°/155° (Figure 6-18). It is located only some tens of
metres above OL-BFZ020B, and these two seem to form the upper and lower parts,
respectively, of a double-sided fault system. The fault zones are intersected by 25
drillholes and by the ONKALO access tunnel. The core zones of the faults in the
drillholes are typically c. 1 m thick. Geophysically, the zones are observed in several
drillholes as P wave minima and as electric conductors. Their geometry is strongly
based on mise-à-la-masse results, seismic reflectors revealed by VSP, 3D and 2D
reflection surveys and Sampo Gefinex conductors.
Alteration is a characteristic feature of OL-BFZ020A and OL-BFZ020B, appearing
either as pervasive kaolinisation or illitisation around the core or as abundant
kaolinisation, sulphidisation and illitisation in fractures. Alteration is not seen within the
ONKALO area, but is abundant east and north of it.
Although a clear increase in fracturing may describe the zone in certain drillholes, it is
not a defining factor in the modelling of these zones (Mattila et al. 2008, Aaltonen et al.
2010). In some drillholes fracturing increases only slightly compared to the averagely
fractured rock mass. In addition, often the more fractured part of the intersection is
concentrated very closely around the core, but the alteration or hydraulically conductive
fractures extend further into the rock mass. The number of slickensided fractures is also
no greater than in the averagely fractured rock.
The average widths (the intersection length at the drillhole) of the upper and the lower
influence zone of OL-BFZ020A are 19.9 m and 10.8 m, respectively. The main defining
characteristic for the influence zones in many intersections is a continuous, enhanced
hydrogeological conductivity, both in the core section and in the influence zone. The
geophysical anomalies and the acoustic long normal and short normal minima seem to
describe the influence zone, together with the enhanced hydraulic conductivity,
although the fracturing is decreased compared with the core and no other significant
features are identifiable (Mattila et al. 2008, Aaltonen et al. 2010).
Fault zone OL-BFZ020A has been modelled to reach the surface and fixed to a
topographic lineament crossing Olkiluoto Island in a northeast–southwest direction.

389

Towards the northeast, southwest and southeast, the fault zone has been extrapolated
from the central area to the bounding lineaments offshore.

Table 6-5. Drillhole depth intervals for the drillhole-specific PFL transmissivities of
hydrogeological zone HZ20A (Vaittinen et al. 2011).

KR1
KR4
KR5
KR7
KR8
KR9
KR10
KR16
KR20
KR22
KR23
KR24
KR25
KR27
KR28
KR29
KR38
KR39
KR48
ONKPH8

Depth range along
drillhole [m]
99.0 – 169.5
298.0 – 325.0
27.0 – 59.0
191.0 – 257.5
448.0 – 458.0
437.0 – 450.0
238.0 – 275.5
136.6 – 168.6
94.4 – 157.0
382.5 – 397.5
420.0 – 460.3
294.0 – 347.8
340.0 – 355.0
488.8 – 520.8
379.0 – 395.0
152.0 – 254.0
305.0 – 357.3
53.9 – 166.7
282.4 – 330.0
35.9 – 67.9

T [m2/s]

2.5×10−5 (*)(**)
2.0×10−5 (**)
3.4×10−7
4.1×10−5
1.9×10−7
4.8×10−7(‡)
1.0×10−5 (***)
2.3×10−7
9.5×10−6 (*)
3.7×10−5(‡‡)
1.2×10−6
2.4×10−5
4.3×10−5
3.7×10−7
5.2×10−5
1.4×10−5
4.5×10−5
3.1×10−5 (*)
4.4×10−6
7.7×10−7

(*) Depth range contains both HZ20A and HZ20B
(**) Results of long-term pumping test also used in the
determination of transmissivity
(***) Uncertain due to cemented section
(‡) 2 m PFL assumed to be more representative than 0.5 m value
(‡‡) Highest PFL values are assumed to be disturbed by ONKALO
and other activities - values from year 2002 better showing PFL T in
the order of 1...4×10−5 m2/s

Figure 6-18. Zones HZ20A (red) and OL-BFZ020A and fracture PFL transmissivities, view towards the northeast.
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Hydrogeological zone HZ20B
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).
Within the northwest area in drillholes KR1, KR20 and KR39, the interpreted upper and
lower surfaces of the HZ20 system are located so close to each other that only the upper
surface ("HZ20A"), taking into account all the high transmissivities in its vicinity, is
described.
Compared to the previous model zone, HZ20B is extended towards the east – southeast
following the seismic HIRE and 3D seismic anomalies (cf. Kukkonen et al. 2010), but
the hydrogeological zone is not modelled to intercept any new drillholes.
The average orientation, dip/dip direction, of the zone is 22°/138°.
The corresponding brittle fault zone OL-BFZ020B is modelled with an approximate
orientation, dip/dip direction, of 20°/140° (Figure 6-19). As was explained earlier, OLBFZ020A is sub-parallel and only some tens of metres above OL-BFZ020B. In a
similar manner to OL-BFZ020A, alteration is a characteristic feature of OL-BFZ020B.
It appears either as pervasive kaolinisation or illitisation around the core or as abundant
kaolinisation, sulphidisation and illitisation in fractures.
The average widths (the intersection length at the drillhole) of the upper and the lower
influence zones of OL-BFZ020B are 12.3 m and 16.4 m, respectively.
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Table 6-6. Drillhole depth intervals for the drillhole-specific PFL transmissivities of
hydrogeological zone HZ20B (Vaittinen et al. 2011).

KR1
KR4
KR7
KR8
KR9
KR10
KR20
KR22
KR24
KR25
KR28
KR29
KR38
KR39
KR40
KR44
KR48
ONKPH9

Depth range along
drillhole [m]
99.0 – 169.5
353.0 – 376.0
260.0 – 310.0
533.0 – 570.0
468.0 – 503.5
318.0 – 333.0
125.7 – 157.0
401.5 – 452.5
377.0 – 405.5
363.0 – 423.8
440.0 – 539.6
302.0 – 357.0
372.0 – 393.0
110.3 – 166.7
598.0 – 616.5
637.1 – 693.4
330.0 – 398.9
23.4 – 55.4

T [m2/s]
(**)
1.0×10−5 (*)
1.6×10−5
1.6×10−5
2.1×10–−6
1.0×10−6 (*)
(**)
5.4×10−6
4.0×10−6
1.7×10−5
6.0×10−6
5.9×10−6
1.3×10−5
(**)
4.8×10−7
3.1×10−6
8.4×10−7
4.9×10−7

(*) Results of long-term pumping test also used in the
determination of transmissivity
(**) Fracture transmissivities included in HZ20A
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Figure 6-19. Hydrogeological Zones HZ20B (blue) and OL-BFZ020B and fracture
transmissivities, view towards northeast.
6.6.5 Hydrogeological zone HZ21

Hydrogeological zone HZ21 is located below the planned depth of the repository. 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.12 Vaittinen et al. (2009) interpreted there to be hydraulic
connections between drillholes KR1 and KR2 and between drillholes KR5 and KR19
along the modelled hydrogeological zone HZ21. The transmissivity of the HZ21
drillhole intersections varies by several orders of magnitude (Table 6-7).
Because there are no observations suggesting any limitations to the extent of the zone, it
is extended to the eastern and western bounding lineaments. Furthermore, a new
drillhole intersection in KR47 is interpreted, consistent with the corresponding brittle
fault zone OL-BFZ021. The average orientation of the zone dip and dip direction are
20°/162° (Figure 6-20).
The first version of zone HZ21 was introduced into the bedrock model in 1993 as a
local, gently-dipping zone R21 (Saksa et al. 1993). Only one drillhole intersection, in
12

VSP measurements (cf. Cosma et al. 2003, Enescu et al. 2003, Vaittinen et al. 2003), Walkaway VSP
(WVSP) carried out in drillholes OL-KR4, OL-KR8, OL-KR10, and OL-KR14 (Enescu et al. 2004), the
cross-hole mise-à-la-masse measurements (Paananen et al. 2007, Tarvainen 2008), the 3D surface
seismics (Juhlin & Cosma 2007, Cosma et al. 2008) and the electromagnetic Gefinex measurements on
the ground surface (Paananen et al. 2007). See also (Mattila et al. 2008; Aaltonen et al. 2010).

394

drillhole KR5, was included in zone R21 at that time. Zone R21 was changed into a sitescale zone and extended to drillholes KR1, KR2 and KR4 in 1997 (Saksa et al. 1998)
and since 1997, zone HZ21 has been extended as new intersecting drillholes have been
drilled. Since the previous model update (Posiva 2009) hydrogeological zone HZ21 has
been extended to the bounding lineaments, both towards the east and the west, as a
seismic HIRE survey and 3D seismic investigations within the eastern area support the
continuity of the hydrogeological zone towards the east (Vaittinen et al. 2011; Figure
6-21).
Table 6-7. Drillhole depth intervals and associated transmissivities for hydrogeological
zone HZ21 (Vaittinen et al. 2011).

KR1
KR2
KR4
KR5
KR6
KR7
KR11
KR12
KR19
KR29
KR40
KR43
KR47

Depth range along
drillhole [m]
593 – 649
568 – 643
750 – 820
460 – 510
435 – 479.5
685 – 724
615 – 650
630.5 – 695.5
440 – 494
775 – 786
946.8 – 988.8
319.6 – 363.3
504.6 – 575.4

Transmissivity
[m2/s]
1.5×10−6
5.0×10−7
1.2×10−8
1.3×10−7
5.9×10−8

3.8×10−8
1.1×10−7
1.0×10−9
7.1×10−9
2.0×10−9

(*) Measured T value divided into two zones
(**) Based on long-term pumping tests
(***) Highly uncertain

Note
(*) (**)
(*)

(*)
(***)
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HZ21
OL‐BFZ21

Figure 6-20. Zones HZ21 and OL-BFZ021 and fracture transmissivities, view towards the east.
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The corresponding brittle fault zone, OL-BFZ021 is considered to be one of the two
splays (the other splay is brittle fault zone OL-BFZ099) of one single fault, combining
into a single zone in the central part of the site volume. Brittle fault zone OL-BFZ021 is
a moderately-dipping thrust fault, with an approximate dip of 20–40° SSE. Both brittle
fault zones are geologically well-pronounced, the fault cores being well-developed and
characterised by abundant fracturing, clay-filled fractures and slickensides, alteration
and varying amounts of incohesive fault breccia and fault gouge. The thickness of the
fault core varies from 1 to 8 m, the average thickness being approximately 4 m. The
majority of the core intersections fall into the RiIII-category of the RG classification
system, i.e. the Finnish bedrock classification system for construction13, but in a few
intersections RiIV and RiV-sections also occur. This corresponds to the variation in the
relative proportions of fault breccia and fault gouge, fault breccia being the most
common type of fault rock. The zone shows evidence of recurrent movements within
the brittle regime as ductile and semi-ductile precursors are, in many drill cores,
overprinted first by welded fractures and cohesive breccias and later by younger
fractures.

Figure 6-21. Modelled zones HZ21 (gray) and HZ21B (blue; this zone is to be
introduced in Section 6.6.7) a detail of the seismic HIRE profile and one slice of 3D
seismic results in the western part of the site, view towards northeast. View from above
in the insert to illustrate location of the data. The zones are cut in front of the profile.
13

Korhonen, K-H., Gardemeister, R., Jääskeläinen, H., Niini, H. & Vähäsarja, P. 1974. Bedrock
classification for civil engineering. Espoo, Technical Research Centre of Finland, Geotechnical
Laboratory, Research Notes 12, 78 p.
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6.6.6 Hydrogeological zone HZ099

Hydrogeological zone HZ099 covers the area of notable transmissivities (Table 6-8)
coinciding with the geologically-pronounced brittle deformation zone OL-BFZ099
(Figure 6-22). The average orientation, dip and dip direction, of the hydrogeological
zone is 38°/169°.
Hydrogeological zone HZ99 zone was included in the model assembly in 2006 (Ahokas
et al. 2007) corresponding to fault zone OL-BFZ099 in GSM version 0 (Paulamäki et al.
2006). As brittle deformation zone BFZ099 was significantly widened – extended in
area – in version GSM 1.0 (Mattila et al. 2008), a modified zone HZ099 was described
in 2008 (Vaittinen et al. 2009). The central part of the BFZ with moderate fracture
transmissivities was modelled as the hydrogeological zone. The continuity of the brittle
deformation zone OL-BFZ099, based on geophysical mise-à-la-masse measurements, is
significantly larger than the area with high fracture transmissivities. Therefore, a
modified version HZ099 covering a considerably smaller area than the corresponding
BFZ was modelled in 2008. In the current update, however, HZ099 was further enlarged
to reach drillholes KR6 and KR12, following the corresponding brittle deformation
zone.
As mentioned in Section 6.6.5, brittle deformation zones BFZ099 and OL-BFZ021 are
considered to be two splays of one single fault (Aaltonen et al. 2010). The thickness of
the fault core of BFZ099 varies from 1 to 13 m in different drillholes, the average
thickness being 5 m, while the thickness with the influence zone varies between 11 and
103 m, with an average of 44 m. The majority of the core intersections fall into the
RiIII-category of the RG classification system, but in a few intersections RiIV and RiVsections also occur. This corresponds to the variation in the relative proportions of fault
breccia and fault gouge, fault breccia being the most common type of fault rock. The
brittle deformation zone shows evidence of recurrent movements, as ductile and semiductile precursors are in many drill cores overprinted first by welded fractures and
cohesive breccias and later by younger fractures. Characteristic features of the influence
zone are the abundance of slickensides, pervasive illitisation, kaolinisation and the
sporadic occurrence of fracture-controlled sulphidisation and, in many cases, subsidiary
fault core sections.
Table 6-8. Drillhole depth intervals and associated transmissivities for hydrogeological
zone HZ099 (Vaittinen et al. 2011).

KR1
KR2
KR5
KR6
KR12
KR13
KR19
KR20
KR20

Depth range along
drillhole [m]
490.0 – 545.0
494.0 – 518.0
249.0 – 304.0
116.0 – 134.7
567.5 – 602.5
434.0 – 498.0
230.0 – 265.0
402.5 – 438.0
458.0 – 480.0

T [m2/s]

6.0×10−7
5.3×10−9
6.2×10−7
1.1×10−6
4.5×10−8
1.1×10−6
1.7×10−7
5.2×10−7
4.5×10−7
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Figure 6-22. Hydrogeological zones HZ099 and OL-BFZ099 and fracture transmissivities, view
towards the east.
6.6.7 Hydrogeological zone HZ21B

Hydrogeological zone HZ21B is modelled to connect the observed high fracture
transmissivities in drillholes KR4, KR6, and KR12 (Table 6-9), and one hydraulic
connection that has been observed between drillholes OL-KR5 and KR19 (Vaittinen et
al. 2011). The hydrogeological zone (Figure 6-23) was first proposed by Ahokas et al.
(2007). Due to the lack of data on its continuation and because three out of eight
drillhole intersections are common with zone HZ21, it was classified as an alternative
zone in 2008. Based on new data between drillholes obtained by seismic HIRE and 3D
seismic surveys, zone HZ21B is now included in the base model, but the geometry of
the zone has not been changed since 2008 (Vaittinen et al. 2011). The average
orientation, dip/dip direction, of the hydrogeological zone is 30°/157°.
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Table 6-9. Drillhole depth intervals for the zone and for the transmissivity ranges and
drillhole specific transmissivities of zone HZ21B.

Depth range [m] T [m2/s]
Note
−6
KR1
593 – 649
1.5×10
(*) (**)
−7
KR2
568 – 643
5.0×10
(*)
KR4
842.9 – 884.9
7.6×10−7
KR5
384.3 – 430.3
4.9×10−8
KR6
373.3 – 420.3
4.0×10−6
KR12
717.3 – 771.4
4.2×10−7
KR19
440 – 494
1.1×10−7 (*)
KR43
134.5 – 176.5
1.3×10−7
(*) Measured T value divided between two zones
(**) Based on long-term pumping tests

T, m ²/s
>1E - 8
>1E - 7
>1E - 6
>1E - 5

Figure 6-23. Zone HZ21B (blue) and HZ21, and fracture transmissivities, view
towards the east.
6.6.8 Hydrogeological zone HZ146

Hydrogeological Zone HZ146 replaces zone HZ004 of the previous hydrostructural
model by Vaittinen et al. (2009) which was first introduced by Ahokas et al. (2007). The
modelling of HZ004 was based on several geophysical surveys of a possible sub-
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vertical zone south and southeast of the ONKALO. In the current model,
hydrogeological zone HZ146 combines the high and moderate fracture transmissivities
(Table 6-10) located within brittle deformation zone BFZ146 (Figure 6-23). This brittle
deformation zone, 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 (see
Section 4.7.3).
The average orientation, dip and dip direction, of the zone is 29°/161°.
Brittle fault zone OL-BFZ146 is a moderately-dipping, listric fault zone with an
approximate orientation of 30–60°/155–165°. Its ground surface intersection has been
interpreted in a couple of outcrops and in investigation trench TK14, where the zone is
characterised by strongly-foliated, pervasively altered and weathered veined gneiss. The
mesosome is totally chloritised and haematised and the neosome kaolinitised and
illitised (Nordbäck 2007). Most foliation planes are weathered open, which gives the
rock a densely fractured look. The upper parts of drillholes KR27, KR40, and KR45
included in BFZ146 are highly fractured with numerous RiIII – RiIV zones. The zone
has also been associated with highly fractured sections in drillholes KR49 and KR50,
showing slickensided fractures, alteration and indications of semi-brittle deformation.
Geophysically the zone can be associated with a distinct magnetic minimum, and also
with electromagnetic anomalies. Furthermore, a HIRE seismic reflection survey
(Kukkonen et al. 2010) indicates a reflector that coincides with this zone (Vaittinen et
al. 2011; see also Figure 6-25).
Table 6-10. Drillhole depth intervals for the zone and the transmissivity for
hydrogeological zone HZ146 (Vaittinen et al. 2011).
Depth range [m]

T [m2/s]

KR27B
9.3 – 18.1
1.8×10−5
KR40B
4.9 – 6.9
6.3×10−5
KR45
119.6 – 121.6
4.7×10−6
KR49
349.1 – 376.6
4.6×10−8
KR50
438.8 – 448.0
1.4×10−7
KR51
434.4 – 455.5
2.1×10−6
KR51
465.0 – 469.4
2.6×10−6
KR52
405.2 – 427.4
2.0×10−6 (*)
(*) Transmissivity is based on the water flow from
below the measurable drillhole section
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Figure 6-24. Zones HZ146 and OL-BFZ146 and fracture transmissivities. View towards the east.
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Figure 6-25. Zone HZ146 and detail of the seismic HIRE profile, view towards
northeast. View from above in the insert to illustrate location of the data. Figure
adopted from Vaittinen et al. 2011).
6.6.9 Hydrogeological zone HZ008

Hydrogeological zone HZ008 (Figure 6-26) is modelled to explain two drillhole
observations of elevated transmissivities and the results of wide-band EM and seismic
HIRE soundings (Figure 6-27). One of the transmissivities, T = 110−5 m2/s, was
measured in a VLJ drillhole YD18 (Ahokas & Äikäs 1991) and the other one,
T = 110−6 m2/s, was determined indirectly due to technical difficulties in drillhole
KR43 (Vaittinen et al. 2011).14 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 1000 m, the interpretation of the HZ008 zone is more uncertain
that 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, dip and dip direction, of 34°/123° down to a depth of 1350 m and
26°/127 below that depth.
14

Transmissivity in drillhole KR43 is based on indirect results assuming that the difference between the
total pumping rate (PFL) and the sum of fracture-specific flows measured between 40–566 m in the
drillhole is flowing from the HZ008 zone intersection (572–593 m). The difference is in the order of
1 L/m, which corresponds to a transmissivity in the order of 1·10−6 m2/s by the used drawdown.
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Figure 6-26. Zone HZ008 and fracture transmissivities, view towards the north
(Vaittinen et al. 2011).

HZ008

Figure 6-27. Modelled zone HZ008 and modelling results of wide-band EM soundings,
and detail of the seismic HIRE profile, view towards the northeast.
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6.6.10 Hydrogeological zone HZ039

Hydrogeological zone HZ039 (Figure 6-28) 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° (Aaltonen et al. 2010). It is associated with a brittle
fault intersection in drillhole KR29 at 533.00–548.55 m (core zone at 543.8–546.4 m)
and with a single fault in drillhole KR7 at 473.92 m. The intersection in KR29 contains
61 fractures, with moderate dips towards the SE. A few of the fractures are old and
welded with calcite and pyrite infillings, especially in the pegmatitic granite. Several of
the fractures contain kaolinite and illite infillings, accordingly, a majority of the
fractures show signs of being conductive and some of them also have green-grey clay
infillings. The rock is more fractured in section 543.80–547.12 m, containing 37
fractures of which 29 show a slickensided surface, which have striation directions
varying from the SE to the SW with a moderate plunge.
Whilst the geological brittle deformation zone has been modelled to intersect drillhole
OL-KR7 at drillhole length 473.92 m, the results of a mise-à-la-masse survey (Ahokas
& Paananen 2010) suggest a somewhat shallower dip, which is also more typical of the
hydrogeological zones at the site. Assuming that the dip is shallower, the intersection in
drillhole KR7 would be at the depth of 410–420 m, where fracture transmissivities of
the order of magnitude of 10−9 m2/s occur. The transmissivity of the section associated
with the hydrogeological zone in drillhole KR29 is 6.4·10−6 m2/s (Vaittinen et al. 2011).
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Figure 6-28. Zone HZ039 (red), corresponding brittle fault zone OL-BFZ039, and fracture transmissivities, view towards the north.
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6.6.11

Hydrogeological zone BFZ100

OL-BFZ100 (“The storage hall fault") is a steeply-dipping fault zone with an
approximate orientation, dip and dip direction, of 76º/98º. Initially the fault had been
observed in geological surface mapping of investigation trench OL-TK11, carried out
for the construction of the drill core storage hall near the ONKALO tunnel. It is also
observed in investigation trench OL-TK7 and at seven locations in the ONKALO access
tunnel, and is intersected by 10 drillholes. Due to these numerous intersections, the
geometry of OL-BFZ100 is rather well known. 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.
The fault zone consists of a clearly definable core and transition zone; the core has a
varying width of 0.15 to 2 m and has in places a strongly-developed schistose fabric
with associated slickensided surfaces. Quartz, pyrite, chalcopyrite, graphite, galena and
talc mineralisation can be observed within the fault core. Pyrite mineralisation occurs
within cavities associated with quartz-filled tension veins. Chalcopyrite seems to be
associated with calcite-filled fractures/tension veins. In some drillhole intersections,
pervasive or fracture-controlled illitisation is related to the fault and the fault-related
alteration forms up to a 4 m wide zone around the fault core (Pere 2009). The fault zone
has been interpreted as a strike-slip fault and shows a sinistral sense of movement (Pere
2009).
No modifications have been made to the zone and therefore the same label for the zone
is applied in the hydrogeological structure model as in the brittle deformation model. Its
hydrogeological properties show a strong variation along the zone. High fracture
transmissivities are observed in the drillhole intersections close to the ground surface
(Table 6-11), but typical ONKALO intersections are not associated with any leakages.
An exception occurred at the intersection of the zone at chainage c. 2930 m, where
altogether ten dripping leakages are mapped along c. 10 m tunnel section (Vaittinen et
al. 2010). When the tunnel was excavated through zone OL-BFZ100 in May 2008 the
head in a nearby monitoring point OL-KR23 L2 decreased below the measuring depth,
i.e. below −40 m. Before this decrease in head, the head in this monitoring point
followed the head within the HZ20 system. It is possible that monitoring point level L2
is connected to a local branch of the HZ20 system and leakage into the ONKALO
tunnel occurred along the OL-BFZ100 zone (Figure 6-29).
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Table 6-11. Drillhole depth intervals for the transmissivity for hydrogeological zone
BFZ100.
Depth range along
drillhole [m]
KR22
337.7 – 340.5
KR23
372.5 – 373.0
KR25
216.5 – 222.1
KR26
95.8 – 98.3
KR28
161 – 189
KR34
48.4 – 53.8
KR37
56.2 – 57.5
KR42
183.0 – 198.8
ONK-PH1
151.6 – 154.3
ONK-PH4
27.1 – 29.6
(*) Based on indirect result
(**) Measured transmissivity value
zones

T [m2/s]
1.0×10−10
1.0×10−10
1.0×10−10
3.0×10−5 (*)
1.8×10−6 (**)
4.6×10−6
3.4×10−7
2.2×10−9
n.a.
2.3×10−8
divided between two

6.6.12 Possible local-scale hydrogeological zones

Altogether 13 modelled site-scale brittle fault zones are considered as being possible
hydrogeological zones in the hydrogeological structure model (Table 6-12), with five of
them having at least one drillhole intersection. The modelling of these BFZs has been
based mainly on the interpretation of geophysical data and, from a geological modelling
point of view, confidence in the interpretation varies from high to low.
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Table 6-12. Site-scale BFZs considered being possible hydrogeological zones.
Zone

Confidence

OLBFZ175

High

OLBFZ152

Medium

OLBFZ159
OLBFZ160
OLBFZ161
OLBFZ147
OLBFZ148
OLBFZ149
OLBFZ150
OLBFZ155
OLBFZ157
OLBFZ158
OLBFZ169

Medium
Medium
Medium
Low

Drillhole intersections, m
OL547.74 549.23
KR09
OL413.08 413.27
KR11
OL297.99 298.36
KR42
OL411.7 412.17
KR46
OL220.87 221.5
KR47
OL793.3 793.68
KR44
OL68.89
69.16
KR45
OL385.4
386.4
KR40
OL176.02 180.51
KR45
OL808.3 809.95
KR04
-

Low

-

Low

-

Low

-

Low

-

Low

-

Low

-

Low

-

409

Figure 6-29. Zone OL-BFZ100 and fracture transmissivities, view towards the north
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An electrically conductive zone ONK56 was modelled according to the electromagnetic
(Sampo/Gefinex 400S monitoring) and electric mise-à-la-masse survey data in 2004
(Kemppainen et al. 2007). After the data freeze date at the end of May 2010, hydraulic
connections along the zone were interpreted for the first time when inflow occurred
through drilled ONKALO pilot hole PH14. Due to the schedule of the modelling, zone
ONK56 could not be taken into account in the structure model, although it is observed
at the planned repository depth, and may provide a flowpath to the biosphere. The
geological nature of this zone is still unknown and therefore it is not presented in the
GSM 2.0 of the Olkiluoto site.15
Hydrogeological Zone ONK56 was reported to intersect eight drillholes in 2007 (Figure
6-30) in which the transmissivity of the zone is generally very low (Table 6-13) and
does not reach the threshold values.

Figure 6-30. Zone ONK56 and fracture transmissivities, view towards the north.

15

In 2011 the name of this zone was changed to HZ056.
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Table 6-13. Drillhole depth intervals for the zone ONK56 and associated
transmissivities.
Depth range [m] T [m2/s]
KR1
345 – 350
5×10−10
KR3
158 – 163
1×10−10
KR4
484 – 497
1×10−10
KR7
407 – 417
8×10−9
KR10
432 – 433
1×10−10
KR14
381 – 382
2×10−10
KR25
571 – 578
6×10−8
KR28
565 – 570
2×10−9

6.6.13 Bounding lineaments

At an early stage in the programme to find a site for the disposal of spent nuclear fuel,
large-scale lineament data covering the whole country were used to characterise suitable
rock blocks for further investigations. The lineaments bounding the Olkiluoto site in the
south and in the north were originally determined during the study by Hakkarainen
(1984). Since then, several revised lineament interpretations at different scales have
been carried out in the area (Kuivamäki 2000, 2001, 2005, and Korhonen et al. 2005).
The GSM version 2.0 (Aaltonen et al. 2010) introduces a modified geometry for the
northern bounding lineament. An intersection with drillhole OL-KR47 has been
interpreted and currently the lineament is described as brittle fault zone OL-BFZ214,
otherwise the lineaments in the hydrogeological zone model are modelled as being
vertical. Due to a lack of relevant data, no other description of their orientations has
been developed. Their main role in the hydrogeological model is to offer possible
hydrogeological connections for the site-scale zones, and it is thus not considered
important to know precisely their locations and orientations. The bounding lineaments
(including zone OL-BFZ214) are visualised in Figure 6-31 (see also Figure 4-2).
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Figure 6-31. The bounding lineaments modelled as vertical structures and enclosing
the investigation area at Olkiluoto (Vaittinen et al. 2011).

6.7

Transmissivities of the site-scale hydrogeological zones

As can be seen from Table 6-2 to Table 6-11 the variability of transmissivity within
individual hydrogeological zones is large. It may be assumed, as is often done, that the
geometric mean of zone-specific transmissivities approximates the effective
transmissivity for the groundwater flow at the site scale (see Table 6-14).
It is natural to expect a generally decreasing trend in fracture intensity with depth. The
intensities of all fractures associated with HZs range between about 5 m−1 and 7 m−1 at
all depths from the surface to depths of about –600 m, before decreasing to about 3 m−1
below –600 m (Figure 6-32). For PFL fractures, the intensity falls off rapidly with
depth, falling from a value of about 0.8 m–1 at the surface to an intensity of about
0.25 m–1 at depths of around –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 6-33). The
average hydraulic conductivity (sum of transmissivity divided by length) follows a
similar profile to the PFL data; falling by about one order of magnitude by −150 m, and
by another order of magnitude below about –500 m (Figure 6-34).
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Table 6-14. Zone-specific effective transmissivities calculated as the geometric mean,
TG, by Vaittinen et al. (2011), of the drillhole transmissivities Ti (presented in Table 6-2
to Table 6-11). SD stands for standard deviation.

HZ19A
HZ19B
HZ19C
HZ20A
HZ20B
HZ21
HZ21B
HZ099
HZ039
HZ001
HZ008

26
15
30
20
15
13
8
9
1
6
2

log(TG)
of Ti
–5.0
–5.4
–5.3
–5.3
–5.6
–7.9
–6.3
–6.6
–5.2
–5.7
–5.5

BFZ100

10

–7.6

2.2

HZ146

1

–5.7

1

SD of
log(Ti)
0.8
0.7
0.9
0.9
0.6
1.3
0.8
0.8

Note

probably depth dependent

0.8
0.7
linear decrease of log (T) from –6.5 to −9 down
to the depth of −200 m and log(T) = −9 below
−200 m
linear decrease of log (T) from –4.5 to −7 down
to the depth of −500 m and log(T) = −7 below
−500 m
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Figure 6-32. Intensity P10 (m–1) for all fractures inside hydrogeological zones by
elevation.
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Figure 6-33. PFL intensity P10,PFL (m–1) inside hydrogeological zones by elevation.
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Figure 6-34. Average hydraulic conductivity inside hydrogeological zones by 50 m
intervals.

The number of measurements within an individual hydrogeological zone is usually
relatively small, however, while transmissivities are highly variable. Moreover, there is
a gradual reduction in the maximum transmissivity and geometric mean transmissivity
with depth. In some gently-dipping hydrogeological zones, such as HZ20A and HZ20B,
the reduction in transmissivity between the highest and lowest measured drillhole
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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, Hartley et al. (2012c) pooled transmissivity data according
to subgroups of hydrogeological zones to give a larger sample on which more coherent
trends could be interpreted:



HZ19A, HZ19B and HZ19C (Figure 6-35);



HZ20A and HZ20B (Figure 6-36);



BFZ100 (Figure 6-37); and



all other hydrogeological zones, HZ001, HZ008, HZ039, HZ146, HZ21 and
HZ21B (Figure 6-38).

Evidently, there is significant variability in each group. Hence, in order to quantify the
effects of this variability Hartley et al. (2012c) considered it appropriate to define a
model in which the hydraulic properties of the hydrogeological zones are stochastic.
They achieved this by generating stochastic values at a 200 m triangular spatial
resolution for each hydrogeological zone, based on the depth trend given in Table 6-15
for the mean and the variabilities given in Table 6-16, but using local conditioning to
honour the values recorded at the measurement points. An example of such a stochastic
model is shown in Figure 6-39.
In addition to the hydrogeological zones introduced earlier, the hydrostructural model of
Vaittinen et al. (2011) also describes 5 lineaments (LIN1-5) that bound Olkiluoto Island.
They are assumed to be vertical and extend to the base of the model (located at a depth
of 2000 m). Lineament LIN1 to the north of the island has been intercepted by drillhole
KR47 and subsequently reclassified as a brittle deformation zone BFZ214. The intercept
was between –668 m and –810 m, but no flow was detected by the PFL method.
Drillhole KR53 to the southeast intercepts bounding lineament LIN3 at about –130 m.
Here, a transmissivity of 3.5·10–6 m2/s was measured. In previous modelling (Löfman et
al. 2009) the lineaments were set to a uniform high transmissivity of 1·10–5 m2/s;
however, Hartley et al. (2012a) encountered numerical problems having such high
transmissivity features extending to the base of the model. For this reason, and for
consistency with the depth trends observed in the hydrogeological zones, they
considered a model where 1·10–5 m2/s was applied at the surface but with a gradual
reduction with depth. The slope was chosen to pass through the measured value in
LIN3, which coincidentally gave a similar depth trend to that interpreted for the group
of “other hydrogeological zones”. The minimum transmissivity in the lineaments at
depth below c. –1600 m was set to 1·10–10 m2/s (Table 6-15).
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Figure 6-35. Log transmissivity against elevation for drillhole intercepts for HZ19A,
HZ19B and HZ19C.
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Figure 6-36. Log transmissivity against elevation for drillhole intercepts for HZ20A
and HZ20B.
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Figure 6-37. Log transmissivity against elevation for drillhole intercepts for BFZ100.
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Figure 6-38. Log transmissivity against elevation for drillhole intercepts with
hydrogeological zones for HZ001, HZ008, HZ039, HZ099, HZ146, HZ21 and HZ21B.
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Table 6-15. Geometric mean transmissivities by elevation in each group of
hydrogeological zones.
Transmissivity (m2/s)
Elevation
(m)

0
–100
–200
–300
–400
–500
–600
–700
–800
–900
–1000
–1500
–2000

HZ19A,
HZ19B,
HZ19C
1.58E-05
6.17E-06
2.42E-06
9.47E-07

HZ20A,HZ20B

BFZ100

4 76E-06
3.78E-06
3.00E-06
2.38E-06
1.89E-06
1.50E-06
1.19E-06
9.43E-07
7.48E-07
5.94E-07
4.71E-07

1 77E-06
7.44E-07
3.13E-07
1.32E-07
5.53E-08
2.33E-08
9.78E-09

Other
hydrogeological
zones

Lineaments

9 94E-06
4.18E-06
1.76E-06
7.39E-07
3.11E-07
1.31E-07
5.50E-08
2.31E-08
9.72E-09
4.09E-09
1.72E-09
3.16E-10
1.00E-10

1.00E-05
5.01E-06
2.51E-06
1.26E-06
6.31E-07
3.16E-07
1.58E-07
7.94E-08
3.98E-08
2.00E-08
1.00E-08
3.16E-10
1.00E-10

Table 6-16. Mean and standard deviations of transmissivities T by elevation in each
group of hydrogeological zones.

HZ19A, HZ19B,
HZ19C
HZ20A, HZ20B
BFZ100
Other
hydrogeological
zones

Elevation (m)

Geometric mean
log (T) [m2/s]

Standard
Deviation of
log (T)

Porosity

Above –150 m
–150 m to –400 m
Above –150m
–150 to –400 m
Below –400 m
Above –50 m
–50 m to –400 m
Above –50 m
–50 m to –150 m
–150 m to –400 m
Below –400 m

-5.13
-5.61
-5.71
-5.30
-5.83
-5.90
-7.25
-4.81
-5.78
-6.39
-6.80

0.85
0.62
0.80
0.84
0.70
0.57
1.33
0.53
0.62
0.83
0.86

1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
1.0E-3
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Figure 6-39. An example of a model with spatial variability of hydrogeological zones
(see Table 6-16) and local conditioning at the measurement points for use in site-scale
modelling, coloured by transmissivity.
6.8
Hydrogeological characteristics of the sparsely fractured rock at
Olkiluoto

Until now Chapter 6 has discussed the hydrogeological fabric of the Olkiluoto bedrock
at the site scale, introducing a number of hydrogeological zones that – by virtue of their
high transmissivities and large spatial extent – are assumed to control the deep
groundwater circulation at the site scale. Next, in this Section, this description is
completed by determining the hydrogeological characteristics of the sparsely fractured
rock mass between and separating the site-scale hydrogeological zones. While
modelling the site-scale hydrogeological zones is essentially deterministic – the location
and geometry of each site-scale hydrogeological zone is assumed to be known – the
description of the sparsely fractured rock mass at Olkiluoto is stochastic in nature and
based on the statistics of the fracture data from drillholes (including the ONKALO pilot
holes), from outcrops and from mapping of the ONKALO tunnel walls. The model
thereby produced is usually referred to as the Hydrogeological Discrete Fracture
Network (Hydro-DFN) model.
An earlier Hydro-DFN model of the Olkiluoto site was developed for SR2008 (Hartley
et al. 2009), based on the interpretation of data from 56 surface drillholes. That HydroDFN model was applied in the initial RSC programme to estimate inflows to deposition
tunnels and holes under open repository conditions (see Hartley et al. (2010) for
details). It also provided input to site groundwater flow and transport modelling
(Löfman et al. 2009; Posiva 2009, Section 8) for SR2008 (Posiva 2009). The geological
framework of fracture domains for that study was provided by the 2008 Geological
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DFN model (Geo-DFN) (Buoro et al. 2009). Another cornerstone of the 2008 HydroDFN model was the hydrogeological structure (or Hydrozone) model developed by
(Ahokas et al. 2007) and (Vaittinen et al. 2009).
The current study provides an update of the Hydro-DFN model, based on the latest
available data from the surface-based investigations and from data acquired during the
excavation of the ONKALO. The study covers four main aspects:



An update of the Hydro-DFN model based on data from 80 surface drillholes
(including the 56 surface drillholes from the 2008 Hydro-DFN) and pilot holes
PH2–14, 16–17, as well as updates of the Geo-DFN (Fox et al. 2012) and the
hydrogeological structure model (Vaittinen et al. 2011);



Characterisation of the groundwater flow and transport.



Confirmatory tests of the Hydro-DFN and associated site-scale model against
drillhole measurements of head, pumping tests and hydrochemical information.

In a stochastic DFN model, the geometries of fractures in space are described using
probability distributions calculated from data recorded during the site investigations. To
fully describe the geometries and properties of fractures in space, the following
parameters charactering bedrock fractures must be interpreted:
1. orientations,
2. sizes,
3. intensity (how many fractures there are, and how their density changes
spatially),
4. locations (i.e. spatial model),
5. mineralogy (mineral infillings, host-rock alteration),
6. hydraulic properties (transmissivity, hydraulic aperture, transport aperture), and
7. mechanical properties (shear stiffness, normal stiffness).
The Geo-DFN model (introduced in Chapter 4) establishes a parameterisation of items
one to four for all fractures, and also fracture mineralogy is used in part to develop the
fracture domain and/or transition zone models. The Hydro-DFN model focuses only on
a subset of fractures that belong to a connected network and contain voids/openings
through which a continuous flow pathway can form, henceforth referred to as ‘flowing
fractures’. The Hydro-DFN model must then develop a parameterisation of the first four
items above for flowing fractures as well as item six. The assignment of mechanical
properties comes from rock mechanics studies (Remes et al. 2009), although it is
recognised that these properties may affect hydraulic properties.
6.8.1 Available data

The fracture geometrical data (fracture positions and orientations) are determined from
drill core mapping and/or drillhole TV images, whereas the hydraulic data (fracture
transmissivities) are determined with the PFL.
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The primary fracture data is obtained from (Fox et al. 2012). The fracture data include
interpreted fracture transmissivities for:


53 KR surface drillholes: (OL-)KR1 to KR40, KR41-53



27 KRB surface drillholes: (OL-)KR15B-20B, KR22B-23B, KR25B, KR27B,
KR-28B, KR29B, KR31B, KR33B, KR37B, KR39B-40B, KR41B-47B,
KR50B, KR52B-KR53B



9 PH tunnel boreholes: (ONK-)PH2-PH7, PH8-10, PH11–PH14, PH16, and
PH17

This compares with 59 drillholes for the study by Hartley et al. (2009). New
drillholes/pilot holes are indicated in blue and their locations are shown in Figure 6-40.
Some of the data (in red) from pilot holes PH8-10, PH11–PH14, PH16, and PH17
became available after Hartley et al. (2012c) commenced their Hydro-DFN modelling.

Figure 6-40. Drillholes used in this study. Drillholes coloured red are those used in the 2008 study and those coloured blue are the
additional drillholes used in this study.
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6.8.2 Fracture and PFL data

There are 65,964 fracture records in the fracture database, mainly from surface
drillholes and pilot holes and, of these, 1637 fracture records did not contain an angle of
inclination to the core. A further 10,996 fracture records did not contain fracture
orientation (trend and plunge) data.
There are 3417 PFL fracture records in the fracture database. These include PFL data
from pilot holes PH2-10, which were not included in the 2008 data analysis by Hartley
et al. (2009).16 Of these, 48 records did not contain an angle of inclination to the core. A
further 255 PFL fractures did not contain fracture orientation data. In addition, 334 PFL
data records had not been linked to any fracture, since no fracture was identified in the
drillhole core in the KR boreholes, or the PFL data were missing a “core depth” value in
the ONKALO pilot holes.
In order to maximise the use that could be made of the available PFL data, Hartley et al.
(2012c) added the unlinked PFLs to the existing linked PFLs so that the PFL was
matched to the nearest fracture within the drillhole (based on the difference between the
PFL depth and fracture’s measured length values), provided that the difference between
the PFL depth value and the fracture’s measured length value did not exceed ±2.0 m.
For the previously linked PFLs, this average difference was found to be 0.13 m, with a
maximum value of 1.1 m. The net result of adding the unlinked PFL fractures increased
the total number of PFL fractures from 3417 to 3734, leaving only 16 excluded.
As noted above, a significant number of fractures have no associated orientation data
from which to calculate a trend and plunge for the fracture and thus allocate the fracture
to a fracture set based on orientation. Hartley et al. (2012c) searched for a fracture
nearby, within a distance ±20 m with trend and plunge data and the same (or very close,
±20º) inclination to the core and then applied that fracture’s trend and plunge to the
fracture without trend and plunge. With these search parameters, it is possible to update
the orientation values for 294 PFLs with only one PFL not updated.
From Table 6-17 it can be seen that without the above actions to enhance the data, we
would be able to use 3114 PFL fractures with 8.8% of all PFLs neglected. By adding in
those previously unlinked PFLs, the total number of usable PFLs increases to 3382, but
because some of these PFLs were linked to fractures with no orientation data, the
percentage of excluded PFLs actually increases slightly. However, when orientation
data are added to those PFLs without orientation data, the number of usable PFLs
increases to 3676, leaving only 1.5% of PFLs unusable. Of the 58 PFL records that are
unusable, 57 are unusable because they do not contain inclination to core data, and the
other PFL fracture (in PH10) only had a value for trend but not plunge and so could not
be used.
The fracture data including the above enhancements is referred to as the “enhanced
fracture database”, and it should be noted that these data are only used in the calculation
of the P10 values.

16

The data from ONKALO pilot holes after PH10 were not available when the study by Hartley et al.
(2011) commenced. These data were partially incorporated into the Hydro-DFN analysis in the course of
the modelling work.
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Table 6-17. Comparison of available data for All Fractures and PFL fractures
following linking of unlinked PFL fractures and updating orientations for fractures that
had no orientation data. Posiva DB stands for Posiva's fracture database
Posiva
DB

Posiva DB + Posiva DB + Unlinked
Unlinked
PFLs
+
Updated
PFLs
Orientation

65964

65964

65964

All Fractures with Inclination 64327
to Core
All Fractures with Inclination 53331
to Core and Orientation

64327

64327

53331

64123

PFL Fractures
PFL
Fractures
Inclination to Core
PFL
Fractures
Inclination to Core
Orientation
PFL Data Loss

3417
with 3369

3734
3677

3734
3677

with 3114
and

3382

3676

8.8%

9.4%

1.5%

All Fractures

6.8.3 Domains for hydrogeological Discrete Fracture Network model

As was explained earlier, one enhancement introduced in the Geo-DFN model update
(see Section 4.10) is the definition of the tectonic units defined in the Olkiluoto ductile
deformation model, whereas the previous domain definition divided the rock into
fracture domains based on key structures in the deformation zone model, specifically
OL-BFZ080 and OL-BFZ098. In the Hydro-DFN model, the nine fracture domains
were reduced to four hydraulic domains (Figure 6-41):



NHU (Northern Hydraulic Unit),



CHUW (Central Hydraulic Unit West),



CHUE (Central Hydraulic Unit East),



SHU (Southern Hydraulic Unit).

based on similarities in their fracture orientations and intensity characteristics
(Section 6.6.2), and in order to provide a greater ensemble of fractures over which
statistics could be used to parameterise and calibrate models.
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Figure 6-41. Hydraulic (merged) domains. See the text for more explanation.

The Hydro-DFN model by Hartley et al. (2009) was developed by simulating the
fracturing and flow around single vertical hypothetical drillholes to represent the data
acquired from surface drilling. The hydrogeological domains are associated with
representative drillholes, in order to better represent the data acquired from the surface
drilling in terms of the drillhole trajectories and hydrogeological zones they intersect.
The main selection criteria for key drillholes are that the majority of the drillhole length
be contained within the hydraulic domain, that it extends down to repository depth, and
that it does not have any remarkable features relative to the rest of the domain, such as a
high proportion of the drillhole within hydrogeological zones. Another factor taken into
consideration was the amount of total drillhole length within each hydraulic domain,
taking into account the depth zones for each of the individual drillholes as discussed in
the previous section. Applying this line of reasoning, in Hartley et al. (2012b) the
following representative drillholes were identified:



NHU key drillholes are OL-KR1, KR2, KR11, and KR43,



CHUW key drillholes are OL-KR8, KR24, KR38, and KR48,



CHUE key drillholes are OL-KR45, KR49, and KR50,



SHU key drillholes are OL-KR51, KR52, and KR53,

It is seen from Figure 6-42, the NHU hydraulic domain is the only domain which
extends through all elevations. It can also be seen that at repository depth (~420 m) the
two hydraulic domains with the greatest drillhole lengths at these depths are NHU and
CHUW, followed by CHUE and none for SHU.
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Borehole Length by Hydraulic Domain and Elevation
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Figure 6-42. Drillhole lengths by hydraulic domain and by elevation, in terms of 50 m
depth intervals.
6.8.4 Depth zones

Hartley et al. (2009) identified depth zones based on depth trends in the PFL fractures
and average hydraulic conductivity, taking data outside of hydrogeological zones and
from all drillholes taken as an ensemble. The depth zones



Depth zone 1 : elevation > –50 m,



Depth zone 2 : –50 m > elevation > –150 m,



Depth zone 3 : –150 m > elevation > –400 m,



Depth zone 4: –400 m > elevation.

were thereby uniform over the whole model domain, and did not consider local
variability in PFL intensity. Hartley et al. (2012b) revised this approach to consider
spatial variability and use the geological, hydraulic and chemical information together
in defining depth zones. In particular, depth zones are defined within each drillhole
rather than for domains as a whole; the objective being to map the variability in key
fracture characteristics between drillholes.
Hartley et al. (2012b) analyzed the variation of fracture intensity with depth by
subdividing the hydraulic fracture domains into 50 m thick elevation intervals, with the
first being between ground surface and −50 m. There is a reduction of all fracture
intensity over the uppermost 150 m of the bedrock, from a P10 value of about 5 m−1 near
the surface to a relatively uniform 2–3 m−1 below −150 m. The depth trend in PFL
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intensity is far more striking, reducing P10 from about 0.6 m−1 near the surface to less
than 0.05 m−1 below −400 m (Figure 6-43).17
In addition, the groundwater chemistry can also be characterised over the four depth
zones, with various chemical bounds appropriate to present-day hydrogeochemical
conditions, as presented in Table 6-18. Pitkänen et al. (2007) define a classification
system for groundwater samples according to

 Overburden:

Shallow groundwater in overburden.

 Fresh/Brackish HCO3 Meteoric water recharged through the soil, high alkalinity.
 Brackish SO4:

Shows marine signature, moderate Cl, high SO4.

 Brackish Cl:

Brackish without marine signature, moderate Cl, low SO4.

 Saline:

Deep very saline, high Cl.
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Figure 6-43. Fracture intensity for PFL fractures outside hydrogeological zones in 50 m
depth intervals. The red line indicates the numbers of all fractures recorded at different
elevations.

Hence, the main chemical constituents used for distinguishing waters by this
classification system are chloride (Cl), alkalinity (HCO3) and sulphate (SO4). They
reflect the variation of groundwater from fresh water infiltration at shallow depths,

17

In order to correct for the geometrical observation bias in the original drillhole data Hartley et al.
(2011) have applied the Terzaghi correction, with the maximum correction factor of 5.78. When citing
their analyses, only parameter values based on the bias-corrected data are referred to. It is also noted that
Hartley et al. (2012) use this corrected P10 intensity as an approximate of the P32 intensity (fracture area
per volume).

428

characterised by high alkalinity and low chloride, to marine waters at mid depths
(moderate salinity, sulphate) and finally to regions of high salinity and low sulphate.
The significant changes in PFL intensity by depth imply a rapid reduction in
groundwater flow rates and associated advective transport of solutes. Confirmation of
this is seen in the hydrochemical data by considering various chemical signatures. Using
the definition of water types defined by Pitkänen et al. (2007) to colour data points, the
latest chemical data (Partamies & Pitkänen 2013) are plotted in Figure 6-44 to Figure
6-46. For example, Figure 6-46 and Figure 6-45 suggest that meteoric water has in
many places flushed marine water out from the top 100 m. Broadly, Depth Zone 1
corresponds to the water type Fresh/Brackish HCO3; Depth Zone 2 is a mixing zone
between the water types Fresh/Brackish HCO3 and Brackish SO4. Depth Zones 1 and 2
are considered chemically similar - limited salinity occurs in this region with fresh
water dominating. Depth Zone 3 corresponds to a mixing zone between the water types
Brackish SO4 and Brackish Cl, indicating the presence of marine salinity, and where
chloride values are greater than in the preceding depth zones, with sulphate values also
increasing. Depth Zone 4 corresponds to the water type Saline. However, these plots
suggest overlaps of about 100 m between these chemical mixing zones, that reflect the
variability between drillholes at the depths at which these transitions occur, and imply
the possibility of diffuse mixing zones within individual drillholes.
The depth zones determined from analysis of the P10 values for the PFL data correspond
well with variations in the chemical data. However, on the boundary between Depth
Zones 2 and 3 at 150 m, large variations in the chemical data occur, due to the transition
from fresh water to brackish (HCO3) water in this region.
Table 6-18. Hydraulic and hydrochemical characteristics of depth zones.
Chemical bounds (mg/l)

Depth
Zone

PFL P10 bounds (m–
1
)

Chlorine

Alkalinity

Sulphate

1

0.45 < P10

Cl < 1000

Alk > 150

SO4 < 250

2

0.15 < P10 < 0.45

Cl < 1000

Alk > 150

SO4 < 250

3

0.045 < P10 < 0.15

1000 < Cl <
4000

50 < Alk <
150

SO4 > 250

4

P10 < 0.045

4000 < Cl

Alk < 50

SO4 < 250
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Figure 6-44. Chloride concentrations by depth and water type.
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Figure 6-45. Sulphate concentrations by depth and water type.
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Figure 6-46. Alkalinity concentrations by depth and water type.

The four fixed elevation Depth Zones interpreted by Hartley et al. (2009) were based on
the pooling all the drillhole data. The disadvantage with doing this when the PFL
intensity varies between drillholes, is that the amalgamated PFL intensity plots only
show decreases in intensity once PFL intensity is reduced in the majority of drillholes
and, when averaging within a fixed elevation zone, areas of low PFL intensity in
elevated regions are not apparent. In order to understand the variability in the depth
trend of PFL intensity, the depth trends in individual drillholes were analysed by
marking each drillhole with Depth Zones, according to the classifications given in Table
6-18, i.e. delimiting zones based on their characteristics rather than on their depth.
For each of the drillholes, the four Depth Zones were used to subdivide each of the
drillholes into approximately homogeneous regions with regard to the intensity of the
PFL fractures. For each of the drillholes, the P10 of PFL fractures are primarily used in
determining the elevation of each of the Depth Zones, with the chemical data used for
further verification of the proposed Depth Zones. Figure 6-47 shows example plots used
in the analysis of OL-KR47, showing the data used to interpret the Depth Zones in this
drillhole and the resulting interpretation of Depth Zones 1–4.
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OL-KR47: P10Corr PFL Outside HZ

OL-KR47: P10Corr PFL Outside HZ
with Chemical Analysis
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Figure 6-47. Example plots for KR47 used in the individual drillhole analysis showing
on the left the PFL P10 hydraulic domains indicated and on the right the chemical
analysis data, together with the interpreted Depth Zones superimposed – (Depth Zone 2:
green, Depth Zone 3: red and Depth Zone 4: blue).

Bringing together the individual drillhole depth zone analysis and the representative
drillholes for each hydraulic domain in Table 6-19, Figure 6-48 to Figure 6-50, show the
result of interpolating the top elevations of Depth Zone 2–4 (the top of Depth Zone 1 is
defined to be ground surface). The representative drillholes in each hydraulic domain
are also indicated. In generating each surface, it has been assumed that at each corner of
the model, the top elevation of Depth Zone 2 is –50 m, the top of Depth Zone 3 is
–150 m and the top of Depth Zone 4 is –400 m.
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Table 6-19. Characteristics of selected key drillholes in the hydraulic units.
Drillhole

Drillhole Length
Domain (m)

OL-KR1

111.0m

within Representing
Depth Zone
%
of
total coverage
drillhole length
Outside HZ
NHU
655.39m
79.79%
1-4

OL-KR2

99.0m

837.05m

97.52%

1-4

OL-KR11

75.0m

834.83m

94.79%

2-4

OL-KR43

109.0m

850.50m

100.0%

2-4

Inside HZ

CHUW
KR8

79.53m

518.86m

100.0%

1-4

KR24

88.53m

395.18m

88.02%

3-4

KR38

82.91m

386.41m

89.78%

2-4

KR48

120.49m

372.69m

93.47%

1-4

CHUE
KR45

2.0m

427.04m

43.67%

1,2,4

KR49

27.5m

402.55

42.19%

1-4

KR50

9.2m

312.56

35.85%

1-4

SHU (*)
KR51

0m

253.85m

41.89%

2-4

KR52

0m

195.15m

50.41%

1-4

KR53

2.0m

238.83m

100.0%

1-4

(*) The available drillholes do not have substantial drillhole lengths within this
hydraulic domain and do not extend down to repository depth. It is therefore difficult to
select representative drillholes for this merged domain. The drillholes selected here
represent the best possible representative drillholes, given the constraints above.
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Figure 6-48. Elevation of the top surface of Depth Zone 2 with representative drillholes superimposed.

Figure 6-49. Elevation of the top surface of Depth Zone 3 with representative drillholes superimposed.
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6.8.5 Open and partially open fractures

For a fracture to conduct flow it must have an aperture (i.e. contain void spaces) and be
connected, i.e. there must also be connectivity between transmissive fractures and hence
they can also be described as connected open fractures (cof). Open fractures are a subset
of all fractures which have an apparent aperture at least on the scale of the drillhole
core, and hence are potentially flow-conducting fractures, if they are connected to other
fractures, repository structures or drillholes. By definition, they are a super-set of PFL
fractures, which represent flowing fractures with transmissivities greater than the
practicable lower detection limit, see Figure 6-51, and the conditions under which the
test were performed, e.g. drawdown and duration. In terms of the P10 intensity one may
write this as:
P10,all > P10,open > P10,cof > P10,PFL.

(‡)

Figure 6-51. The frequency of 1) all fractures intersecting the drillhole, 2) Open
fractures, 3) flowing fractures (or connected open fractures, cof) and 4) flowing
fractures that have a transmissivity greater than c. 10-9 m2/s. BC1 and BC2 are
constant-head boundary conditions. Reproduced from Follin et al. (2007).
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Hartley et al. (2009) estimated the frequency of open fractures as the upper limit of the
intensity of potential flowing fractures. The total number of open fractures was
estimated in terms of the relationship (based on (Tammisto et al. 2009)) as:
Σ open = Σ all – Σ tight – 24% of Σ filled
Where “ tight” and “ filled” are the total number of fractures with the fracture
geological properties of “tight” and “filled” from core descriptions, respectively.
Hartley et al. (2012c) reviewed the above definition in the light of any new data and
proposed a better estimate. The fracture properties used in their definition of open
fractures include:



“Fracture type” is either “open”, or “clay filled”, or “grain filled”,



“Geological fracture type” is “weathered”,



recorded “Remarks” include “rust”, or “water conducting” or “cavities in rock
and filling”, or “partly closed”, or “crushed rock”,



non-zero “Clay2 thickness”,



“Aperture class” more than 1,



non-zero “Aperture”.

A fracture is classified as “open” if at least one of these conditions is met. The fracture
property which is the clearest indicator over many fractures for representing a potential
flowing fracture is the “hydraulic conductivity” property, with 20.4% of all fractures
designated as hydraulically conducting being PFL fractures and accounting for
approximately one third of all PFL fractures. The property is derived based on a
preliminary interpretation of PFL tests for drillhole sections that is incorporated within
the fracture database. Unfortunately, this particular fracture property has only been
collected for drillholes KR1 to KR38 and does not cover any of the other drillholes
(KR39 to KR53B) or any of the pilot holes. The Hydro-DFN definition of “open”
fractures is therefore based on an analysis of the fracture database for fractures in
drillholes KR1 to KR38. Based on this definition of Open fracture in drillholes KR1 to
KR38, 14.7% of all fractures would be classified as Open, with the largest percentage of
Open fractures in Depth Zone 1 (26.4%) and the lowest in Depth Zone 4 (8.5%) (Table
6-20). This is clearly a smaller portion than in Hartley et al. (2009) where it was 60%.
However, this definition only captures 46.9% of PFL fractures within the subset of
Open fractures. An estimate of a suitable ratio of Open fractures to All fractures which
captures all PFL fractures can be calculated by dividing the “% of All Fractures defined
as Open” by the “% PFL Fractures defined as Open” in Table 6-20. Doing this for each
depth zone gives the ratios in the last row of Table 6-20. Hence, this provides an
estimate of an upper bound for the proportion of Open fractures to All fractures that can
be used in the Hydro-DFN modelling. It is used to estimate the intensity of potential
flowing fractures from the intensity of All fractures, though it does not provide a means
to predict whether any individual fracture is likely to be a flowing fracture based on the
properties of that fracture from the core description. Manifestly, the intensities of the
fracture types are in accordance with the inequality (‡) above (Figure 6-52).
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Therefore, the resulting ratios were applied to the sum of all fractures in each drillhole,
(by hydraulic domain, depth zone and fracture set as appropriate) to estimate the
number of Open fractures in each drillhole, and these in turn were then used to calculate
the Open fracture intensities described in Sections 6.8.6 to 6.8.8.
Table 6-20. Number of Open and Closed fractures, for All Fractures and PFL
fractures (Hartley et al. 2012c).
Depth
Zone 1

Depth
Zone 2

Depth
Zone 3

Depth
Zone 4

All depth
zones

All Fractures - defined as Open

2035

1359

780

922

5096

All Fractures - defined as Closed

5683

6314

7875

9595

29567

% of All Fractures defined as Open

26.4%

17.7%

9.0%

8.7%

14.7%

PFL fractures - defined as Open

485

241

104

71

901

PFL fractures - defined as Closed

519

300

128

74

1021

% PFL Fractures defined as Open

48.3%

44.5%

44.8%

49.0%

46.9%

0.55

0.40

0.21

0.18

0.31

Ratio of Open Fractures to All Fractures
required for all PFLs to be captured as Open
Fractures

Intensity by Fracture Type
6.00

4.00

-1

P10,corr (m )

5.00

3.00
2.00
1.00
0.00
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HZ

Figure 6-52. Intensity by fracture type for All fractures, Open fractures and PFL
fractures outside hydrogeological zones (HZ) by hydraulic domain and inside the
hydrogeological zones.
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The discussion above clearly demonstrates that it is difficult to define the intensity for
potential flowing fractures based on the geological properties recorded in the core
mapping. In order to evaluate the inherent uncertainty in the modelling of the connected
flowing fracture network, Hartley et al. (2012c) also studied two more alternative cases
for the potential flowing fractures. One of the alternative cases assumes that the
intensity of flowing fractures detected by the PFL method in fact estimates the intensity
of potential flowing fractures.
The third case, in turn, assumes that the underlying fracture network is captured by the
Geo-DFN (Fox et al. 2012) but such that only part of the area of each “geological”
fracture is open, according to some size-dependent probability function (here, a
logarithmic dependence on r is applied). The parameters determining the amount of
fracture area that is open for a given fracture size are then adjusted to give sufficient
connectivity for consistency with the intensity of PFL features. This is implemented
such that a fraction 1  P(r ) of the area of the fracture is deleted. For fractures smaller
than 11.2 m, 1  P(r ) of the fractures are deleted. P(r ) is taken to be linearly related to
the logarithm of the fracture size, r:

2
 log(r )  a
P(r )  
d


0





if this ratio is positive
otherwise

where a and d are parameters. This form is partially motivated by the following
considerations. It is plausible that P(r ) increases with increasing fracture size, because
it might be expected that the asperities on fracture surfaces are larger in larger fractures
and so the fracture aperture might be greater and more of the fracture area is open for
flow. Also, the fracture size covers several orders of magnitude, so it is desirable that
P(r ) is a slowly varying function, which is the case for the logarithm. However, other
forms for P(r ) could be tested.
The suggested form involves two parameters. Considering the relative total areas of
hydrogeological zones and brittle deformation zones implies that just under half the area
of deformation zones is hydraulically active. Taking the deformation zones to
correspond to the very largest fractures considered, which have a radius of 564 m or
more and an area of 106 m2, and the hydrogeological zones to correspond to the open
parts of these fractures leads to
a  0.49d  log(  5642 )

and hence the model can be reduced to a single free parameter
2
 r 
(†)
log

d
 564 
This is plotted in Figure 6-53 for various values of d .
P(r )  0.49 
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(a) d = 6, r = 25

(b) d = 6, r = 500

(c) d = 16, r = 25

(d) d = 16, r = 500

Figure 6-53. Sub-areas of open (white) and closed (grey) regions of a fracture as
determined from Equation (†) above. Four combinations of the entire fracture radius, r,
and deletion parameter, d are considered. The choice of which sub-areas to delete is
random, i.e. a Poisson spatial pattern.
6.8.6 Orientation

In their model Fox et al. (2012) define three global fracture sets: foliation parallel
(essentially sub-horizontal) and vertical north-south and east-west. In addition, there are
some local sub-horizontal, northwest and northeast sets, mainly in the LSZ fracture
domain, giving 13 sets in total. Based on the orientation analysis in (Hartley et al.
2012c), it was noted that the fracture sets used in (Hartley et al. 2009) are still valid
(Figure 6-54, Table 6-21). It may be noted that the mean poles of the sets interpreted in
the Geo-DFN (Fox et al. 2012), which are based on all fractures, are typically within
about 10º of the mean poles interpreted here, based on the PFL fractures.
As explained in Section 6.8.2, the interpretation of orientation distributions was based
on the database prior to enhancing the orientation data, whereas fracture intensities were
based on the enhanced data. The sub-vertical fractures were distributed in a circular
pattern around the mean pole for the set, and so a Fisher distribution was used (Figure
6-55 and Figure 6-56) and the selection of such distributions for each set was consistent
with the Geo-DFN model (Fox et al. 2012). For the sub-horizontal fracture set (SH), the
elliptical nature of the stereoplot indicated that a Fisher distribution is not likely to
represent the best fit to the data. For these fractures, therefore, a bivariate Bingham
distribution is used to fit the data; and this is also consistent with (Fox et al. 2012).
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Figure 6-54. Definitions of orientation sets used in determining which set each
fracture belongs to.
Table 6-21. Number of fractures with inclination to core and orientation, by fracture set
and hydraulic domain outside hydrogeological zones, and in hydrogeological zones (In
HZ) by fracture set. The numbers of PFL fractures are based on a filter using a
minimum transmissivity of 1.6·10–10 m2/s (Hartley et al. 2012c).
Segment
Type

In HZ
all

NHU

CHUW

CHUE

SHU

TOTAL

PFL

All

PFL

all

PFL

all

PFL

all

PFL

all

PFL

E-W

1397

46

3564

92

2447

156

737

40

649

61

8794

395

N-S

1202

57

3599

90

3066

190

719

42

387

35

8973

414

SH

10161

539

16069

568

14964

1213

3151

216

2011

258

46356

2794

Totals

12760

642

23232

750

20477

1559

4607

298

3047

354

64123

3603

Figure 6-57 shows a pole plot of the PFL fractures (using the enhanced database) with
each pole coloured by transmissivity. It is difficult to interpret clear correlations
between transmissivity and orientation from these plots, although transmissivities
greater than 10–6 m2/s appear to be concentrated in the sub-horizontal set.
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Table 6-22. Table of Fisher distributions in north-south and east-west fracture sets, and
Bingham distribution parameters for sub-horizontal fracture sets (Hartley et. al.
2012c).
Hydraulic
domain

Set

NHU
NHU
CHUW
CHUW
CHUE
CHUE
SHU
SHU

EW
NS
EW
NS
EW
NS
EW
NS

Trend(o)

Hydraulic
domain

Set

Trend(o)

NHU
CHUW
CHUE
SHU

SH
SH
SH
SH

284.7
300.1
309.9
275.7

Plunge(o)

181.9
95.5
176.0
270.4
176.3
95.3
166.8
278.2

8.37
6.23
4.38
0.213
0.422
0.253
1.38
8.66

Fisher
concentration

10.2
7.6
9.4
8.3
7.2
7.0
11.2
7.4

Plunge(o)

Bingham
Param 1

Bingham
Param 2

83.3
78.9
78.6
79.4

–6.61
–5.70
–5.71
–4.16

–2.94
–4.43
–3.98
–3.83

Bingham
Rotation

–157.5
50.6
62.8
–141.3
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Figure 6-55. Contoured stereonet plots for All fractures outside hydrogeological zones by hydraulic domain, without enhanced orientation
data.

Figure 6-56. Contoured stereonet plots for PFL fractures outside hydrogeological zones by hydraulic domain, without enhanced
orientation data.

p
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Figure 6-57. PFL data outside hydrogeological zones, coloured by Log(T), with hard sectors . The mean poles are shown by a cross, at an
arrowhead.
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6.8.7 Intensity

Hartley et al. (2012c) analysed fracture intensities for all fractures and PFL fractures by
hydraulic domain, by depth zone and by fracture set. They found that:



The relative intensities of each set is consistent for hydraulic domains NHU,
CHUW and CHUE, but there is a higher relative intensity of the E-W set in SHU
(Figure 6-58). For the PFL fractures shown Figure 6-58, the sub-horizontal set
has a relatively greater importance than in all fractures. The results are similar
for CHUW and CHUE, but the magnitude of intensities in NHU appears to be
lower. Again, the relative intensity of the E-W set is more important for
hydraulic domain SHU than for the other domains.



The fracture intensity is highest in Depth Zone 1, is lower but similar in Depth
Zones 2 and 3, with the lowest intensity found in Depth Zone 4. The same
pattern is observed in all four hydraulic domains (Figure 6-59). For PFL
fractures, the depth trend outside hydrogeological zones is much more
significant, with about a factor of 3 reduction in intensity between each
successive depth zone. Inside hydrogeological zones PFL intensity reduces by
about a factor of 2 between successive depth zones. Again, there is little
difference between hydraulic domains.



The relative intensity of the sub-horizontal set for all fractures seems to be
greatest in Depth Zone 1, where it is about 4 times higher than either subvertical set, which gradually reduces to about a factor 2 by Depth Zone 4 (Figure
6-60). The higher intensity of the E-W set in SHU appears to be limited to Depth
Zone 2. For PFL fractures, the sub-horizontal set has an intensity which is
consistently about a factor 5 times higher than either of the sub-vertical sets for
all depth zones (Figure 6-61). Here, the E-W set has a relatively high importance
in SHU Depth Zone 2 and CHUE Depth Zone 3.
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Figure 6-58. Intensity for all fractures (top) and PFL fractures by hydraulic domain and
fracture set outside hydrogeological zones.
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Fracture Intensity - All fractures by Depth Zone and hydraulic domain
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Figure 6-59. Intensity for All fractures (top) and PFL fractures by Depth Zone and
hydraulic domains outside hydrogeological zones.
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Figure 6-60. Fracture intensity for all fractures by hydraulic domain and fracture set outside hydrogeological zones in each Depth Zone.
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6.8.8 Fracture size

Conceptually, potential flowing fractures should be a sub-set of all fractures at all length
scales, i.e. the intensity of potential flowing fractures should be lower than the intensity
of all fractures at all length scales. The updated Geo-DFN (Fox et al. 2012) suggests
two alternative concepts for fractures size: the “Tectonic continuum” model, that
assumes a continuous distribution of fracture size over all length scales, and the
“Outcrop-scale and minor deformation zone” model, that assumes a superposition of
different size distributions associated with the outcrop and tunnel scales; although both
models are constructed from power-law distributions.
The power-law fracture size distribution, measured in terms of the radius r of a disc, is
based on the slope (or shape) parameter kr and the location (or size) parameter r0. The
distribution f(r) is defined within a truncated range between rmin and rmax:
f (r ) 

k r r0k r
r k r 1

where rmax ≥ r ≥ rmin ≥ r0; r0 > 0; kr > 0. The intensity-size models developed for each
Hydro-DFN model case are checked against a global tectonic continuum model
developed for the Geo-DFN (Fox 2010) that deduced a power-law fit with kr = 2.59 and
r0 = 0.2 m to outcrop trace data (OL-TK10) and the deformation zone traces on
horizontal slices.
As an intensity-size distribution, Hartley et al. (2012c) also discuss a log-normal
distribution which may be expressed as
  (log r  m) 2 
1

f (r ) 
1 exp 
2

2
s
r ln(10) s (2 ) 2



where rmax ≥ r ≥ rmin; the variance s2, s ≥ 0 and m is the mean.18 These fracture size
distributions are incorporated in the context of three model cases, specified so as to
cover a broad range of possible hydraulic fracture characteristics, so as to ascertain by
how much applying constraints based on the PFL data ultimately constrains the
uncertainty in model results, such as their hydraulic and transport properties. Each of
the model cases is paired with a corresponding model for the size of a fracture, which
taken together are constrained by simulations to ensure they are consistent with the
intensity of flowing fractures determined by the PFL tests. This provides a constraint on
the connectivity and intensity of fractures, above the PFL detection limit, and thus
bounds on the viable combinations of parameters that would otherwise be very
uncertain. The model cases discussed by Hartley et al. (2012c) are as follows:

Case A is based on the estimated intensity of Open fractures (see Section 6.8.5), using a
power-law size model. It is then assumed that potential flowing fractures are a sub-set
of all fractures, which are distributed as a tectonic continuum. The location parameter
r0, is equal to the drillhole radius, while the shape parameter, kr, is determined through
the calibration of the connectivity of this model to be consistent with the intensity of
PFL fractures. If the slope is too small, all fractures are large and connected and so the
18

Here ”ln” denotes the natural logarithm and ”log” the logarithm with base = 10.
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intensity of flowing fractures is over-predicted; too high a slope and the fractures
become mostly small and the system has too few connections and too sparsely
distributed flowing fractures. Final values were in the range 2.92 ≥ kr ≥ 2.33, with r0 set
to 0.04 m. The values of the statistical parameters of the fracture network geometry for
the NHU hydraulic domain are shown in Table 6-23. All Case A values can be found in
(Hartley et al. 2012c).

Case B is based on the intensity of PFL fractures, using a log-normal size model. This
case only models the flowing fractures from the outset, and so virtually all potential
flowing fractures need to be connected to give the correct intensity of flowing fractures
intersected by drillholes. Therefore, a more finite range of relatively large fractures is
required, and hence a log-normal distribution is chosen, with mean and variance to
ensure most generated fractures are connected. This size model is more analogous to the
Geo-DFN minor deformation zone model, although in that model a power-law of lower
slope is used within a finite range of sizes. Log10 mean and log10 standard deviations are
determined so as to be consistent with the PFL intensities and the global size model for
the Geo-DFN. Since this case only models PFL fractures, it implies that all generated
fractures must be connected and open, and hence there is a requirement on the fracture
size parameters to ensure that effectively all generated fractures are sufficiently long to
form part of a connected network.
A second constraint is that the intensity-size distribution should be self-consistent with
the Geo-DFN intensity-size model for all fractures. In other words, connected networks
are required to be below the Geo-DFN intensity-size distribution discussed above for all
sizes. Incorporating these constrains results in a mean length of 0.3 m
(m = –0.77) and standard deviation s = 0.35 in Depth Zone 1, and a mean length of
0.56 m (m = –0.50) and standard deviation s= 0.35 in Depth Zone 2. These parameters
retained good agreement across all domains when comparing the generated P10 values
and the measured PFL P10, whilst keeping the fracture intensities consistently below
those for the Geo-DFN model. Parameters for Depth Zones 3 and 4 remained
unchanged from the 2008 study; these are a mean length of 5 m (m = 0.45) and standard
deviation s = 0.25, and a mean length of 50 m (m = 1.45) and standard deviation of
s = 0.25, respectively. The values of the statistical parameters of the fracture network
geometry for the NHU hydraulic domain are shown in Table 6-24. All Case B values
can be found in (Hartley et al. 2012c).
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Table 6-23. Summary of the parameters used in the calibrated Case A fracture
parameters for NHU. The size parameter, kr, was calibrated to a precision of about
0.02. The transmissivity parameters are to be discussed in Section 6.8.8. The
Correlated, Semi-correlated, and Uncorrelated transmissivity parameters are denoted
by "C", "SC" and "UC", respectively (see Table 6-26).
Pole orientation Case A
trend, power-law
Distributio F:
(kr, r0)
Set
n of poles plunge, conc.

Transmissivity model
Intensity C:
(a,b)
P32,open

SC: (a, b, σlog(T))

rmin = r0
B: (trend, plunge),
rmax = 564 m
conc.1, conc.2, rot.
(-, m)

UC: (µ log(T), σ log(T))
(m2/m3)

T (m2s-1)

Depth Zone 1
EW Fisher

181.9, 8.4, 10.2

(2.68, 0.04) 0.60

NS Fisher

95.5, 6.2, 7.6

(2.70, 0.04) 0.51

(284.7, 83.3)

SH Bingham

–6.6, –2.9,
157.5o

– (2.56, 0.04) 2.02

C: (6.0E-8, 0.7)
SC: (1.0E-7, 0.5,
0.7)
UC: (2.0E-7, 0.5)
C: (1.2E-7, 0.7)
SC: (1.8E-7, 0.4,
0.7)
UC: (5.0E-7, 0.6)
C: (1.0E-7, 0.9)
SC: (1.5E-7, 0.6,
0.8)
UC: (4.0E-7, 1.1)

Depth Zone 2
EW Fisher

181.9, 8.4, 10.2

(2.60, 0.04) 0.29

NS Fisher

95.5, 6.2, 7.6

(2.41, 0.04) 0.29

(284.7, 83.3)

SH Bingham

–6.6, –2.9,
157.5o

– (2.43, 0.04) 0.84

C: (7.0E-9, 0.85)
SC: (1.0E-8, 0.5,
0.4)
UC: (3.0E-8, 0.6)
C: (5.0E-9, 0.75)
SC: (7.5E-9, 0.5,
0.7)
UC: (3.0E-8, 0.7)
C: (4.0E-9, 0.9)
SC: (8.5E-9, 0.5,
0.9)
UC: (4.0E-8, 1.1)

Depth Zone 3
EW Fisher

181.9, 8.4, 10.2

(2.50, 0.04) 0.17

NS Fisher

95.5, 6.2, 7.6

(2.45, 0.04) 0.18

C: (8.0E-10, 0.75)
SC: (6.0E-9, 0.3,
0.3)
UC: (9.0E-9, 0.5)
C: (1.5E-9, 0.8)
SC: (6.0E-9, 0.3,
0.8)
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UC: (2.0E-8, 1.0)
(284.7, 83.3)

SH Bingham

–6.6, –2.9,
157.5o

– (2.42, 0.04) 0.47

C: (7.0E-10, 1.1)
SC: (6.0E-9, 0.4,
1.25)
UC: (4.0E-8, 0.9)

Depth Zone 4
EW Fisher

181.9, 8.4, 10.2

(2.40, 0.35) 0.10

NS Fisher

95.5, 6.2, 7.6

(2.40, 0.35) 0.12

(284.7, 83.3)

SH Bingham

–6.6, –2.9,
157.5o

– (2.40, 0.35) 0.21

C: (6.0E-11, 0.8)
SC: (6.0E-11, 0.7,
0.6)
UC: (7.0E-10, 0.7)
C: (5.0E-11, 0.8)
SC: (5.0E-11, 0.7,
0.4)
UC: (7.0E-10, 0.6)
C: (3.0E-11. 1.0)
SC: (7.0E-11, 0.7,
0.7)
UC: (7.0E-10, 1.0)

Table 6-24. Summary of the parameters used in the calibrated Case B fracture
parameters for NHU. The transmissivity parameters are to be discussed in Section
6.8.8. Acronym "SC" stands for the Semi-correlated transmissivity parameters (see
Table 6-26).
B
Pole orientation Case
log-normal
F:
trend,
Set

Distributio plunge, conc.
n of poles B:
(trend,
plunge), conc.1,
conc.2, rot.

(mlog(r),
slog(r))

Intensity Transmissivity model
P32,PFL

SC: (a, b, σlog(T))

rmin = 0.56m
rmax = 564 m
(-, -)

(m2/m3)

T (m2s-1)

Depth Zone 1
EW Fisher

181.9, 8.4, 10.2

(–0.77, 0.35)

0.16

SC: (9.0E-9, 0.8, 0.7)

NS Fisher

95.5, 6.2, 7.6

(–0.77, 0.35)

0.12

SC: (4.0E-8, 0.1, 0.8)

SH Bingham

(284.7, 83.3)
–6.6, –2.9, –157.5o

(–0.77, 0.35)

0.49

SC: (7.0E-8, 0.2, 1.3)

EW Fisher

181.9, 8.4, 10.2

(–0.50, 0.35)

0.04

SC: (9.0E-9, 0.1, 0.7)

NS Fisher

95.5, 6.2, 7.6

(–0.50, 0.35)

0.07

SC: (6.0E-9, 0.3, 0.9)

SH Bingham

(284.7, 83.3)
–6.6, –2.9, –157.5o

(–0.50, 0.35)

0.18

SC: (8.0E-9, 0.1, 1.4)

Depth Zone 2

Depth Zone 3
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EW Fisher

181.9, 8.4, 10.2

(0.45, 0.25)

0.02

SC: (1.0E-10, 1.0, 0.5)

NS Fisher

95.5, 6.2, 7.6

(0.45, 0.25)

0.03

SC: (3.0E-9, 0.1, 1.1)

SH Bingham

(284.7, 83.3)
–6.6, –2.9, –157.5o

(0.45, 0.25)

0.07

SC: (3.0E-9, 0.3, 1.4)

EW Fisher

181.9, 8.4, 10.2

(–0.60, 0.35)

0.05

SC: (5.0E-10, 0.1, 0.9)

NS Fisher

95.5, 6.2, 7.6

(–0.60, 0.35)

0.06

SC: (3.5E-10, 0.1, 1.0)

SH Bingham

(284.7, 83.3)
–6.6, –2.9, –157.5o

(–0.60, 0.35)

0.08

SC: (6.0E-10, 0.3, 0.9)

Depth Zone 4

Case C is based on the intensity of all fractures, using a global power-law size model
derived for the Geo-DFN, but removing parts of the fracture area available for flow


2
 log( r )  a
P(r )  
d


0
according to a probability function





if this ratio is positive
otherwise

that depends on fracture size, as was discussed in Section 6.8.5 (i.e. a larger proportion
of fracture area is open in large than in small fractures, due to a higher likelihood of
movement occurring along larger fractures). A power-law size model is used based on
the Geo-DFN tectonic continuum model and uses a global size for all fractures – same
kr = 2.59 and r0 = 0.2 m everywhere – for simplicity. The parameter, d, which
determines the amount of fracture area that is open for a given fracture size is then
adjusted to give sufficient connectivity for consistency with the intensity of PFL
features. Final values of d ranged from 25 ≥ d ≥ 2.3. The values of the statistical
parameters of the fracture network geometry for the NHU hydraulic domain are shown
in Table 6-25. All Case C values can be found in (Hartley et al. 2012c).
6.8.9 Fracture transmissivity

Having derived geometrical parameters for the intensity-size model for each case, flow
simulations were performed to calibrate the transmissivity distribution with respect to
the PFL data, based on a comparison of simulated and measured specific flow capacity,
Q/s, derived for each set and depth zone (Hartley et al. 2012c). For each PFL
measurement, the change in flux (inflow, Q) and head (drawdown, s) after several days
of pumping relative to conditions prior to pumping are calculated. The specific flow
capacity is defined as Q/s. For presentational purposes, this is often equated to a
transmissivity value by applying the Theim’s formula for radial flow and assuming a
radius of influence of c. 20 m. The choice of 20 m reflects the fact that tests are
performed over several days, and hence should represent an effective transmissivity of
the whole fracture intersected, and possibly adjoining parts of the network; but 20 m is
otherwise arbitrary. Consequently, the interpreted values of transmissivity should not be
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viewed as necessarily the transmissivity of an individual fracture, or the transmissivity
of the fracture local to the drillhole intersect. They are more indicative of the effective
transmissivity over a larger scale.
For each of the four hydraulic domains, three or four representative drillholes were
explicitly modelled, each subdivided into the depth zones determined from the analysis
of the individual drillholes. The hydrogeological model site-scale zones, with their
deterministic transmissivities, were included. The general approach to the simulations
was identical to the connectivity calibration. Within the Hydro-DFN analysis, the
representative drillholes that are explicitly modelled are assumed to lie entirely within
their associated hydraulic domain, with the corresponding P10 value applied. The results
from the simulations of the representative drillholes are pooled together to derive
statistics for a particular hydraulic domain and depth zone, and an analogous approach
is used in deriving statistics based on the primary data. That is, simulations and data are
compared in terms of statistics for hydraulic domains taken as a whole, rather than
drillhole by drillhole.
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Table 6-25. Summary of the parameters used in the calibrated Case C fracture
parameters for NHU using a power-law size model (r0=0.04m, kr=2.59) with channels.
The transmissivity parameters are to be discussed in Section 6.8.8. Acronym "SC"
stands for the Semi-correlated transmissivity parameters (see Table 6-26).
Pole
orientation
Set

Distributio
n of poles

Case C
power-law size
F:
trend, (kr=2.59,r0=0.2
plunge, conc. m)
deletion
B: (trend,
parameters,
plunge), conc. 1, (d,a)
conc.2, rot.

Intensity Transmissivity model
P32,open
SC: (a, b, σlog(T))

(-, -)

(m2/m3)

T (m2s-1)

Depth Zone 1
EW Fisher

181.9, 8.4, 10.2

(17.50, 2.64)

1.09

NS Fisher

95.5, 6.2, 7.6

(18.75, 3.26)

0.92

– (17.50, 2.64)

3.68

Bingha
SH
m

(284.7, 83.3)

–6.6,
–2.9,
157.5o

SC:
1.0)
SC:
0.9)

(2.0E-8,

0.7,

(4.0E-8,

0.5,

SC:
1.1)

(1.0E-7,

0.5,

Depth Zone 2
EW Fisher

181.9, 8.4, 10.2

(10.90,
0.62)

NS Fisher

95.5, 6.2, 7.6

(15.50, 1.66)

0.73

– (15.20, 1.51)

2.11

Bingha
SH
m

–

0.71

(284.7, 83.3)

–6.6,
–2.9,
157.5o

SC: (1.3E-9, 0.85,
1)
SC: (3.5E-9, 0.75,
0.6)
SC: (8.0E-9, 0.65,
1.2)

Depth Zone 3
EW Fisher

181.9, 8.4, 10.2

(9.60, –1.26)

0.83

NS Fisher

95.5, 6.2, 7.6

(11.60,
0.27)

–

0.84

– (10.10,
1.01)

–

(284.7, 83.3)

SH Bingham

–6.6, –2.9,
157.5o

2.25

SC: (7.5E-10, 0.75,
0.8)
SC: (8.0E-9, 0.2,
1.2)
SC:
1.2)

(4.0E-9,

0.7,

Depth Zone 4
EW Fisher

181.9, 8.4, 10.2

(25.00, 6.35)

0.53

NS Fisher

95.5, 6.2, 7.6

(30.00, 8.82)

0.66

– (15.00, 1.41)

1.18

(284.7, 83.3)

SH Bingham

–6.6, –2.9,
157.5o

SC: (7E-11, 1.0,
0.4)
SC: (5.0E-11, 0.8,
0.8)
SC: (1.5E-10, 0.7,
0.9)
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Within the Hydro-DFN model, transmissivities are specified on an individual fracture
basis, with three different relationships between fracture transmissivity and fracture size
considered: Correlated, Semi-Correlated and Uncorrelated. The relationships between
fracture transmissivity and fracture size for the three correlations are described below in
Table 6-26. The semi-correlated case is truncated at ±2σ to avoid stochastic generation
of transmissivities with very high or very low values. As discussed above, it might be
expected that the asperities on fracture surfaces are wider in larger fractures, with the
result that fracture aperture might be greater and more of the fracture surface area open
for flow. Some sort of correlation should thus be expected to exist between size and
transmissivity, although variability in this relationship is inevitable, and a semicorrelated transmissivity distribution is used for intensity-size cases, since it is
considered most realistic. For the Case A fracture size model, all three correlation
methods are analyzed, whereas for Case B and C, only the semi-correlated method was
implemented.
Table 6-26. Transmissivity parameters used for all sets when matching measured PFL
flow distributions.
Type
Correlated
Semi-correlated

Uncorrelated

Description
Power-law relationship
Log-normal distribution
about
a
power-law
correlated mean
Log-normal distribution
about a specified mean

Relationship
log(T) = log (a r b)
log(T) = log (a r b) + σ log(T) N(0,1)

Parameters
a,b
a , b,
σ log(T) = 1

log(T) = μ log(T) + σ log(T) N(0,1)

μ log(T) , σ log(T)

Steady-state DFN flow simulations were used to predict the distribution of Q/s with
multiple realisations of each representative drillhole using the PFL hydraulic test
configuration. The idealised boundary conditions specified zero head on the top and
vertical boundaries and a drawdown of 10 m along the entire length of the drillhole.
Calculated Q/s and the PFL measurements were subdivided into four Depth Zones,
according to those determined from the analysis of the individual drillholes. These data
are then used as ensembles to compare the distribution between modelled and measured
results within each hydraulic domain for each set and Depth Zone. For the PFL data,
this ensemble of measurements was made for all drillholes within the hydraulic domain
for the intervals within each Depth Zone, as specified on an individual drillhole basis.
For the calculated specific capacity, Q/s, the ensemble consisted of the results for the
multiple realisations of the three or four key drillholes identified for the hydraulic
domain under consideration.
In NHU and CHUW, where there are four representative drillholes, 40 realisations were
performed, consisting of 10 realisations per drillhole, whereas in CHUE and SHU, with
three representative drillholes in each domain, 39 realisations are performed consisting
of 13 realisations per drillhole.
Three measures were used to quantify how well the model simulates the flow data:


A histogram of the distribution of flow rates, Q/s, is compared with a bin size of
half an order of magnitude. This measure checks that the distribution of different
specific capacities is reproduced.
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The total flow to each depth zone of a drillhole, sum of Q/s. This ensures the
total flow through the each hydraulic domain and Depth Zone is reproduced in
the model



The number of PFL measurements associated with each fracture set, and the
distribution of Q/s for each set – this distribution is quantified in terms of the
mean, plus/minus one standard deviation, minimum and maximum of log(Q/s).
This measure checks the correct intensity of flowing fractures is reproduced for
each set and that any differences in the distributions of specific capacity between
the sets are captured in the model.

An iterative process is followed to derive the flow parameters detailed in Table 6-26,
involving the following steps


Step 1: Perform flow simulations for all the representative drillholes in each of
the domains. For each realisation, the steady-state flow solution is calculated;



Step 2: Export Q/s at each fracture intercept, but exclude inflows corresponding
to the intercepts with hydrogeological zones and specific capacities
corresponding to a value less than the minimum measured PFL value. These
were then pooled together within a hydraulic domain and depth zone to provide
the three calibration measures described above.



Step 3: The simulated inflows are then compared with the measured PFL data
according to the three measures described above. If the simulated and measured
flow distributions are comparable for all depth zones and fracture sets, then the
parameterisation is complete. Otherwise, the transmissivity parameter values for
each DFN model of the representative drillholes in that domain are adjusted and
the cycle repeated.

Hydrogeological fracture network model parameters for each of the three fracture size
models (Case A–C) within each of the four depth zones for NHU are given in
Table 6-23 to Table 6-25. The parameterisation of CHUW, CHUE and SHU is
presented by Hartley et al. (2012c). These parameters values are the starting point for
calculating effective block conductivities in Section 6.8.10.19

19

Hartley et al. (2012) also compared the predicted and measured heads within several drillholes (KR1–
KR15) and considered potential changes to fracture transmissivities. Using a single realisation of the
stochastically generated Case A, B and C fractures, with deterministically specified hydrogeological
zones, they found transmissivity adjustments indicated by the adjustment factors given the table below.
These changes were not propagated in determining the final model parameters, however.

Fracture
Classification

Hydrogeologic
al zones

Depth
z ≥ –150m
–150m > z ≥ –
400m
z < –400m

Calibration Details
Orientation Transmissivity adjustment
T×4

All

T×3
T×2
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6.8.10 Block conductivities and kinematic porosities

Groundwater flow modelling at larger scales is customarily based on the effective
properties of fractured rock as a porous medium, as this renders the ensuing
computational task feasible. Formally, this leads to a technical task called upscaling, in
which small-scale properties and their variability are mapped to produce effective flow
properties at a larger scale.
Effective hydraulic block properties for the bedrock are based on the calibrated HydroDFN model cases. A single realisation of the Hydro-DFN model is generated within a
cube of side 500 m, which is then subdivided into an array of 50 m blocks for which the
effective hydraulic conductivity tensors, Keff, and kinematic porosities, eff, are
calculated to provide an ensemble of 50 m block properties. Statistics on this ensemble
are collated as a basis for generating equivalent continuum porous medium (ECPM)
models with grid resolution c. 50 m. As such, the block properties provide a measure of
the variability in bulk hydraulic characteristics that results from the variability in the
underlying Hydro-DFN model.
The permeabilities for each of the blocks of fractured rock are calculated as a symmetric
positive 3×3 tensor. A single-valued measure of the effective conductivity, Keff, is
calculated from that tensor's diagonal components as either
Keff = (Kxx Kyy Kzz)1/3
or as a slightly more rigorous measure that would use this equation for the diagonal of a
diagonalized tensor. The effective kinematic porosity is calculated as the cumulative
void space accessible for flow, divided by the block volume. Contributions to the flow
pore space are calculated from the cubic law for connected fractures:
eh = (12 μ T / ρ g )1/3
where eh is the hydraulic aperture, defined in terms of the fracture transmissivity, T and
related to the transport aperture et by
et = 10 eh
Similar relationships for transport aperture have been interpreted from tracer test
programmes, for example (Hjerne et al. 2010). The interpreted coefficient is often in the
range 5–20, and a value 10 is used here. The cumulative void space accessible for flow
within a block is estimated as the sum of the connected fracture volumes (area
multiplied by transport aperture) within a block.
Summary results for each of the hydraulic domains NHU, CHUW, CHUE and SHU are
given in Table 6-27 to Table 6-30 respectively. These tables show the geometric mean
and standard deviation for the effective hydraulic conductivity and porosity, the
percentage of blocks that percolate and the anisotropy ratio, Khmax/Kz, for each fracture
Case A
Case B
Case C

Depth Zone 1
Depth Zone 1
Depth Zone 1

SubV
All
All

T/2
T×3
T×2
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size distribution, transmissivity correlation and depth zone, noting that for the NHU and
CHUW hydraulic domains, the depth zones extend from 1–4, whereas for CHUE and
SHU, due to insufficient data, the depth zones extend from 1–3 only and do not include
Depth Zone 4. The anisotropy ratio for horizontal to vertical flow is between about
2 to 4 (there are a few higher values calculated). Although the dominant set is subhorizontal there is a substantial spread about the mean pole (see Figure 6-56) providing
vertical connections, albeit via more tortuous paths than in the horizontal direction.
Therefore, the degree of anisotropy is moderate.
In summary of the block property analysis, the following conclusions can be drawn.


For all domains, fracture size distributions and transmissivity correlations, the
geometric mean of the effective hydraulic conductivity of 50 m blocks decreases
by approximately one order of magnitude per depth zone and by about half an
order of magnitude for kinematic porosity.



These changes by depth are greater than the variability, as quantified by the five
model cases used to explore uncertainties in the Hydro-DFN and generally
greater than the variability in effective hydraulic conductivity between 50 m
blocks, although this variability grows with depth. There appears not to be a
consistent trend between model cases, although Case A with correlated
transmissivity is often slightly higher than the others, and Case C is sometimes
lower. Results are broadly consistent between hydraulic domains. The
equivalent results for kinematic porosity show a similar pattern, but with a
reduction of about half order of magnitude between depth zones.



The sensitivity to the different Hydro-DFN model cases is about half an order of
magnitude for the five calibrated alternatives considered. There is no coherent
trend, although a correlated transmissivity model often seems to be biased
toward higher values, presumably because there is a higher probability of
generating extensive high transmissivity fractures. Case C, based on a channel
type model for opening within all fractures, often gives the lowest hydraulic
conductivity;



There is a suggestion that hydraulic conductivities are slightly lower in hydraulic
domains CHUE and SHU than NHU and CHUW. However, the calibration of
NHU and CHUW is based on a larger number of drillholes than CHUE and
SHU, and hence there is greater probability of encountering some volumes with
higher flow-rates.
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Table 6-27. Summary of ECPM upscaling results for effective hydraulic conductivity
and porosity for 50 m blocks in hydraulic domain NHU.
m of
s of
s of
m of
% perc. Kh/Kz
log(Keff) log(Keff)
log(eff) log(eff)
[m/s]
[m/s]

Domain

Depth
Case
zone

NHU

DZ1

Case A Corr.

–7.11

0.43

–3.64

0.05

100% 2.75

NHU

DZ1

Case A Semi-Corr. –7.41

0.43

–3.65

0.03

100% 2.89

NHU

DZ1

Case A UnCorr.

–7.55

0.50

–3.61

0.03

100% 2.58

NHU

DZ1

Case B Semi-Corr. –7.68

0.25

–3.79

0.03

100% 2.78

NHU

DZ1

Case C Semi-Corr. –7.28

0.28

–3.62

0.04

100% 2.24

NHU

DZ2

Case A Corr.

–8.52

0.41

–4.15

0.04

100% 1.67

NHU

DZ2

Case A Semi-Corr. –8.78

0.54

–4.17

0.04

100% 2.14

NHU

DZ2

Case A UnCorr.

–8.71

0.62

–4.05

0.04

100% 2.25

NHU

DZ2

Case B Semi-Corr. –8.81

0.30

–4.09

0.03

100% 1.95

NHU

DZ2

Case C Semi-Corr. –8.92

0.47

–4.09

0.05

100% 2.60

NHU

DZ3

Case A Corr.

–9.52

0.75

–4.54

0.05

98%

1.87

NHU

DZ3

Case A Semi-Corr. –9.93

1.01

–4.45

0.06

96%

1.70

NHU

DZ3

Case A UnCorr.

–9.82

0.78

–4.35

0.05

97%

2.13

NHU

DZ3

Case B Semi-Corr. –9.36

0.57

–4.46

0.06

100% 2.57

NHU

DZ3

Case C Semi-Corr. -9.46

0.69

–4.26

0.06

100% 2.27

NHU

DZ4

Case A Corr.

–10.57 0.52

–4.88

0.05

99.9% 1.39

NHU

DZ4

Case A Semi-Corr. –10.66 0.54

–4.87

0.05

99.9% 1.63

NHU

DZ4

Case A UnCorr.

–10.66 0.61

–4.73

0.04

100.0
%

1.48

NHU

DZ4

Case B Semi-Corr. –10.66 0.43

–4.64

0.02

100.0
%

1.91

NHU

DZ4

Case C Semi-Corr. –10.85 0.48

–4.77

0.04

100.0
%

1.75

T model
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Table 6-28. Summary of ECPM upscaling results for effective hydraulic conductivity
and porosity for 50 m blocks in hydraulic domain CHUW.
m of
s of
s of
m of
% perc. Kh/Kz
log(Keff) log(Keff)
log(eff) log(eff)
[m/s]
[m/s]

Domain

Depth
Case
zone

CHUW

DZ1

Case A Corr.

–7.18

0.40

–3.62

0.04

100% 2.89

CHUW

DZ1

Case A Semi-Corr. –7.40

0.50

–3.72

0.04

100% 3.52

CHUW

DZ1

Case A UnCorr.

–7.35

0.49

–3.49

0.03

100% 2.64

CHUW

DZ1

Case B Semi-Corr. –7.68

0.26

–3.78

0.03

100% 3.13

CHUW

DZ1

Case C Semi-Corr. –7.49

0.20

–3.66

0.03

100% 2.64

CHUW

DZ2

Case A Corr.

–8.22

0.58

–4.07

0.05

100% 2.62

CHUW

DZ2

Case A Semi-Corr. –8.80

0.66

–4.18

0.05

100% 2.51

CHUW

DZ2

Case A UnCorr.

–8.93

0.69

–4.10

0.05

100% 2.59

CHUW

DZ2

Case B Semi-Corr. –8.56

0.35

–4.06

0.04

100% 2.24

CHUW

DZ2

Case C Semi-Corr. –9.13

0.40

–4.13

0.03

100% 2.74

CHUW

DZ3

Case A Corr.

–8.72

0.94

–4.41

0.09

95%

3.12

CHUW

DZ3

Case A Semi-Corr. –9.10

1.23

–4.39

0.12

88%

2.69

CHUW

DZ3

Case A UnCorr.

–9.19

1.08

–4.27

0.06

95%

3.29

CHUW

DZ3

Case B Semi-Corr. –9.17

0.76

–4.37

0.06

98%

2.82

CHUW

DZ3

Case C Semi-Corr. –9.84

0.93

–4.27

0.07

89%

3.77

CHUW

DZ4

Case A Corr.

–10.22 0.62

–4.80

0.06

99.9% 1.98

CHUW

DZ4

Case A Semi-Corr. –10.48 0.54

–4.85

0.04

99.6% 1.82

CHUW

DZ4

Case A UnCorr.

–10.69 0.72

–4.76

0.05

99.6% 1.96

CHUW

DZ4

Case B Semi-Corr. –10.84 0.41

–4.69

0.02

100.0
%

1.94

CHUW

DZ4

Case C Semi-Corr. -10.76 1.04

-4.97

0.06

15%

4.67

T model
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Table 6-29. Summary of ECPM upscaling results for effective hydraulic conductivity
and porosity for 50 m blocks in hydraulic domain CHUE.
m of
s of
s of
m of
% perc. Kh/Kz
log(Keff) log(Keff)
log(eff) log(eff)
[m/s]
[m/s]

Domain

Depth
Case
zone

CHUE

DZ1

Case A Corr.

–7.76

0.51

–3.84

0.04

100% 2.73

CHUE

DZ1

Case A Semi-Corr. –7.56

0.67

–3.68

0.05

100% 3.15

CHUE

DZ1

Case A UnCorr.

–7.76

0.59

–3.63

0.03

100% 2.63

CHUE

DZ1

Case B Semi-Corr. –7.92

0.29

–3.84

0.04

100% 3.27

CHUE

DZ1

Case C Semi-Corr. –7.49

0.26

–3.68

0.03

100% 2.73

CHUE

DZ2

Case A Corr.

–8.97

0.58

–4.24

0.04

100% 1.97

CHUE

DZ2

Case A Semi-Corr. –9.20

0.65

–4.27

0.04

100% 1.82

CHUE

DZ2

Case A UnCorr.

–9.06

0.61

–4.19

0.04

100% 1.92

CHUE

DZ2

Case B Semi-Corr. –8.92

0.27

–4.18

0.03

100% 2.10

CHUE

DZ2

Case C Semi-Corr. –9.21

0.37

–4.21

0.03

100% 2.43

CHUE

DZ3

Case A Corr.

–9.59

1.04

–4.53

0.07

95%

2.78

CHUE

DZ3

Case A Semi-Corr. –9.75

0.92

–4.51

0.06

90%

2.13

CHUE

DZ3

Case A UnCorr.

–9.95

0.94

–4.50

0.06

95%

2.34

CHUE

DZ3

Case B Semi-Corr. –9.05

0.47

–4.33

0.05

100% 3.14

CHUE

DZ3

Case C Semi-Corr. –9.93

0.74

–4.40

0.06

96%

T model

3.54
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Table 6-30. Summary of ECPM upscaling results for effective hydraulic conductivity
and porosity for 50 m blocks in hydraulic domain SHU.
Domain

Depth
Case
zone

SHU

DZ1

SHU

DZ1

SHU

DZ1

SHU

DZ1

SHU

DZ1

T model

m of
s of
s of
m of
% perc. Kh/Kz
log(Keff) log(Keff)
log(eff) log(eff)
[m/s]
[m/s]

–7.34
Case A Semi-Corr. –7.52
Case A UnCorr.
–7.79
Case B Semi-Corr. –7.77
Case C Semi-Corr. –7.43

0.32
0.38
0.42
0.29
0.24

–3.68
–3.69
–3.70
–3.84
–3.68

0.04
0.03
0.03
0.04
0.03

100%
100%
100%
100%
100%

2.48
2.48
2.18
2.45
1.84

–8.90

–4.24
–4.23
–4.22
–4.14
–4.20

0.03
0.03
0.03
0.03
0.03

100%
100%
100%
100%
100%

1.70
1.70
1.73
2.17
1.88

–4.24
–4.73
–4.60
–4.57
–4.56

0.03
0.04
0.05
0.06
0.03

90%
81%
90%
99%
79%

2.12
3.49
2.16
4.01
2.77

Case A Corr.

SHU

DZ2

Case A Corr.

SHU

DZ2

SHU

DZ2

Case A Semi-Corr. –9.08
Case A UnCorr.
–9.08

SHU

DZ2

Case B Semi-Corr. –8.89

SHU

DZ2

Case C Semi-Corr. –9.14

0.35
0.45
0.42
0.23
0.29

SHU

DZ3

SHU

DZ3

SHU

DZ3

SHU

DZ3

SHU

DZ3

–10.10
Case A Semi-Corr. –10.47
Case A UnCorr.
–10.07
Case B Semi-Corr. –9.61
Case C Semi-Corr. –10.58

0.80
0.81
0.87
0.52
0.71

6.9

Case A Corr.

Modelling the palaeohydrogeological evolution of the site

6.9.1 Background

From about 50,000 years ago the Weichselian glaciation covered most of Scandinavia
with ice sheets, depressing the bedrock elevation significantly (Eronen et al. 1995;
Eronen & Lehtinen 1996; Salonen et al. 2002). Complete Weichselian deglaciation
started about 11,500 years ago, with Olkiluoto emerging from ice cover approximately
11,000 years ago. At that time Olkiluoto lay below the surface of the mildly saline
Yoldia Sea. Glacial meltwater, associated with the retreating ice sheet, was able to
infiltrate the bedrock under pressure. The penetration depth is estimated to have been
200 m to 300 m, based on groundwater stable isotopic data (Pitkänen et al. 2004).
The mildly saline Yoldia Sea stage was succeeded after a few hundred years by the
fresh water Ancylus Lake stage (starting approximately 10,800 years ago) and the saline
Littorina Sea stage (starting around 8500–8000 years ago). Because the Yoldia Sea
stage was relatively short, and the seawater of the Yoldia Sea was probably fairly dilute
close to the ice margin, because of the large volumes of glacial meltwater, it is thought
that this stage did not significantly change the groundwater chemical composition. The
peak salinity of the Littorina Sea has been estimated to be about 12 g/L (Westman et al.
1999). Since then the salinity of the seawater has decreased steadily to its current value
of about 6 g/L.
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As a result of postglacial rebound and sea level changes, Olkiluoto Island begun to
emerge from the Baltic Sea about 3000–2500 years ago (Eronen & Lehtinen 1996). The
infiltration of fresh meteoric water from precipitation dates from this stage in the
evolution of the site.
6.9.2 Reference waters

The following five reference waters have been defined in order to model the
palaeochemical evolution of the groundwater, for the different geological stages at
Olkiluoto over the last 8,000 years:


Littorina: Representing Littorina and Baltic Sea water. It is characterised by
high SO4 content (~ 300 mg/L). Its saline source results in a moderate chloride
content (max. ~ 5500 mg/L) (for comparison Baltic Sea water has a present-day
chloride content of ~3000 mg/L). Its marine origin also gives rise to a high
magnesium content (max. 250–350 mg/L). It has enriched in δ18O (> −10 ‰
VSMOW).



Meteoric: Representing water due to precipitation infiltrating through the
ground surface. Since the models are chemically conservative, the composition
of this reference water 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 (~ 450 mg/L). Its non-saline source results
in a low chloride content (< 200 mg/L). A non-marine origin also gives rise to a
low magnesium content (< 50 mg/L). It has intermediate δ18O (−12 to −11 ‰
VSMOW) levels.



Glacial: Representing glacial meltwater, it is characterised by significantly
depleted δ18O levels. A non-saline source results in a low chloride content
(< 8 mg/L). A non-marine origin also gives rise to a low magnesium content
(< 8 mg/L).



Subglacial: Representing ancient water, it is composed of meteoric and brackish
waters from periods before the Weichselian glaciation. A highly saline source
results in a high chloride content (> 20,000 mg/L). Its non-marine origin gives
rise to a low magnesium content (< 50 mg/L). It has intermediate δ18O
concentrations (−12 to −11 ‰ VSMOW).



Brine: This is ancient water found at depth, characterised by high salinity and
a high chloride content (>20,000 mg/L). Its non-marine origin is connected to
a low magnesium content (< 20 mg/L). It has enriched δ18O levels.

The chemical composition of each Reference water is listed in Table 6-31, taken from
Pitkänen (2010), based on Partamies & Pitkänen (2013).
The conceptual model of the evolution of the groundwaters can be expressed in terms of
the reference waters as follows: It is thought that below around −400 m elevation Brine
water and Subglacial water have remained undisturbed for long time periods, due to the
predicted low flow rates at this depth. Above this elevation groundwater mixing can
take place driven through a combination of buoyancy forces, arising from differences in
groundwater density and pressure differences, which in turn are due to changes in
ground surface elevation. Immediately after the Weichselian deglaciation, the glacial
meltwater associated with the retreating ice sheet was able to infiltrate the bedrock
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under pressure. Hence an initial condition for subsequent modelling specifies that above
the Brine water, the groundwater is composed of Glacial and Subglacial waters. During
the Littorina Sea and Baltic Sea stages the denser sea waters are expected to displace the
less dense Glacial and Subglacial waters. Since Olkiluoto is under water at this stage
this flow is purely density driven. The infiltration to depth stops only when the Littorina
and Baltic Sea waters encounter the more dense Brine water. The variation in salinity of
the Littorina and Baltic Seas over time can be conceptualised as a variable mixture of
the Littorina and Meteoric reference waters for modelling purposes. When Olkiluoto
Island emerges from the Baltic Sea around 3000 years ago Meteoric water starts to
infiltrate and mix with the pre-existing groundwaters. Meteoric water is less dense than
the predominately Littorina water that it encounters, therefore in order to displace this
water the driving heads must be sufficient to overcome the opposing buoyancy forces.
Table 6-31. Chemical composition assumed for each of the Reference waters (see
Chapter 7 for details).

Reference water
TDS (g/L)

Brine
68.8

Littorina
11.9

Meteoric
0.5

Glacial
0.0

Subglacial
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

0.448

0.016

0.000

0.027

Br (g/L)

0.348

0.022

0.000

0.000

0.021

δH
(0/00-VSMOW)

−49.8

−37.8

−82.1

−166.0

−86.0

δ18O
(0/00 -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

2

The chemistry data presented in Chapter 7 suggest the following interpretations, in
terms of the defined reference waters.


Meteoric water, characterised by high HCO3 concentrations, has infiltrated the
bedrock to a depth of 100 m to 150 m. Figure 6-63 suggests that HCO3
measurements above –100 m are influenced by surface topography, with higher
concentrations measured in areas of higher elevation. This is likely to arise
because higher elevations are associated with higher groundwater head, which
might increase the infiltration of Meteoric waters. Also, areas of higher elevation
have been exposed to precipitation for longer, giving more time for Meteoric
water to infiltrate.
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Littorina water, characterised by high SO4 concentrations, remains at significant
mass fractions at elevations between –100 m and –300 m. There is no obvious
correlation between surface topography and SO4 concentration, suggesting that
the influence of surface topography is not significant below approximately –100
m (Figure 6-64).



Saline water, characterised by high Cl concentrations, is present with increasing
concentration fraction below approximately 400 m depth. There is a slight step
in the Cl concentration at depths between 100 m and 300 m, which could be due
to a contribution of Littorina water.

The Cl concentrations can be matched approximately if we assume the following
relationship for the mass fraction of Saline water with depth:

  (z  800) 
Mass fraction of Saline = Exp 

200


(‡)

Where z is the elevation and the expression is bounded by 0 and 1. The match to the
data is shown in Figure 6-62. Overall then there is not a conclusive difference between
hydrogeochemistry in hydrogeological zones compared to the rock mass (Hartley et al.
2012a).
100
Fit to data
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Figure 6-62. Measured Cl concentration in fracture water versus elevation along with
the fit suggested in Equation (‡) above.

Based on Table 6-31 the fluid densities of the reference waters can be approximated as
1000 kg/m3 for Glacial water, a density for Meteoric water of 1001 kg/m3, a density of
1008 kg/m3 for Littorina water and a density of 1068 kg/m3 for Brine water. Assuming
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that Littorina water is displacing a mixture of Brine water and Glacial water, then the
mixture has the same salinity as Littorina water at −360 m. Since this is approximately
the depth of infiltration measured, this scoping calculation suggests that the Littorina
water had time to infiltrate the fracture pore space and sink under gravity until it
balanced the buoyancy of the pre-existing Brine/Glacial mix, although it may not have
had time to equilibrate with the rock matrix prior to Olkiluoto starting to rise from the
sea 3000 to 2500 years ago.

Figure 6-63. HCO3 measured above –100 m, plotted on a map of ground surface
elevation.
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Figure 6-64. SO4 measured between –300 m and –100 m, plotted on a map of ground
surface elevation.
6.9.3 Numerical grid for model domain

The resolution of the numerical grid, finite element model, used for the
palaeohydrogeological simulations is 25 m in the centre of the island, to an elevation of
−500 m (Figure 6-65). Outside the refined central volume the bedrock is modelled with
50 m elements above −500 m, below −500 m the bedrock is modelled with elements
with dimensions of 50 m horizontally and 100 m vertically. The top surface of the
model is mapped to topographic surface measurement data and the overburden is
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modelled as a variable thickness layer above the bedrock using 4 layers of elements. Its
thickness is generally around 2–4 m in the centre of the island.

Figure 6-65. The model domain and grid used for the palaeohydrogeological
simulations. The outline of Olkiluoto Island is shown in blue.
6.9.4 Boundary conditions

The boundary conditions for the simulations of the palaeohydrogeological evolution of
Olkiluoto described the flow of groundwater and reference waters through the bottom
and sides of the modelled domain over the whole simulation period since the initial state
at 8000 years ago (Hartley et al. 2012a). The boundary conditions are described
quantitatively for all the faces of the model domain (Figure 6-65).
In order to implement the recharge due to precipitation, the recharge flux, R, into or out
of the model was 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 the evapotranspiration (P–E) and minus overland flow and flow through the
unsaturated zone (Rp=P–E–Qs). For recharge areas, the head, h, or water table, is below
the ground surface and so the recharge must be equal to the full recharge, Rp. In
discharge areas, the water table is just above the ground surface and so the head is just
above the ground surface, which can be achieved by taking a suitably large flux out of
the model, i.e. a negative value of R, whenever the head is above the ground surface.
The function Hartley et al. (2012a) used is:


h z 
 R p   exp
  1 z  z 0
,
R
   

  R p (h  z 0 ) / 
z  z0

where ε and δ are small numbers (0.15 and 0.005, respectively), and z0 is the elevation
of the shoreline. This function implies that if the water table is more than ε below the
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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
is a non-linear function (the flux depends on the free-variable head) that ensures a
specified flux if the water table is low and a specified head where the water table is at or
above the ground surface. A Newton-Raphson iteration was used to achieve
convergence of the non-linear equations at each time-step. This technique works best
for systems with smooth gradients, as are used here.
Over the last 8,000 years, transient variations in surface boundary conditions have to be
considered, both due to changes in the shoreline and the salinity of the Littorina/Baltic
sea. The approach used by Hartley et al. (2012a) was to calculate heads and elevations
relative to a sea-level datum that evolves with time. ConnectFlow uses residual
pressure, PR, as the independent flow variable which is related to total pressure, PT, by
PR  PT   0 g ( z  z0 ) ,
where ρ0 is the density of freshwater, g is acceleration due to gravity, and z is the
elevation of the point. For transients, the datum, z0=z0(t), varies in time according to the
shoreline curve defined by (Löfman et al. 2009), z0(t), see Figure 6-66 and Figure 6-67.

For the area under the sea, it is most natural to use a specified head type boundary
condition, where the head is equal to the depth of the sea multiplied by ρs/ρ0, where ρs is
density of the Baltic Sea and ρ0 is fresh water density. The no-flow boundary condition
was imposed on the bottom and sides of the model.
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Figure 6-66. Shoreline displacement assumed in the model. This combines the effects of
postglacial land uplift and global sea level changes (Chapter 3 of Löfman et al. 2009).
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500 BC
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2000 AD

Figure 6-67. Height of the ground surface above sea level at various times. The present
day shoreline of Olkiluoto Island is indicated by a black line.

The composition of the groundwater infiltrating the top surface of the model offshore
was taken to be a mixture of Littorina and Meteoric reference waters, with the
proportion of each determined by the prescribed salinity of the sea, as shown in Figure
6-68. Onshore the infiltrating reference water was assumed to be Meteoric.
The solute boundary condition on the vertical sides of the model was taken to be zero
solute flux. The solute boundary condition on the bottom of the model was taken to be
fixed and equal to the initial condition, as described below.

474

Salinity evolution of the Sea at Olkiluoto
0.014
0.012
0.010
0.008
0.006
0.004
0.002

2000

1000

0

-1000

-2000

-3000

-4000

-5000

-6000

0.000

Year (AD)

Figure 6-68. Salinity evolution of the sea at Olkiluoto.
6.9.5 Initial conditions

The simulations were started at 8000 BP, around the beginning of the Littorina Sea
stage. Surface hydrochemical conditions at this time can be estimated, but initial
conditions in the bedrock are subject to considerable uncertainty. At depth, below
approximately −500 m, where flow rates are low, initial conditions are expected to
persist through the simulation time to the present day. At high elevations, above
approximately −200 m, the initial conditions are less important, as the groundwater
composition at this depth will be determined by the infiltration of surface waters.
The initial conditions were taken to be a mixture of Brine, Glacial and Subglacial
reference waters in the fracture water. There are insufficient data to make distinctions
between the chemical composition of the fracture water and porewater, therefore the
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. The proportion of
Brine water in both the fracture water and porewater was discussed in Section 6.9.2.
The initial mass fraction of Glacial water is given by:
z  250m
1.5  1.291  z / 250
Mass fraction of Glacial = 
.
0.304  0.304  z / 800 z  250m

This equation is subject to the additional constraints that the mass fractions of Glacial
water is less than or equal to one and greater than or equal to zero.
The mass fraction of Glacial water for the initial condition was estimated based on the
δ2H and δ18O measurements at depth (see Figure 6-69 and Figure 6-70), and these
should not change significantly over the duration of the simulations due to the low flowrates below about −300 m. The initial condition is illustrated in Figure 6-71.
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H2 concentration versus elevation
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Figure 6-69. The initial δ2H composition compared to the measured data.
d18O concentrations versus elevation
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Figure 6-70. The δ18O composition compared to the measured data.
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Figure 6-71. Initial conditions specified in the fracture water and porewater.
6.9.6 Model parameters

Hartley et al. (2012a) performed palaeohydrogeological calculations for a suite of
models organised around a central ‘Base case’ based on upscaling one realisation of the
Hydro-DFN model using the Case A intensity-size model and a semi-correlated
transmissivity model. The Base case does not necessarily represent the best match to the
chemistry or head data. It was intended to represent a reasonably well-calibrated model,
which is consistent with other site data, and allows the sensitivities of the model to be
explored. The following parameters were used in the Base case model.


Recharge. Recharge, R, is the flux (m3/m2 yr−1) due to precipitation which
reaches the water table, after evapotranspiration and surface run-off are
accounted for (see also Section 6.9.4). A value of 120 mm/yr is used in the Base
case model. This value was based on an analysis in Karvonen (2008). The
average yearly precipitation (including snow melt) is 550 mm/yr. 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. tänne



Conductivity. The hydraulic conductivity field was determined by upscaling a
single realisation of the Hydro-DFN site-scale model, as described in Section
6.8.10. A value of K = 1·10−4 m/s was used for the conductivity of the
overburden.



Diffusion accessible porosity. A value of 1% was used. A value for diffusion
porosity of 0.2 % is reported in Paulamäki & Paananen (1995) and Paananen &
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Paulamäki (1995) in which the diffusion porosities for mica gneiss and granite
have been estimated for the KR10 and KR2 drillholes. (Hartikainen et al. 1996)
report that the diffusion accessible porosity at Olkiluoto may range between
0.05–11 %. More recent site-specific studies on the diffusion porosity can be
found in (Eichinger et al. 2006, 2010a).


Kinematic porosity. The kinematic porosities for each hydraulic domain were
based on the upscaling results in Section 6.8.10. Where values for a particular
depth zone and rock domain are not available, values from CHUW are used by
analogy. This applied to SHU and CHUE for Depth Zone 4. Typically,
hydrogeological zones and lineaments have transmissivities c. 10−6 m2/s,
yielding a transport aperture of ~10−3 m, equating to a kinematic porosity of 10−3
for a 1 m thick hydrogeological zone. The kinematic porosities used for the
palaeohydrogeological calculations are summarised in Table 6-32.



Specific fracture surface area. The values used are equal to 2 times the
σ = P10,PFL recorded in the pilot hole data. The specific fracture surface area for
hydrogeological zones is estimated from the values of the sparsely fractured
rock for each depth zone, multiplied by a factor. The factors calculated are based
on the ratios of P10 inside and outside hydrogeological zones for all fractures,
giving 1.2 (DZ1), 1.8 (DZ2), 1.5 (DZ3), and 2.3 (DZ4). Specific fracture surface
areas in each depth for hydrogeological zones and all four hydraulic domains are
summarised in Table 6-32.



Molecular diffusivity. A value of Dm = 10−9 m2/s was used.



Effective diffusion coefficient. A value of 10−13 m2/s was used.



Longitudinal and transverse dispersion lengths. The longitudinal dispersion
length L = 30 m the transverse dispersion length, T =10 m were used for all
rock domains and depth zones.



Tortuosity. A value of  = 1 was used for all rock domains and depth zones.



Diffusion length. The diffusion length, d, used was related to the specific
fracture surface area according to the relation:

d

1



.

This has a physical interpretation as half the average distance between fractures.
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Table 6-32. Kinematic porosity and specific fracture surface area, σ, used in the Base
Case model and Variant Case 5, for each hydraulic domain and depth zone.

Domain

Depth
Zone

Kinematic
porosity

NHU
NHU
NHU
NHU
CHUW
CHUW
CHUW
CHUW
CHUE
CHUE
CHUE
CHUE
SHU
SHU
SHU
SHU
HZ
HZ
HZ
HZ

DZ1
DZ2
DZ3
DZ4
DZ1
DZ2
DZ3
DZ4
DZ1
DZ2
DZ3
DZ4
DZ1
DZ2
DZ3
DZ4
DZ1
DZ2
DZ3
DZ4

2.2E-04
6.8E-05
3.5E-05
1.3E-05
1.9E-04
6.6E-05
4.1E-05
1.4E-05
2.1E-04
5.4E-05
3.1E-05
1.4E-05
2.0E-04
5.9E-05
1.9E-05
1.4E-05
1.0E-03
1.0E-03
1.0E-03
1.0E-03

σ(m–1)
Base case
Variant 5
1.543
3.238
0.584
0.692
0.238
0.698
0.026
0.372
1.667
3.238
0.539
0.692
0.164
0.698
0.025
0.372
1.393
3.238
0.433
0.692
0.229
0.698
0.010
0.372
1.490
3.238
0.578
0.692
0.178
0.698
0.010
0.372
1.766
3.732
1.054
1.255
0.594
1.059
0.272
0.863

6.9.7 Simulation results

The groundwater heads calculated by Hartley et al. (2012a) on the surface of the model
showed that the heads correlate largely with topography, although heads were generally
several metres below the ground surface (Figure 6-72). A comparison of the measured
heads (at 175 piezometer locations) with the predictions suggests reasonable agreement
(Figure 6-73). The average error is 0.25 m and the average absolute error 0.83 m. The
model slightly over-predicted the heads in low-lying drillhole KR3, with an average
error of 1.4 m, and does not reproduce the heads above 7 m seen in some drillholes, e.g.
KR04. This may be due to regions of tighter overburden, i.e. heterogeneity of the soil
properties. A comparison of modelled and measured heads for specific drillholes show
the largest discrepancies in drillholes KR3 and KR8 (Figure 6-74 and Figure 6-75).
The head predictions are quite sensitive to the properties of the overburden. The
overburden was represented simply in these models, with homogeneous hydraulic
properties but with variable depth throughout the domain. A better fit to the near-surface
head data might require a more elaborate model of the overburden and consideration of
the unsaturated zone. In (Karvonen 2011a) the coupling of surface hydrological
(SHYD) and bedrock groundwater flow (FEFTRA) models was implemented with some
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success in matching the near-surface head measurements, although it is noted that KR04
was also under-estimated.
The Base Case model shows reasonable agreement baseline heads, without
implementing any of the changes suggested in the footnote in Section 6.8.10. This was
thought to be due to the inclusion of the overburden with appropriate properties and a
recharge boundary condition, reducing the infiltration to the hydrogeological zones and
sparsely fractured rock. This results in a lowering of heads in the bedrock, without
having to increase the transmissivity of the near-surface bedrock. Hence, this indicates
that there are alternative explanations of the observed distributions of heads in the
bedrock related to uncertainties of a factor of 2–3 in the effective bulk properties of the
overburden and near-surface bedrock. However, since several drillholes suggest
significant vertical gradients in the top 50 m, this suggests that any adjustments made to
allow a better calibration with head measurements need to be focussed on the properties
of the overburden or on the uppermost 50 m of the bedrock.

Figure 6-72. The head distribution on the top surface as simulated by the Base case
model at 2000 AD.
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Figure 6-73. A comparison of the heads predicted in Base case model at 2000 AD with
the measured values in KR1-15.
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Figure 6-74. A comparison of the heads predicted in Base case model at 2000 AD with the
measured values for drillholes KR1 to KR8.
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Figure 6-75. A comparison of the heads predicted in Base case model at 2000 AD with the
measured values for drillholes KR9 to KR15.
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A qualitative description of the predictions for the evolution of groundwater
composition for the Base case model is given below.
The distribution of Brine reference water at depth is substantially unchanged at
2000 AD from the initial condition (Figure 6-76). This is a consequence of the high
density of this reference water, combined with its location at depth, where low flow
rates are expected. The distribution remains stratified by depth, with relatively minor
perturbations around this trend.
The mass fractions of Subglacial water predicted at 2000 AD in the fractures is shown
in Figure 6-77. The only source of this reference water is the assumed initial condition,
where Subglacial water, along with Brine, is present in the rock matrix and fractures.
The Subglacial water is predicted to be present at mass fractions of c. 0.5 around
elevations of between -300 m to -800 m at 2000 AD. Above –300 m, this reference
water has been displaced by Littorina and Meteoric waters. Below –800 m Brine is
dominant. The influence of hydrogeological zones is apparent in Figure 6-77, where
their presence allows Littorina and Meteoric waters to displace the Subglacial water to a
greater extent than in the sparsely fractured rock.
The mass fraction of Glacial water predicted in the fractures is shown in Figure 6-78.
The only source of this reference water is the assumed initial condition, where Glacial
water, along with Brine and Subglacial water, is present in the rock fractures and
matrix. By 2000 AD the Glacial water is predicted to be present at reduced mass
fractions at elevations down to -800 m. The influence of hydrogeological zones is
apparent, where their presence allows Littorina and Meteoric waters to displace the
Glacial water to a greater extent than in the sparsely fractured rock.
The mass fraction of Littorina water predicted in the fractures is shown in Figure 6-79.
The source of this reference water is the Littorina and Baltic Seas, before Olkiluoto
Island rises above sea level. At 2000 BC, before the emergence of Olkiluoto above sea
level, the figure shows mass fractions of around 0.5 at elevations of approximately -300
m. Hydrogeological zones have allowed the Littorina water to infiltrate to greater depth
in some areas. By 2000 AD the Littorina water is predicted to have been displaced
below Olkiluoto Island to an elevation of approximately -150 m.
The mass fraction of Meteoric water predicted in the fractures is shown in Figure 6-80.
At 0 AD the Olkiluoto island has only just started to emerge from the sea, and so
minimal Meteoric water has infiltrated, with mass fractions of 0.3 down to elevations of
c. -40 m. By 2000 AD Meteoric water becomes the dominant reference water in the top
100 m of bedrock, with values greater than 0.8 predicted down to elevations around
-150 m.
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Figure 6-76. The mass fraction of Brine predicted in the Base case model at 2000 AD.
The model extends to -2000 m.

Figure 6-77. The mass fraction of Subglacial water predicted in the Base case model at
2000 AD. The model extends to -2000 m.
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Figure 6-78. The mass fraction of Glacial water in the Base case model in the initial state
(top) and predicted at 2000 AD (bottom). The model extends to -2000 m.
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Figure 6-79. The mass fraction of Littorina water predicted in the Base case model at
2000 BC (top) and 2000 AD (bottom). The model extends to -2000 m.
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Figure 6-80. The mass fraction of Meteoric water predicted in the Base case model at 0
AD (top) and 2000 AD (bottom). The model extends to -2000 m.
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High Cl and Br concentrations (Figure 6-81 and Figure 6-82, respectively) are
characteristic of the Brine, and to a lesser extent the Littorina, reference waters. Below
approximately –500 m, the predicted concentrations do not deviate significantly from
the supplied initial condition. Above around –100 m the model accurately predicts low
concentrations of Cl and Br, as the Brine has been displaced by Meteoric water. The
model partially simulates the increased Cl and Br concentrations between –100 m and –
300 m. The simulations are reasonable for Br in the region, but under-predict Cl relative
to some measurement points. These points with lower Br/Cl ratios are indicative of
salinity of Littorina water origin.
Comparison of the predicted SO4 concentrations with the measured data (Figure 6-83)
suggests that Littorina water has infiltrated to give elevated SO4 concentrations between
–100 m and –300 m. The model partially reproduces this pattern, although the peak of
the elevated concentrations is shifted down to c. –300 m. Above around –150 m much
of the Littorina water is predicted to have been displaced by Meteoric water, as
indicated by HCO3 shown in Figure 6-84. This figure suggests that the model is slightly
over-predicting the depth to which the Meteoric water has infiltrated. A series of
comparisons for individual drillholes in terms of the predicted and measured values of
SO4 and HCO3 in the fracture water are shown in Figure 6-85 & Figure 6-86 and Figure
6-87 & Figure 6-88, respectively.
Figure 6-89 and Figure 6-90 show a comparison between the predictions of the Base
case model and measured data for δ2H and δ18O, respectively, in the fracture water. Low
δ2H and δ18O values are characteristic of Glacial water. Both graphs suggest that the
model is slightly over-predicting the fraction of Glacial water below approximately -200
m. There is little change from the initial condition below -400 m. The simulations
appear to contain less variability below -300 m in these environmental isotopes
compared to the measurements, which is probably due to the simplification of using an
initial condition without lateral variation. In reality, the initial conditions may have been
different between hydrogeological zones and the sparsely fractured rock, for example.
This may be a result of the deterministic description of the hydrogeological zones used
in the Base case, and can be explored by considering more realisations with
heterogeneous hydrogeological zones.
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Figure 6-81. A comparison of the Chloride concentrations predicted by the Base case
model with measured data in the fracture water.
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Figure 6-82. A comparison of the Bromide concentrations predicted by the Base case
model with measured data in the fracture water.
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Figure 6-83. A comparison of the SO4 concentrations predicted by the Base case model
with measured data in the fracture water.
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Figure 6-84. A comparison of the HCO3 concentrations predicted by the Base case
model with measured data in the fracture water.
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Figure 6-85. A comparison of the SO4 concentrations predicted by the Base case model
with measured data in the fracture water for drillholes KR1 to KR8.
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Figure 6-86. A comparison of the SO4 concentrations predicted by the Base case model
with measured data in the fracture water for drillholes KR9 to KR15.
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Figure 6-87. A comparison of the HCO3 concentrations predicted by the Base case
model with measured data in the fracture water for drillholes -KR1 to KR8.
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Figure 6-88. A comparison of the HCO3 concentrations predicted by the Base case
model with measured data in the fracture water for drillholes KR9 to KR15. (Note that
KR13 and KR14 do not have any HCO3 measurements for comparison.)
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H2 concentration versus elevation
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Figure 6-89. A comparison of the δ H distribution predicted by the Base case model
with measured data in the fracture water.
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Figure 6-90. A comparison of the δ O distribution predicted by the Base case model
with measured data in the fracture water.
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The graphs above indicate the overall match to the chemistry data with depth.
Figure 6-91 illustrates how the presence of the hydrogeological zones is predicted to
change the Littorina mass fraction, compared to conditions in the sparsely fractured
rock, at -275 m. The bounding lineaments also have a strong localised influence on the
Littorina mass fraction, but there are no sampling locations near the lineaments to
compare to predictions. Hydrogeological zones HZ20A, HZ20B, HZ21B, BFZ100,
HZ001 and HZ099 also have a significant effect on the local Littorina concentration
fractions. Such an effect is not readily apparent in the measured data.
Meteoric water concentration fractions at -275 m are shown in Figure 6-92. Elevated
Meteoric mass fractions are apparent around HZ20A, HZ20B and BFZ100. The Base
Case model over-predicts the depth of infiltration of Meteoric waters, as demonstrated
in Figure 6-84. Figure 6-92 suggests that some of this over-prediction is controlled by
the properties hydrogeological zones in the centre of the island.

Figure 6-91. A horizontal slice through the Base case model at -275 m. The model
predictions for mass fraction of Littorina water in the fractures are shown, overlain
with the trace of the HZs. The shoreline of Olkiluoto Island is indicated with a black
line.
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Figure 6-92. A horizontal slice through the Base case model at -275 m showing the
model predictions for mass fraction of Meteoric water in the fractures, overlain with the
trace of the hydrogeological zones. The shoreline of Olkiluoto Island is indicated with a
black line. (HZ039 lies deeper between about -390 m and -650 m.).
6.9.8 Model variants

A parameter sensitivity analysis was performed to help develop understanding of the
which parameters have the greatest effect on the hydrochemical evolution, and what
combinations of parameters might lead to a reasonable match with the measurements. A
series of model variants are described below that are used to illustrate the sensitivity of
the palaeohydrogeological calculations, with details of how they differ from the Base
case model, together with the purpose of the variation:
Variant 1 – Reduced diffusion porosity

A value for the diffusion accessible porosity of 5·10–3 was used. This variant is intended
to indicate the sensitivity of the Base case model to this parameter that is a transport
parameter independent of the Hydro-DFN model.
Above approximately -300 m the model is relatively insensitive to the change in this
parameter. The infiltration depth of HCO3 increases slightly, by approximately 50 m,
compared to the Base Case.
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Variant 2 – Increased kinematic porosity

Factor of ten increases were applied generally to the sparsely fractured rock porosity,
although the porosity in the hydrogeological zones remained at 10–3. This variant is
intended to indicate the sensitivity of the Base case model to this parameter since it was
not calibrated as part of the Hydro-DFN.
The model is very insensitive to changes in this parameter.
Variant 3 – Generally increased bedrock conductivity

A factor of ten increase was applied generally to the sparsely fractured rock
conductivity (equivalent to multiplying transmissivity by ten). This variant is intended
to show to what extent the hydraulic conductivities obtained by calibration and
upscaling of the Hydro-DFN can be confirmed or further constrained by the requirement
that the palaeohydrogeological simulations exhibit a reasonable match to data.
The groundwater heads are reduced in the near surface, and there is less variability
between the predicted heads with drillhole location. The model significantly underpredicts the vertical head gradient in the top 50 m of the bedrock (Figure 6-93). It is
possible that making compensating changes to the hydraulic properties of the
overburden could improve the match.
Moreover, this model variant predicts infiltration of Meteoric water to approximately
100 m greater depth than in the Base case. Because of this there is also less Littorina
water remaining at 2000 AD. This sensitivity suggests that the Hydro-DFN description
of the sparsely fractured rock and hydrogeological zones derived in this study provides
a reasonable basis for description of bulk hydraulic properties and flow rates at the site.
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Figure 6-93. A comparison of the heads predicted in the ‘increased bedrock
conductivity’ model at 2000 AD with the measured data.
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Variant 4 – Increased conductivity and anisotropy in Depth Zone 1.

A horizontal conductivity of 10–6 m/s and a vertical conductivity of 10–8 m/s were
applied to the bedrock in Depth Zone 1. A horizontal conductivity of 10–6 m/s
corresponds to approximately the highest value that could be inferred from hydraulic
measurements (see Hartley et al. 2012a for more details). This variant is intended to
explore the effect of the upper bedrock properties, particularly anisotropy, on the
infiltration depth of Meteoric and Littorina waters.
This change has the effect of reducing the groundwater heads in the near surface, and
increasing the vertical head gradients above approximately -100 m (Figure 6-94). It is
possible that making compensating changes to the hydraulic properties of the
overburden could improve the match to data.
The infiltration depth of Meteoric water is slightly reduced compared to the Base case,
which yields marginal improvement to the match of HCO3 data, as shown in Figure
6-95. The reason for the change is that the anisotropic hydraulic conductivity
encourages infiltrating meteoric water to flow horizontally to discharge, rather than
continue to infiltrate the bedrock.
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Figure 6-94. A comparison of the heads predicted in the ‘Increased Bedrock
conductivity and anisotropy in Depth Zone 1’ model at 2000 AD with the measured
data.
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Figure 6-95. A comparison of the HCO3 concentrations predicted by the ‘Increased
Bedrock conductivity and anisotropy in Depth Zone 1’ model with measured data in the
fracture water.

Variant 5 – Reduced specific fracture surface area

The specific fracture surface area is one of the controls on the influence of rock matrix
diffusion in the model. This variant uses values lower than those of the base case, as
shown in Table 6-32. See (Hartley et al. 2012c) for more details.
Above approximately -300 m the effect of this model variant is to increase the
infiltration depth of Meteoric water by approximately 100 m more than in the Base
case; as a consequence, there is also less Littorina water remaining at 2000 AD.
Variant 6 – Reduced overburden vertical conductivity

A vertical conductivity was reduced to 1·10–7 m/s for the overburden. This is
approximately the same value as the bedrock in Depth Zone 1. This variant is intended
to show the influence of the overburden on near-surface groundwater heads.
The calculated groundwater heads of this model variant are shown in Figure 6-96.
Compared to the Base case model, the heads are increased slightly in some near-surface
intervals, suggesting that the spatial variability of the thickness and properties of the
overburden could explain some of the discrepancies between model and measurements.
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Figure 6-96. A comparison of the heads predicted in the ‘reduced vertical conductivity
in overburden’ model at 2000 AD with the measured data.
6.10

Summary

This Chapter presented a detailed description of the site-scale groundwater flow model
for the crystalline, fractured deep bedrock of Olkiluoto. Eventually the model is
intended for use in the (numerical) modelling of groundwater flow and geochemical
transport, to demonstrate overall site understanding and to support the development of
RSC criteria and assessments of the long-term safety of the spent nuclear fuel repository
at Olkiluoto. The current hydrogeological model is the fourth revision of modelling that
has been carried out under the auspices of the Olkiluoto Modelling Task Force.
Since the previous modelling work, new investigation data have been gathered, both at
the surface and at depth, which has motivated corresponding updates of the geological
and hydrogeochemical models. Five new deep, surface-based drillholes have been
drilled since the previous hydrogeological model update in 2008, the excavation of the
ONKALO access tunnel, together with new pilot holes, has continued to a length of
4300 m, and the raise boring of a personnel shaft and two ventilation shafts has reached
a depth of –290 m. In addition, some changes have been made to the modelling
approach followed. A more systematic measure based on transmissivity, in order to
relate individual fractures to hydrogeological zones, was developed and based on this
approach the intersections of hydrogeological zones by drillholes have been modelled
more specifically.
One essential starting point of the conceptual modelling is to assume groundwater flow
obeys Darcy’s Law, that relates the volumetric flow rate to the product of the hydraulic
gradient and hydraulic conductivity. Another essential conceptualization concerns the
assumed advective and dispersive transport of salinity in the connected network of
bedrock fractures, which interacts via diffusive processes with the saline water in the
rock matrix that does not contribute to the connected network of fractures. These

20
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assumptions lead to a mathematical model that – provided that the medium’s properties
of hydraulic conductivity, porosities and dispersivity are specified at every point of the
flow model’s volume – can be solved for the groundwater pressure and salinity as the
primary parameters for which the initial state and boundary conditions. Determining the
medium properties in terms of hydrogeological zones and fractures covered the larger
part of this Chapter.
Whilst the current overall environment at Olkiluoto is characterised by a relatively
subdued terrain surrounded by a shallow Baltic Sea, with mainly thin soil layers on the
bedrock, and an annual rainfall of about 550 mm/a, continuing land uplift at a rate of c.
6 mm/a has resulted in a gradually and continuously changing hydrological environment
as the area of dry land has been and is slowly increasing. At the site scale, the deep
groundwater regime is, in turn, characterised by low hydraulic conductivities – apart
from certain near-planar formations, which are interpreted from data from several tens
of surface-based drillholes – and also by weak hydraulic gradients and groundwater
salinities that increase with depth.
The hydrogeological structure model of the site, developed by Vaittinen et al. (2011),
describes the geometry and properties of hydraulically-significant, near-planar zones
with lengths of up to and over several hundred metres. The compilation of the
hydrogeological structure model is based on analyses of fracture-specific PFL
transmissivities, head distributions, pressure and flow responses, and site-scale
geological brittle deformation zones. In a drillhole the locations of all fractures with
elevated transmissivities were taken to be included within the intercepted
hydrogeological zone in question - in most cases there are only one or two highly
transmissive fractures dominating the groundwater flow. In the area with deep drillholes
(the central area), the surrounding drillholes control the extent of the zones. The
extrapolation of the zones outside the central area is based on expert judgement. Linked
lineaments are used to define the shape of the zones to visually follow the dominant
trends of the geological features.
The analysis of head observations focuses on cross-hole observations to determine the
continuity and the extent of the zones. Cross-hole observations contain the results of
earlier interference tests as well as flow and pressure responses caused by various field
activities.
Geologically, the site-scale hydrogeological zones are primarily supported by the
geological brittle deformation model, which is conspicuously consistent with the
hydrogeological structure model. A comparison of the hydrogeological model against
the brittle deformation model (Aaltonen et al. 2010) shows that the site-scale brittle
deformation zones, whose continuity between the drillholes is based on geophysical
measurements, coincide with the hydrological cross-hole connections. However, high
fracture-specific PFL transmissivities occur only in some places within deformation
zones, indicating that those transmissivities may be associated with specific parts of
such zones.
The ductile deformation model, through the tectonic domains it presents, defines the
division of the rock mass into domains with specific characteristics, which eventually
propagate to contributing to the site’s hydrogeological characteristics in terms of the
hydraulic domains at the site scale. In the hydrogeological structure model this division
is realized by restricting the continuity of some of the modelled hydrogeological zones
across the boundaries of neighbouring domains in cases where hydrogeological data –
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in particular, hydraulic responses to pumping tests, the construction of the ONKALO
and drillhole-specific transmissivities – clearly suggest a limited extend for the
hydrogeological zone. Otherwise, enlarging the zones outside the area covered by
drillhole investigations is based on geophysical data and on expert judgement.
As a result hydrogeological zones HZ001, HZ008, HZ19A, HZ19B, HZ19C, HZ20A,
HZ20B, HZ21, HZ21B, HZ039, HZ099, OL-BFZ100, and HZ146 were included in the
site-scale hydro-structural model. An alternative interpretation of the geometry has been
introduced for the HZ19 system. Compared with the previous model, new
hydrogeological zones HZ039 and OL-BFZ100 have been defined, and hydrogeological
zone HZ004 has been replaced by zone HZ146, whilst hydrogeological zone HZ21B,
formerly introduced as a putative hydrogeological zone, has now been promoted to be
included in the hydrogeological structure model.
The measured transmissivities within each hydrogeological zone show typically four
orders of magnitude variability, making the interpretation of appropriate parameters
over these structures uncertain. Also, within each hydrogeological zone, there is a
gradual reduction in the maximum measured transmissivity with depth and in the
geometric mean within a depth zone. Hence, a gradual depth trend in mean
transmissivity has been interpreted, but with significant spatial variability. In the
modelling, the transmissivities of the hydrogeological zones are assigned, based on
either the interpreted deterministic gradual depth trend or as stochastic heterogeneous
realisations based on sampling the variability, but in each case conditioning the local
transmissivity to the measured values at the drillhole intercepts (i.e. replacing the
sampled transmissivity in the intercepted triangle with the measured value).
The uncertainties of the hydrogeological structure model are related to the tectonic units
and their effects on the horizontal extent of the zones.
In the current hydrogeological flow model, the description of the hydrogeological
properties of the sparsely fractured rock mass between the hydrogeological zones was
carried out by applying a stochastic hydraulic discrete fracture network (Hydro-DFN)
model by Hartley et al. (2012a). The Hydro-DFN model involves a prescription for the
statistical distributions for the orientation, intensity, size and transmissivity of the
potentially flowing fractures, i.e. those containing void space within the fracture. The
Hydro-DFN model is based on the updated geological modelling by Aaltonen et al.
(2010), the Geo-DFN modelling by Fox et al. (2012) (see also Chapter 4) and the hydrostructural model by Vaittinen et al. (2011), together with the inclusion of additional
drillhole data.
Analysis of the primary fracture data involved the interpretation of Posiva’s fracture
database and Posiva Flow Log (PFL) data from 80 surface-based drillholes and 15 pilot
holes. The database, complemented with data from PFL measurements, was used to
obtain orientation estimates for the observed flowing fractures to ensure the maximum
number of PFL measurements are accounted for in the analysis. The results were the
definition of appropriate hydraulic domains in the framework of the tectonic domains of
the ductile deformation model and the parameterisation of the Hydro-DFN model within
each domain. Associated alternative model cases were also developed to address some
of the important conceptual uncertainties, namely appropriate intensity-sizetransmissivity models for potential flowing fractures. A very significant reduction in
both the intensity of PFL fractures and effective hydraulic conductivity with depth is
apparent in the data. Hartley et al. (2012a) divided each individual surface-based
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drillhole into four depth zones, according to the hydraulic and hydrochemical
characteristics of the bedrock. The boundaries between the depth zones were then
obtained at the site-scale by interpolating between the depth zones interpreted in each of
the drillholes, which resulted in three surfaces delimiting both vertical and lateral
variations in hydraulic fracture characteristics. Hydrochemical data were also used as
confirmatory information.
The basis for the analysis of fracture orientations was the development of three fracture
sets, East-West (EW), North-South (NS), and sub-horizontal (SH). The sub-vertical sets
are parameterised by fitting a Univariate Fisher distribution, while a Bivariate Bingham
distribution is fitted to the sub-horizontal set, and all are consistent with the updated
Geo-DFN. Orientation parameters are obtained by fitting the observed poles for PFL
fractures, so that the generated Hydro-DFN models are statistically similar to the subset
of PFL fractures in terms of orientation. Orientation parameters are interpreted for the
PFL fractures in terms of each hydraulic domain.
The set of potentially flowing fractures is a sub-set of All fractures, as Sealed fractures
are excluded, and hence a sub-set of the fractures described by the Geo-DFN. The
definition of Open fractures is based on the Geo-DFN definition for Open, Flowing and
closed fractures with some modifications for the Hydro-DFN application. Modifications
were, however, necessary to account for data gaps in Posiva’s original fracture database.
Definitions of the Geo-DFN Open and Closed fractures for All fractures and PFL
fractures from KR1 through KR38 were used to estimate a suitable ratio of Open
fractures to all fractures which was likely to capture all PFL fractures; and which could
then be applied across all drillholes and in each depth zone. This estimate was only used
in one of three intensity-size models, Case A, considered in the Hydro-DFN modelling.
The analysis of Open fractures was not used for any other purpose. PFL fractures, in
turn, are a sub-set of the potentially flowing fractures represented by the Hydro-DFN,
being those that form part of a connected network and having a sufficient specific flow
capacity to be detected by PFL hydraulic tests. The flowing fractures detected by PFL
tests are subject to the connectivity of the network when the test was performed, and the
hydraulic gradients under which the test was performed.
The intensity and size distribution of potential flowing fractures is uncertain and hence
three different alternative conceptual approaches have been developed to scope the
implications of assumptions made about these parameters:


Case A – A model based on the estimated intensity of Open fractures, using a
power-law size model;



Case B – A model based on the intensity of PFL fractures, using a log-normal
size model;



Case C – A model based on the intensity of all fractures, using a global powerlaw size model derived for the Geo-DFN, but removing parts of the fracture
surface area available for flow according to some probability function that
depends on fracture size (i.e. a larger proportion of fracture surface area is open
in large than in small fractures)
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They corresponded to approximately: Case A ~31%, Case B ~6%, and Case C ~100%
(although in this case only a portion of the area is open to flow) of the intensity of All
fractures.
Fracture size distributions for each case were determined by two constraints. The first
constraint was that the simulated intensity of connected fractures is equal to the
measured intensity of PFL fractures. The second is a bounding constraint that the
intensity of potential flowing fractures within any size range is less than that interpreted
by the Geo-DFN for all fractures within the same range, to ensure internal consistency
with the Geo-DFN interpretation of the intensity-size relationship. For Case A and Case
B the constraints were met by adjusting the size parameters. For Case C, the intensity
and power-law size model were fixed, based on a global size model from the Geo-DFN
(r0 =0.2 m, kr=2.59). The first constraint was met by performing simulations of fracture
connectivity and adjusting the proportion of fracture area that is open. As a starting
point only 49% of fracture area was assumed to be open, based on the similar portion of
the intensity of the interpreted hydrogeological zones to the intensity of brittle
deformation zones.
Final statistical parameters of the Hydro-DFN were obtained by calibrating in two
phases. The first was to simulate the connectivity of the network, as seen in the
drillholes representative of each hydraulic domain, to calibrate the geometrical
parameters. The second simulated the PFL test conditions modelling flows through the
network to the drillholes, in order to calibrate the fracture transmissivities. In the
calibrated size-intensity models, the intensity-size distributions of the connected
fractures, for each of the three model cases, showed considerable consistency resulting
from the geometrical constraints. There are, however, differences: Case A tended to
have the highest intensity of small fractures (c. 1 m), Case C tended to have the highest
of large fractures (c. 500 m), and Case B had the highest intensity of medium size
fractures (c. 30m).
Simulations of flow to drillholes follow a similar approach to the connectivity analysis
using representative drillholes. Three alternative fracture size-transmissivity
relationships are considered for Case A: a direct correlation, no correlation and a
correlation with variability superimposed (semi-correlated). Case B and Case C only
consider the semi-correlated model, as it is considered more realistic. Hence, five model
cases are each calibrated to the same PFL flow measurements for each hydraulic
domain and depth zone. The simulation results and measurements are compared in
terms of the statistical comparisons of the following three main measures of how well
the model simulates the flow data:


The distribution of specific capacities, Q/s



The total flow to each depth zone of a drillhole, sum of Q/s.



The number of PFL measurements associated with each fracture set, and the
distribution of Q/s for each set.

The result of this process was a complete parameterisation of the Hydro-DFN model for
five alternative model cases, four hydraulic domains, four depth zones, and three
fracture sets, together with an evaluation of the adequacy of the performance of each
model case.
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For all model cases A–C and hydraulic domains, 50 m block statistics for the effective
hydraulic conductivity and porosity were consistent. 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 c. half an
order of magnitude or less variation between Depth Zones 2 and 3. The geometric mean
conductivity was found to be about 3·10−11 m/s in Depth Zone 4. The standard deviation
in the logarithm of hydraulic conductivity is about 0.5, and the variability between
model cases A–C is also half an order of magnitude or less. Analysis of the kinematic
porosity concluded that decreases with depth were generally half order of magnitude
between depth zones, decreasing to about 10–5 in Depth Zone 4.
The evolution of the system over the last 8000 years (Holocene) is described in terms of
changing surface topography, sea-level and sea water salinity, and hence in changes in
boundary conditions on the hydrogeological system. These changes imply changes to
the groundwater flow system that, in turn, will modify the groundwater composition
through mixing (as well as by water-rock interactions) and a density-dependent flow
system. The simulations performed assume an initial uniform groundwater composition
8000 years ago, based on present-day chemical conditions at depth, which are assumed
to have changed very little, together with an assumed mix of Brine and Glacial Waters
and a relic Subglacial water in the upper bedrock. Changes due to the evolution of
boundary conditions for groundwater flow and surface water composition are modelled
as the mixing of five different reference waters, defined in terms of the mass fractions of
major ions and environmental isotopes.
The palaeohydrogeological simulations performed by Hartley et al. (2012a) suggest that
a reasonably qualitative representation of the hydrochemical evolution of Olkiluoto
Island can be achieved using hydraulic properties derived from properties for the
hydrogeological zones and the upscaled Hydro-DFN, together with parameters
consistent with the site data. The transient simulations of groundwater components,
such as chloride, sulphate and bicarbonate, are also in reasonable agreement, although
Meteoric water is found to approximately 50 m deeper than is suggested by the HCO3
data. This in turn means that Littorina water is predicted at lower concentrations in the
top 200 m than is suggested by the SO4 data.
Some of the key sensitivities are to near-surface processes and parameters. In particular,
the groundwater heads are sensitive to the conductivity of the overburden, and the
hydraulic conductivity of the bedrock in Depth Zone 1. The infiltration depth of
Meteoric water is also influenced by the conductivity of the bedrock in Depth Zone 1,
whilst modelling results are relatively insensitive to both the diffusion porosity and the
kinematic porosity. Rock matrix diffusion is a key process in modelling the
hydrogeochemical evolution – the fracture surface area affects both the rate of rock
matrix diffusion and the depth into the matrix that can be accessed in a given time, and
thus affects the retardation of the mixing front.
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7

HYDROGEOCHEMISTRY

7.1

Objectives of the hydrogeochemical modelling

This chapter describes the hydrogeochemistry of the site, covering its past evolution
since the last glaciation and also the currently operating processes. This story has
already been told in previous Site Descriptions, but it is complemented here with
information obtained from hydrogeochemical sampling up to summer 2010 and, in
particular, by interpretation of the long-term evolution of the salinity and the stability of
the hydrogeochemical system. The integration of hydrogeochemical data from fracture
groundwater samples with the information from geology, fracture mineralogy,
hydrogeology, matrix pore waters and microbiology, forms the basis of these
interpretations. In addition, this Chapter also describes the evolution of the site under
the influence of the construction of the ONKALO to a depth of 400 m.
An understanding of hydrogeochemical conditions is important for determining the
durability of the engineered barriers (canister, bentonite buffer, backfill and other
sealing materials) and for appreciating the potential solubility, retardation and migration
of radionuclides. The most critical chemical parameters in groundwater for long-term
safety are salinity, pH, redox potential, dissolved sulphide, and the content of colloids
and dissolved organics (and microbes). Target values have been evaluated regarding
harmful chemical conditions, and must not be exceeded during the life-time of the
repository (Hellä et al. 2009; McEwen et al. 2012). The presence of highly saline waters
(total dissolved solids >70 000 mg/L) may promote the corrosion of canisters, increase
the solubility of radionuclides and decrease the swelling properties of the buffer and
backfill materials. Extremely dilute water with very low cation contents (<4 meqv/L)
may cause dispersion of bentonite in the form of colloids. Exceptionally low (<6) or
high (>10) pH conditions tend to increase radionuclide solubilities and may activate the
weathering and alteration processes of clay minerals in buffer and backfill and rock.
Dissolved organics may both serve as nutrients for microbial processes, causing an
increase in sulphide content, and may also increase the solubility and transport of
radionuclides Uncommon redox conditions in deep crystalline bedrock, such as the
presence of dissolved oxygen or high sulphide concentrations, are also detrimental for
The present-day hydrogeochemical conditions at potential repository depths at
Olkiluoto provide the conditions for long-term repository safety (Pitkänen et al. 2004,
Posiva 2005, Andersson et al. 2007, Posiva 2009). However, the chemical conditions in
the corrosion of metals and will enhance the solubility of some actinides. the
groundwater may change, in particular due to the hydrogeological transients caused by
environmental changes during glacial cycles, as has been demonstrated from several
sites in the Fennoscandian Shield (Blomqvist et al. 2000, Pitkänen et al. 1998, 2001,
2004; SKB 2008, 2009) Hydrogeochemical data show that these transients have caused
changes in groundwater compositions and redox conditions.
In general, chemical groundwater conditions have recently been stable at depth at
Olkiluoto and reactions and transport processes proceed very slowly (Pitkänen et al.
2004). The transients associated with glacial cycles result in particular, increases in
groundwater flow and in the infiltration and mixing of waters in different chemical
states in the bedrock. The groundwater composition eventually depends on chemical
reactions, which tend to equilibrate water-rock system disturbed by the infiltration and
mixing of groundwaters. These processes may consume the buffering capacity of the
bedrock system, such as that afforded by calcite and pyrite on fracture walls, which are
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needed to stabilise chemical conditions favourable for the repository in the future. The
presence of the ONKALO also results in increased groundwater flow, mixing and
additional chemical interactions.
It is necessary, therefore, to have a good understanding of the hydrogeochemical
evolution of the site, regarding former interactions induced by the mixing of
groundwaters. The ultimate goal is to create a site-specific model that reliably describes
changes in groundwater composition and explains their causes. This Chapter presents
the acquisition and evaluation of various data related to hydrogeochemistry, their
methods of interpretation and the modelling of these data (Section 7.2). The modelling
is divided into three parts. The first part (Section 7.3) concentrates on the interpretation
of the palaeohydrogeological evolution of Olkiluoto, which describes the different
initial waters, which have been mixed to produce the current groundwaters, and the
development of the salinity and its distribution at the site. Section 7.3 describes mostly
conservative dissolved species and information on residence times of groundwater types
and their geochemical features. Dissolved species which have their specific value in
understanding water-rock interaction processes are described in Section 7.4. Chemical
reactions are interpreted, which control the actual groundwater compositions and form
the basis for pH and redox buffering processes and the stability of water-rock system.
Section 7.4 also includes the model calculations of hydrogeochemical evolution, which
tests the interpreted model and quantifies the mass transfer in chemical processes. The
third part (Sections 7.5 and 7.6) consists of results obtained from the monitoring
programme. Sections 7.5 and 7.6 summaries the observed hydrogeochemical changes
caused by the ONKALO and the associated investigation activities (e.g. the Infiltration
Experiment), and the significance of them to the hydrogeochemical stability is also
estimated. The last section of the hydrogeochemical model summaries the past
hydrogeochemical evolution, with the processes which control groundwater
composition at Olkiluoto and the most important uncertainties in the model.
7.2

Hydrogeochemical sampling, data management and interpretation

7.2.1 Water samples and databases

Hydrogeochemical data on the chemical and isotopic compositions of groundwater
samples form the basis for the hydrogeochemical model of Olkiluoto. The data used in
hydrogeochemical analyses in this report are limited to water samples taken before the
end of summer 2010 (see Section 2.2.4). The groundwater data include samples
obtained from deep drillholes (Figure 2-1 in Chapter 2), from shallow overburden tubes
and drillholes in bedrock (Figure 2-3 in Chapter 2), from the sea and from the
Korvensuo reservoir, and from meteoric precipitation and snow. New data since the
previous Site Description (SR2008, Posiva 2009 which used data up to the end of 2007)
include groundwater samples from the overburden to about 700 m depth, taken from the
surface, and via samples taken from five new ONKALO pilot holes (ONK-PH8 –
PH14) and groundwater stations (ONK-PVA1 – PVA6) to about 400 m depth (Table 28 in Chapter 2). The chemistry of these new samples could have been influenced by the
modifications to the groundwater flow regime caused by the construction of the
ONKALO, although the hydrogeological implications of the tunnel have been observed
to be quite limited and the inflows to date to be minor (Vaittinen et al. 2010, pp. 81 82). The most significant inflows are associated with the intersections of HZ19 and
HZ20 and, therefore, some of these recent samples are still assumed to represent natural,
hydrogeochemical conditions, i.e. similar to baseline conditions (Posiva 2003),
particularly those taken from low transmissive tunnel sections (Pitkänen et al. 2007b,
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2008b, 2009, Penttinen et al. 2011). However, flow along open drillholes, caused either
by natural hydraulic pressure gradients or by investigation activities, has resulted in
disturbed hydrogeochemical conditions, especially in low pressure sampling sections
during site investigations (Andersson et al. 2007, Pitkänen et al. 2007a, Ahokas et al.
2013). The majority of drillholes have now been completed with multi-packer systems,
in order to stabilise flow conditions and to prevent flow along open drillholes and
mixing in low pressure hydrogeological features.
Pitkänen et al. (2007a) have evaluated the quality of groundwater samples taken before
the construction of the ONKALO started (June 2004). The evaluation of the data is
based on analysing the observations of groundwater flow measurements at the sampling
locations, together with observations during field work; and also the consistency of the
chemical analysis results. An integrated and transparent evaluation method, suitable for
both surface water and groundwater samples, has been developed to classify samples
according to their representativity and reliability. Samples are graded into four classes
(Table 7-1); quantitatively (class B1) and qualitatively (class B2) reliable samples
representing Baseline conditions, samples representing Temporary changes (class T),
and clearly uncertain samples Excluded from interpretation (class E). Class T samples
(referred to later as monitoring samples) are either from sections sampled earlier (from
the monitoring network) or have been evidently contaminated by waters from nearsurface portions of drillholes, due to the potential for considerable water flow along
open drillholes. In addition, the quality of single chemical and isotopic measurements in
each water sample is also evaluated on a four-step scale, which predominantly describes
the technical reliability of the individual measured values. Basic information on the
samples, the analytical results, the classification of the samples and single data values,
with comments related to the quality of the results, are included in Posiva’s
hydrogeochemical database of Olkiluoto.
Table 7-1. The number of samples representing different water types, according to the
quality evaluation method developed for Olkiluoto hydrogeochemical data. Shallow
groundwaters are taken from overburden tubes and separate shallow drillholes less
tham 30 m deep. The classification of deep groundwater types is presented in Section
7.3.2.
Water type
Surface waters:
Meteoric
(rain+snow)
Sea water
Korvensuo reservoir
Shallow
groundwaters:
Overburden
Shallow bedrock
Deep groundwaters:
Fresh/Brack. HCO3
Brack. SO4
Brack. Cl
Saline
Deep Bedrock, total

Total

Class B1

Class B2

Class T

Class E

27
15
17

Total
27
15
17

29
18

4
1

189
138

1

223
155

12
16
13
21

20
22
8
21

191
84
20
43

12
15
4
13

235
137
45
98

62

71

338

44
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119

76

695

45

952
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A quality grading system has been also applied to the groundwater samples taken since
June 2004 (Pitkänen et al. 2007b, 2008b, 2009, Penttinen et al. 2011). Altogether 952
samples have been collected since the late 1980s (Table 7-1). The Table shows that the
view of baseline groundwater hydrogeochemical conditions in the deep bedrock at
Olkiluoto, is based on 133 groundwater samples, each from different locations.
However, the hydrogeochemical concept is augmented by shallow groundwaters, which
represent fresh and brackish HCO3-type groundwater and also monitoring samples in
class T.
The current hydrogeochemical database of Olkiluoto includes a large number of gas
samples collected with the PAVE sampler, which allows groundwater samples to be
taken at in situ pressures. The quality of these data has been thoroughly evaluated by
Gascoyne (2005), Hatanpää et al. (2005) and Pitkänen & Partamies (2007) and
subsequent samples have been evaluated in annual monitoring reports on
hydrogeochemistry (Pitkänen et al. 2007b, 2008, 2009, Penttinen et al. 2011)
In addition to groundwater samples, salinity information (i.e. total dissolved solids,
TDS) is obtained from hydrogeological investigations. The electrical conductivity (EC)
of groundwater is measured with the PFL probe (Chapter 2). The tool guides the water
flow through an EC sensor by pumping at the same time as the PFL probe measures the
flow rate of the defined drillhole sections. The electrical conductivities of both the
drillhole water and the fracture-specific water are thus obtained. The results of the EC
measurements are converted to TDS values using a function, which is derived from the
data of TDS and EC values measured from groundwater samples in the laboratory . The
TDS data obtained using the PFL probe has notably increased the number of TDS
values obtained with groundwater sampling. The fracture-specific EC values are the
primary interest, however, TDS values of drillhole water can be occasionally accepted,
where they are of acceptable quality (Ahokas et al. 2013).
The quality of the results from fracture-specific EC measurements is susceptible to
similar disturbances to those observed in the evaluation of groundwater sample data
(Pitkänen et al. 2007a, Posiva 2009). Therefore the evaluation of fracture-specific TDS
values has been performed to create a TDS database, which is assumed to represent
undisturbed baseline groundwater conditions (Ahokas et al. 2013). This database
compiles baseline TDS values measured either from groundwater samples or interpreted
from EC values measured with the PFL probe from deep drillholes. The evaluation
approach follows similar systematic guidelines as those used in the evaluation of the
quality of groundwater samples (Pitkänen et al. 2007a) and also includes a comparison
of TDS values obtained, either from PFL measurements or from groundwater sampling.
In the evaluation of TDS values the main focus was to discover representative values
among the data set, which contains values which in many cases have been affected by
the intrusion of drilling water or by inflow of groundwater from other fractures in the
bedrock. Altogether 415 values are accepted as representing baseline TDS conditions
from different locations in the deep bedrock (Ahokas et al. 2013).
7.2.2 Additional geochemical information

Fracture minerals are a potential information source in hydrogeochemical reactions
and, in addition, provide a geochemical record of the fluids from which they have been
precipitated. Calcite is the most common facture mineral used in palaeohydrogeochemical studies because it is reactive and precipitates over a large temperature field
and also in low temperature. Chemical and isotopic compositions are used to interpret
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groundwater sources and conditions during precipitation. Correspondingly, sulphide
minerals are active in water-rock reactions and pyrite, in particular, may give
information of redox conditions in low temperature.
Detailed fracture calcite information at Olkiluoto has been studied in several stages. The
first one in the earlier 90s (Blomqvist et al. 1992, Blyth et al. 1998, 2000) 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 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). The development of measuring technique has
improved the sensitivity to make more detailed analyses of different calcite phases on
fracture infillings. At Olkiluoto, research has been conducted to obtain information from
the latest fracture precipitates (Gehör et al. 2002, Sahlstedt et al. 2009, 2010, 2012a,b)
where the uppermost calcite fillings were sampled. Especially in the most recent studies
the sample selection was aimed at open water-conducting fractures identified using
difference flow measurements and core logging in the upper 500 m of the bedrock,
In the studies (Sahlstedt et al. 2009, 2010, 2012a,b), special attention was paid to two
hydrogeologically important zones, potential infiltration pathways HZ19 and HZ20 and
their immediate surroundings. Altogether 84 samples were collected for investigations
from 27 drillholes. In addition to microscopic descriptions of fracture filling minerals,
several geochemical variables (Ca, Mn, Mg, Fe, Sr) and isotope ratios of C, O and Sr in
calcite and those of S in pyrite, as well as isotopic dating methods (14C and U-Th) were
used. The homogenization temperatures of fluid inclusions in calcite were determined in
order to determine the temperature of formation of the calcite filling. Analytical
methods have been detailed by Sahlstedt et al. (2009, 2012a, 2012b).
Matrix pore water that resides in the interconnected inter- and intragranular pore space
cannot be sampled by conventional groundwater sampling techniques. Therefore, it has
to be characterised by applying indirect extraction methods based on naturally saturated
drillcore material. A prerequisite for the successful derivation of chemical and isotopic
pore water concentrations is the preservation of the original saturated state of a rock
sample from its recovery to its preparation in the laboratory. This was achieved by
applying special sampling techniques to prevent any evaporation of the drillcore (Waber
& Smellie 2008; Eichinger et al. 2006, 2010a, 2012).

Pore waters have been extracted from Olkiluoto drillcore material sampled from two
deep subvertical drillholes OL-KR39 (500 m drillhole length) located in the centre of
Olkiluoto and OL-KR47 (1000 m drillhole length) located at the coast) and one
subhorizontal drillhole originating from the ONKALO access tunnel (ONK-PH9) and
penetrating the host bedrock. In this latter drillhole located at about -300 m depth,
samples were collected along a continuous profile from a major water-conducting zone
(HZ20B) into the intact bedrock. Furthermore, for the first time, core samples from this
drillhole were analysed for reactive and noble gases dissolved in the pore water, in
addition to their chemical and isotopic characterisation. Altogether 81 samples were
successfully measured for Cl and 52 for stable isotopes. Determinations were
unsuccessful in 27 cases; 5 of them did not reach steady state in out-diffusion
experiments and 22 isotope exchange experiments were exposed to evaporation from
the container, or the measurement did not work (memory effect).
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Microorganisms catalyse redox reactions in groundwater, thus influencing the
groundwater composition, and pH and redox conditions. Microbiology data have been
collected in two phases. The first data set is limited and consists of samples from the
site investigations, prior to the selection of Olkiluoto as the Finnish disposal site. These
data were collected between 1997 and 1999. Methods for the enumeration and
cultivation of microorganisms in groundwater were developed during the initial site
investigations for a radioactive waste repository in Finland (Haveman et al. 1999;
Haveman and Pedersen 2002). Once the Olkiluoto site was selected, these methods
were further developed and new analyses were added. The second data set is much
larger and collection started in May 2004. Data have been obtained continuously since
then and sampling is still taking place.

All reported and published methodologies and microbiology data from Olkiluoto and
the ONKALO have been summarized and discussed in a background report, together
with the applied methodologies (Pedersen et al. 2012). During 1997 – 1999, within the
site selection programme, 7 samples from five deep drillholes at Olkiluoto were
analysed for the numbers of bacteria by microscopy and cultivation (Haveman et al.
1998, 1999, 2000; Haveman and Pedersen 2002). Later, between 2004 and 2010, a total
of 48 samples distributed over 25 drillholes at Olkiluoto were analyzed for the numbers
of bacteria by microscopy and biochemical methods and by cultivation and for species
diversity with nucleic acid based methodologies. In the ONKALO 10 drillholes have
been repeatedly sampled and analysed over the period 2005 - 2010 (Itävaara et al. 2008;
Pedersen 2008; Pedersen et al. 2008a-b, 2010; Bomberg et al. 2010, 2012).
7.2.3 Modelling methods

The hydrogeochemical modelling approach can be described as follows: sampling
points along a flow path in a groundwater system will show progressive changes in
chemical and isotopic properties, and these changes may reflect processes, such as
mixing of groundwater types, mineral dissolution and precipitation, ion-exchange, gasexchange and redox reactions. The goal in chemical modelling is to interpret the
probable processes and the quantity of material transferred, that are responsible for the
evolution of the groundwater composition, as well as any chemical changes that occur
in the groundwater composition as a result of these processes. Special emphasis on the
interpretation of the data is laid on hydrogeochemical changes and processes influenced
by the ONKALO, which may be observed in data collected since June 2004.
In this work, the overall strategy in modelling consists of a four-step procedure:
- The first step is to analyse the trends of hydrochemical and isotopic data (Section 7.3)
that constrain the possible processes behind the trends in data. The integrated
interpretation of various data provides information on temporal changes, coupled to
climatic effects and geological evolution that might affect the hydrogeochemical
system. An important aspect is to separate the temporal and local processes which could
be caused by the ONKALO.
- The second step is to determine potential buffering phases, which are able to stabilise
redox and pH conditions after chemical disturbances in the groundwater system. These
can be either dissolved species and phases, or mineral phases, as reflected by the
hydrochemical and isotopic data, fracture observations and calculated saturation indices.
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- The third step is to derive reaction-mixing models that can explain the changes in
water chemistry between any points along a chosen flow path, as well as temporal mass
transfer between monitored samples by mass-balance calculations (Section 7.4.2).

- The fourth step is to simulate chemical processes and test thermodynamic and kinetic
control of water-mineral interaction and to predict pH and redox front movements with
reactive transport modelling. By comparing the predictive modelling results with
observations a view of the overall understanding of the system can be made. Estimates
of local buffering capacity can be made according to the results of these simulations.
The saturation index (SI) is used to evaluate the potential behaviour of minerals in
groundwaters in the second step. The SI of a particular mineral that may be reacting in
the system is defined as:
SI = Log IAP/KT,

where IAP is the ion activity product of the mineral and KT is the thermodynamic
equilibrium constant, adjusted to the temperature of the given analysis. SI is greater than
zero for over-saturation, and less than zero for under-saturation, indicating precipitation
and dissolution for a particular mineral, respectively. Thermodynamic solubility
calculations are also used to test the internal consistency between interpreted and
measured pH and redox conditions, as suggested in the report on a quality review of
hydrochemical data (Pitkänen et al. 2007a). The PHREEQC (version 2) program
(Parkhurst & Appelo 1999) is used in solubility calculations. In PHREEQC (Parkhurst
& Appelo 1999) calculations pheeqc.dat are used for aqueous species, gases and
mineral phases that are consistent with the aqueous model of WATEQ4F (Ball &
Nordstrom 1991) and the compilation of Nordstrom et al. (1990).
The PHREEQC program is also used in the third step to interpret net geochemical
mass-balance reactions between the initial and final water along a hydrogeological
flowpath. The program uses defined chemical and isotopic data for groundwater
samples and calculates those mixing proportions of initial waters and reaction
coefficients of the chemical sinks and sources (phases as minerals and gases) that
account for the observed changes between the initial and the final water. The model,
which is derived between any points along a chosen flow path by mass-balance,
calculations is of the form:
Initial water(s) + Reactant phases → Final water + Product phases,

where reactant phases enter the initial water and products leave it to produce the
composition of the final water.
The modelling tests our hypothesis regarding hydrogeochemical evolution and evaluates
the significance of each of the operating processes. The code can calculate mass
transfers within specified compositional uncertainty limits, which makes it possible to
test simultaneously the fitting of several conservative traces, which provide constraints
on the extent of mixing.
The reactive transport simulator PHAST (Parkhurst et al. 2010) is used at the fourth step
to assess hydrogeochemical evolution in the infiltration zone and give an estimate of
buffering capacity of the hydrogeochemical system.
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7.3

Groundwater evolution

7.3.1 Palaeohydrogeological information

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 the host rock and
fracture surfaces. The waters have been partly captured in fluid inclusions of minerals in
the walls of fractures. Fluid inclusions in quartz grains and fracture calcites indicate
salinity variation from 1 to 32 wt.% (calculated as NaCleq) in circulating fluids from late
metamorphic episodes in the Precambrian to lower temperature (c. 50ºC) conditions
even as late as in the Palaeozoic. 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, 2010a, 2012, Sahlstedt
et al. 2010, 2012a,b, Smellie et al. 2013). The latest potential time periods to produce
such fluids 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, see also Figure 13.15, pp 590-591 in the last
reference). Formation of hypersaline fluid inclusions in platy grey fracture calcites at
Olkiluoto may have a connection to Permian evaporite formation of northern Europe
and to their residual fluids (Blyth et al. 2000, Pitkänen et al. 2004, García-Veigas et al.
2011, Smellie et al. 2013). For instance, extensive evaporite formations in the Zechstein
Sea, located along the southern and western margins of Fennoscandia, are dated as
~250–260 Ma ago. 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).
Also, understanding the transient glacial/postglacial evolution in the Baltic Sea region
during the Quaternary and the Holocene is vital when evaluating hydrogeochemical data
in deep drillholes, since they provides constraints on the possible groundwater types that
may occur in the bedrock (Figure 7-1). Several glacial periods have occurred during the
Quaternary in Fennoscandia; however pre-Weichselian (-116 ka) evidence is limited in
Finland, with the exception of till deposits of the Saale glaciation (380 - 130 ka ago),
which are common in northern and western Finland. There is no pre-Saalian evidence of
tills in Finland (Lunkka et al. 2001, 2004, Lunkka 2008). After the Saalian, the Eemian
interglacial lasted from 130 - 116 ka ago and a saline Eemian Sea covered the Baltic
Basin, due to an opening in the seaway in Karelia from the White Sea to the Baltic
Basin (Lunkka et al. 2004, Miettinen et al. 2005). Fennoscandia was a large island for at
least 2000 – 2500 years, according to the results from Eemian organic sediments in
western Finland, Karelia and Estonia. The temperature in Northern Europe was about 1
to 2C warmer than at present.
About 116 ka the cold Weichselian Stage started in Fennoscandia. The Weichselian is
divided into three different sub stages: Early (116 -75 ka), Middle (75 -25 ka) and Late
Weichselian (25 -10 ka). During the Early Weichselian the ice sheets only covered
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 ice
during the Middle Weichselian, particularly from 70 to 60 ka (Lunkka et al. 2004).
However, more recent research on mammoth remains has indicated that a large ice-free
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area existed in southwest Finland and even in southeast Sweden from about 37 - 26 ka
(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 icefree period were about 2 to 6ºC lower than those of today. Late Weichselian glaciation
started about 25 ka in Fennoscandia and the ice sheet reached its maximum (Last
Glacial Maximum, LGM) about 22 -18 ka (Lunkka 2008). At that time Olkiluoto was
under a thick ice cover. Salonen et al. (2002) estimated that the ice cover was about 2-3
km in Finland when the glaciation was at its maximum. After the LGM about 18 000
years ago the ice sheet started to melt rapidly due to rapid climate warming (Lunkka
2008; Salonen et al. 2002); however, a new cold period, the Younger Dryas, started
about 12 700 years ago and the ice sheet remained stagnant or started to advance
slightly until about 11 500 years ago. After that the climate warmed up and a new
interglacial stage started in the northern hemisphere due to a solar insolation maximum
(Lunkka 2008). In Fennoscandia the Late Weichselian stage ended about 10 000 years
ago when Finland was already ice-free (Salonen et al. 2002).
Complete Weichselian deglaciation started about 11 500 years ago (Figure 7-1), and
soon after that Olkiluoto emerged from the cover of ice (about 11 000 years ago), but
remained below the surface of the mildly saline Yoldia Sea, which had a depth of about
100 m (Eronen et al. 1995, Eronen & Lehtinen 1996). Glacial meltwater close to the ice
margin was able to infiltrate the bedrock under considerable pressure. Glacial chemical
and isotopic signals are frequently observed in groundwaters in the Fennoscandian and
Canadian Shields, and these signals are interpreted as the potential results of glacial
melt infiltration and mixing in groundwater (Blomqvist 1999, Pitkänen et al. 1998,
1999a, 2001, 2004; Laaksoharju and Wallin (eds) 1997; Smellie et. al. 2002;
Laaksoharju et al. 2008; Stotler et al. 2011). 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 latitude of Olkiluoto at the time of the
Yoldia Sea. That is, the sea water 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.
The Olkiluoto site also remained submerged during the stages of the fresh water
Ancylus Lake (starting some 10 800 years ago) and the saline Littorina Sea (starting
around 8500–8000 years ago). During the main part of the Littorina stage, between
about 8000 and 4500 years ago, when the sea at Olkiluoto had a depth of about 50 to 30
m, the TDS in the sea water was about 4‰ higher than in the modern Baltic Sea at the
Finnish coast (Donner et al. 1999). A salinity value of 1.3% for the sea water trapped in
the sediment during deposition about 7000 years ago was suggested with a diffusion
model, which was based on the measured distribution of major elements in Littorina
black clays in northeastern Sweden (Sjöberg et al. 1984). Since that time, the salinity of
the sea water has been reduced steadily to its current value of about 6‰ off Olkiluoto
Island. The denser, brackish sea water 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 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 pre-glacial groundwater mixtures, which were already present in the bedrock
(Pitkänen et al. 1999a, 2001, 2004, Laaksoharju et al. 2008). This mixing probably
affected the groundwater composition more rapidly in the most conductive
hydrogeological features, i.e. fractures and fracture zones. The infiltration from the sea
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is closed for gas exchange with air, therefore, the conditions are very different
compared to infiltration from dry land. Anaerobic conditions are achieved rapidly by
microbial processes during infiltration through organic-rich, sea bottom sediments, as
indicated by sulphide-rich Littorina clays in coastal areas in Finland (Palko 1994) and
current observations from the sediments (Kotilainen et al. 2007, Lahdenperä &
Keskinen 2011).
As a result of continuous land uplift, Olkiluoto Island begun to emerge from the Baltic
Sea about 3000–2500 years ago (Eronen & Lehtinen 1996) and currently the postglacial
uplift at the site is about 4–6 mm/yr (Eronen et al. 1995, Kakkuri 1987). The infiltration
of fresh meteoric water (precipitation) successively forms 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 (Posiva 2009). Infiltrating meteoric water is aggressive,
containing carbonic acid and oxygen, due to aerobic respiration in the unsaturated
organic soil layer, which is open for gas exchange. Thus, infiltration may also induce
weathering processes in the bedrock, if these agents are not used up within the
overburden.

Figure 7-1. Postglacial shoreline in southern Finland from about 11 500 years 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
situation relative to deglaciation and Baltic Sea evolution (Pitkänen et al. 1998, 2001,
2004, Smellie et al. 2002).
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Table 7-2. Estimated Quaternary glacial meltwater, Littorina sea water and subglacial
groundwater compositions with inferred Baltic Sea and mean ocean water compositions
(Pitkänen et al. 1999a). Subglacial groundwater, see discussion of mixing of
groundwaters in Section 7.3.3.
1)

Glacial 2)Littorina Subglacial 3)Baltic
water
sea groundwat
sea
er
T (°C)
1.0
10.9
8
8.5
O2 (mg/l)
7.2
6.6
7.2
pH
5.8
7.6
8.2
7.7
Density (g/ml)
1.000
1.008
1.002
HCO3 (mg/l)
0.16
92.5
13.4
78.7
SO4 (mg/l)
0.05
890
1
450
PO4 (mg/l)
0.0003
0.06
0.02
Ntot (mg/l)
0.19
0.27
0.21
Cl (mg/l)
0.70
6500
3000
3025
F (mg/l)
0.00
0.49
1
0.27
Br (mg/l)
0.001
22.2
21
10.3
NO3 (mg/l)
0.07
SiO2 (mg/l)
0.01
1.84
0.58
Fetot (mg/l)
0.0001
0.002
- <0.01
Al (mg/l)
0.0001
0.002
- <0.01
Na (mg/l)
0.15
3674
1350
1760
K (mg/l)
0.15
134
5
66
Ca (mg/l)
0.13
151
510
82
Mg (mg/l)
0.1
448
27
219
Mn (mg/l)
0.0
0.0
- <0.01
Sr (mg/l)
0.0001
2.68
1.20
Li (mg/l)
0.0
0.07
0.04
Charge Balance (%)
1.03
0.97
0.9
2.13
2
-166.0
-37.8
-86
-60.8
 H (o/oo SMOW)
13
-25.0
-1.0
-1.68
 C (PDB)
18
-22.0
-4.7
-12
-7.55
 O (o/oo SMOW)
3
H (TU)
0.0
0.0
15.4
14
C (pM)
28.0
43.0
115.8
87
86
Sr/ Sr
0.70940
- 0.70945
1)

4)

Ocean
water
20.0
4.3
7.5
1.030
144.2
2540
0.22
0.5
19550
1.3
67

6.61
0.002
0.002
10860
391
412
1310
0.0
8.24
0.18
0.27
0
-1.0
0
15.4
100
0.7094

pH, Na, K, and SO4 values estimated from Taylor et al. (1992).
C 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
14
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that maximum Cl content in Littorina sea water has been about
6500 mg/l (Kankainen 1986). 14C value is based on radioactive
decay not including any isotopic effects of water rock-interaction. 3)
Average of ’94 samples from Puskakari and Eteläriutta. 4) Global
mean ocean water (Fairbridge 1972, Harrison 1992).

Table 7-2 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 sea waters. The salinity of the pre-Weichselian Eemian sea was
comparable to that of ocean water during the early Eemian. The estimates for the
compositions of the present Baltic Sea and mean global ocean water are for surficial sea
waters. Subglacial groundwater is discussed in Section 7.3.4.
7.3.2 Palaeohydrogeochemical 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 equilibrate
(precipitate or dissolve) rapidly 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, this kind of
evaluation has been carried out earlier by Blyth et al. (2000) and later by Sahlstedt et al.
(2010, 2012a,b).
Previous studies of fracture calcites at Olkiluoto have shed light on ancient
hydrothermal events (Blomqvist 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 studies have concentrated on the latest geochemical evolution of the
groundwater system (Sahlstedt et al. 2009, 2010, 2012a,b) using fracture mineral
samples collected from the near-surface environment to depths of >500 m. In particular,
effort has been focussed on hydrogeologically important zones (e.g. HZ19 and HZ20).
The samples 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 occurrence, 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 and by information
from isotopic dating efforts (U/Th-isotope and 14C-dating methods) are discussed as
well as the implications for evolution of the groundwater system.
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Occurrence 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.
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, 2012a, b). Apparently, the earliest “crystalline” calcite
type of Blyth et al. (2000) is nearly absent from the study material of Sahlstedt et al.
(2009, 2012a, 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.
Two types of calcites in Group 1 and Group 2 have been found to compose the latest
calcite precipitates on open fractures at Olkiluoto (Sahlstedt et al. 2009). These
precipitates typically occur as small euhedral crystal or plates on fracture surfaces,
covering more massive calcite fillings of Groups 3 to 5 (Figure 7-2). Calcite of Group 1
occurs as small (<1mm), euhedral crystals or thin, platy calcite films on fracture
surfaces. Group 2 calcite contains minute amounts of silicate inclusions, typically
detected only by BSE images and EDS analyses. Group 1 and 2 calcite fillings usually
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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) due to the early single tube drilling method (c.f. Section 7.2.2).
It is noteworthy that these well preserved, euhedral, late-stage calcite crystals already
occur in the upper parts of the bedrock (< -10 m depth) in hydraulically active zones
(Sahlstedt et al. 2009, 2010, 2012a, 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 restricted to the
overburden and the uppermost parts of the bedrock. Furthermore, sulphides are also
typically well preserved in fractures, showing only slight discoloration of the grain
surfaces. Very occasionally, rust-coloured haloes (likely Fe-oxyhydroxides) circling
sulphide grains have been noted at depths of less than 10 m (Sahlstedt et al. 2009, 2010,
2012a, b). Observations from sulphide grains suggest only a very minor influence of
oxidative meteoric waters on fracture surfaces.

Figure 7-2. BSE images show compositional zonation in fracture calcite fillings at
Olkiluoto. A) Massive calcite of Group 5 (in the middle) overlain by a 50 µm layer of a
younger calcite generation of Group 2 (left) on an open fracture surface (drillcore OL-
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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 ONKPH2/90.36-90.45). D) Detail of the euhedral calcite crystals located on top of the
fracture filling in C.

In the late stage calcite fillings of Groups 1 and 2, the MnO content is higher, especially
in calcites in bedrock at shallow depths (Figure 7-3); and 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 a similar depth dependence. The
higher Mn content in the upper bedrock fractures could reflect the redox behaviour of
Mn, where 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 SO42- - S2- -pairs. Changes in the Mn content
of groundwater due to redox processes are expected to occur under near-surface
conditions (Pitkänen et al. 2004, Posiva 2009), which is compatible with the data in
Figure 7-3. The Figure indicates that at Olkiluoto, the zone of manganese reduction and
the change to anaerobic conditions in groundwater has existed at a few tens of metres
below the ground surface over geological time scales.

Figure 7-3. 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 whereas massive calcite to Groups 3 to 5 (modified
after Sahlstedt et al. 2010).
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Origin of massive calcites

Calcite precipitates in Groups 3 to 5 of Sahlstedt et al. (2009, 2010, 2012a,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.
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 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.
Group 3 and 4 calcite fillings of Sahlstedt et al. (2009, 2010a, 2012a,b) commonly
contain two phase fluid inclusions and their homogenisation temperatures are >50°C.
The isotopic composition of oxygen in water in equilibrium with the calcite fillings in
these groups 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 Ca-Na-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.
The 87Sr/86Sr ratios of the calcite fillings in Groups 3 to 5 vary from 0.7081 to 0.7292
(Sahlstedt et al. 2012a) 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 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 the present day
groundwaters and represent input of Sr from sources with low 87Sr/86Sr ratios.
Sulphur isotopes from fracture pyrite

The isotopic composition of sulphur in fracture pyrite has been measured on a selected
set of samples (Sahlstedt et al. 2009, 2012a). The amount of pyrite required for analysis
was >10 mg, making it impossible to analyse the smallest pyrite crystals from fracture
surfaces. Fracture pyrite samples show a large variability in the isotopic composition of
sulphur with δ34S values extending from -14 to +50‰ CDT; pyrite with 34S composition
from -5 to +10 CDT are common. There is no clear relationship between the isotopic
composition of sulphur and depth or between pyrites with any calcite groups with which
they are associated. 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, 2012a), 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, 2012a). The δ34S values of pyrite associated with
massive calcite vary from -13.6 to 44.8‰ CDT and it has been observed that some
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massive pyrite grains with δ34S values ~40‰ CDT are associated with old, massive
calcite of Group 3 type (Sahlstedt et al. 2009, 2012a).
Currently marine-derived groundwater forms the major sulphur source for sulphate
reducing bacteria at Olkiluoto. Marine sulphates have a δ34S value of about +20‰ CDT.
The bacterial fractionation between sulphide and sulphate in sulphate reduction is
considered to vary from -25 to -40‰ (Clark & Fritz 1997); the δ34S values should range
clearly on the negative side. However, the sulphur isotope composition of sulphide
increases with reduction of sulphate in a closed system. The fractionation increases δ34S
values in residual SO4, as observed in brackish SO4-type groundwaters (c.f. Section
7.4.2) and also δ34S values steadily increase in reduced sulphide at a later stage. In
drillcore ONK-PH2, pyrite is associated with the latest calcite precipitates and,
accordingly, it appears to be related to the latest events affecting the fracture system.
The high δ34S value of this sample, 49.4‰ CDT, indicate a Rayleigh fractionation effect
due to a limited SO42- source (cf. Clark and Fritz 1997). All the δ34S data collected from
fracture pyrites suggests that pyrite has precipitated under multiple groundwater
conditions with variable δ34S values in the source sulphur.
Carbon, O and Sr isotopic ratios in the latest calcites

The carbon and oxygen isotope ratios of the latest calcite fillings (Group 1 and 2)
indicate that these calcite types had not been recognised in the previous study by Blyth
et al. (2000). These calcite fillings are characterised by a high variability in the δ13C
values, ranging from -30 to +31‰ VPDB (Figure 7-4) and a relatively narrow spread in
their δ18O values, ranging from -7 to -11‰ VSMOW (Figure 7-5). The very high δ13C
values seem to be restricted to the thin outer layers of fractures which contain both the
platy and euhedral calcite types (Sahlstedt et al. 2009, 2010, 2012a, b).
The δ13C data of the late-stage calcite fillings appear to have a depth-dependent trend to
higher values (Figure 7-4). 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 late-stage calcite fillings indicate remineralisation
of organic carbon to carbonate; 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. 2012a). This is the only very low δ13C value in calcites which
can be directly linked to anaerobic oxidation of hydrocarbons.
At depths of 50-400 m the calcite fillings at Olkiluoto are typically enriched in 13C with
occasionally very high values of >10‰ VPDB (Figure 7-4). 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 was 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) and therefore highly enriches 13C in the carbonate phase.
The oxygen isotope composition of the late-stage calcite fillings is typically within the
calculated limits for calcites precipitating in equilibrium with the present day waters at
low temperatures (Figure 7-5). Fluid inclusions are typically scarce in these calcite
types, but the presence of primary all liquid inclusions (i.e. one-phase) indicates
formation temperatures of less than 80°C (Roedder 1984).
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Figure 7-4. The carbon isotope composition of fracture calcite with respect to depth
(Sahlstedt et al. 2009, 2010, 2012a,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), carbon speciation and equilibrium fractionation factors by
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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Figure 7-5. The oxygen isotope composition of fracture calcite with respect to depth
(Sahlstedt et al. 2009, 2010, 2012a,b). The boxed area represents the δ18O range for
calcite precipitates precipitating in equilibrium with present day waters at low
temperatures, calculated from the O isotope composition of present day waters
(Pitkänen et al. 2007a) 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 show in the figure (modified after Sahlstedt et al. 2010).

The 87Sr/86Sr ratio of the late-stage calcite fillings varies between 0.718 and 0.714
(Figures 7-4 and 7-5). Four samples, located in the upper 100 m of the bedrock, have
87
Sr/86Sr ratios below those of the current groundwater (0.7149 - 0.7526; c.f. Section
7.4.3). Three samples below 100 m (b.s.l.) have 87Sr/86Sr ratios between 0.716 and
0.718 which correspond to those of present day groundwaters. Two of the four samples
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 Kfeldspar and micas, whereas sea water shows lower values than those measured from
calcites (Pitkänen et al. 2004). The relatively low 87Sr/86Sr ratios in late-stage calcites in
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the upper part of the bedrock therefore do not directly suggest any single source for Sr,
such as silicate weathering or sea water. Several scenarios can be considered to explain
isotopic observations, for example, during the precipitation of the calcite fillings, the
area may have been covered by marine waters or by a more extensive sedimentary
cover.
In the present day groundwater redox regime at Olkiluoto, the methanic environment is
restricted to depths below 300 m (Pitkänen et al. 2004, Posiva 2009, c.f Section 7.4).
The methane in deep groundwaters at Olkiluoto has been interpreted as having 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 is likely to have
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
(Eichinger et al. 2010b). Abiogenic methane in the Precambrian shield areas is believed
to have been formed at elevated temperatures, with potential reaction paths including
the 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 SO42- (Pitkänen et al. 2004, Posiva
2009). Late-stage calcite fillings with δ13C values >0‰ VPDB are found at depths
currently characterised by groundwaters rich in SO42- (Figure 7-4) which provides a
time limit for changes in the redox environment. Because of the inhibiting influence of
SO42- on methanogens (e.g. Winfrey and Zeikus 1977, Lovley et al. 1982), the
infiltration of marine water rich in SO42- could have forced the methanic environment
deeper into the bedrock by density intrusion. The most recent event can be related to the
infiltration of sea water 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 7-6). Higher concentrations are also found in two samples at a depth of
about 300 m from fractures in 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 a more reducing
environment, it precipitates as insoluble U4+. 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. It has been
experimentally shown for fracture material at Olkiluoto that the amount of readily
leachable U (0.5N HNO3 dissolution) increases with the conductivity of the fracture
(Marcos 2002). Furthermore, the U decay series analysis shows a complex history of
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water rock interaction in the recent geological past (Figure 7-7). 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 yielded fluid inclusion data indicating a formation
temperature of >68°C (Sahlstedt et al. 2012a). Elevated temperatures at this range are
not believed to have existed close to the bedrock surface during the Cenozoic era (last
65 Ma) in the Fennoscandian Shield.
14

C dating results are available for five late-stage calcite samples and are all under the
detection limit. Because low temperature conditions in the upper parts of the bedrock at
Olkiluoto have prevailed over several millions years, the 14C dating results do not
significantly reduce the possible time period for the precipitation of the late-stage
calcites. Nevertheless, these data indicate that these calcites are pre-Holocene, and thus,
also predate markedly the infiltration of the Littorina Sea waters into the Olkiluoto
bedrock.

Figure 7-6. Uranium concentration of the fracture minerals analysed using LA-ICPMS
and MC-IPCMS (Sahlstedt et al. 2012a). 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.
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Figure 7-7. Thiel diagram (Thiel et al. 1983) of U decay series for Olkiluoto fracture
mineral samples from Sahlstedt et al. (2012a). (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. 2012a).

7.3.3 Groundwater types

It has been observed that changes in climate and the geological environment have a
significant effect on local palaeohydrogeological conditions, and leave clear imprints on
the chemical and isotopic signatures of fracture groundwaters (Pitkänen et al. 1996,
1999a, 2004, Posiva 2005, Andersson et al. 2007, Posiva 2009). As a consequence of
these changes, the baseline groundwater compositions and the chemical data show a
considerable variability with depth, notably in salinity, anion compositions and the
stable isotopic compositions of water, which indicate differences in the water sources
infiltrating.
The fracture groundwater chemistry over the depth range 0-1000 m at Olkiluoto is
characterised by a significant range in salinity, which 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 72a). 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 7-8b,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
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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. 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 over 100 g/L (brine,
Davis 1964) salinity below 900 m depth in OL-KR1 (see Section 7.3.4, Ahokas et al.
2013). Sodium and calcium are the dominant cations in all groundwaters and show
similar trends to TDS and Cl (Figure 7-8e,f). Potassium and magnesium (Figure 7-8g,h)
are enriched in SO4-rich groundwaters, supporting their similar major origin from sea
water as for SO4 in the upper part of bedrock. All parameters in Figure 7-8 have pretty
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 the limited interaction between the deep and shallow aquifers, and the
competence of the divisions of groundwater types used in the hydrogeochemical
modelling of the Olkiluoto site.
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Figure 7-8. a) TDS, b) Cl, c) DIC, d) SO4, e) Na, f) Ca, g) K and h) Mg concentrations
as a function of depth at Olkiluoto. Note: logarithmic axis is used for TDS, Cl, Na and
Ca whereas axis is linear for DIC, SO4, K and Mg.
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7.3.4 Isotopic evidences of the origin and residence times of groundwaters

Stable isotope composition of groundwater

The position of stable isotope compositions (δ2H and δ18O) of water relative to the
global meteoric waterline (GMWL) indicates potential chemical and physical conditions
and processes (e.g. Clark & Fritz 1997, Frape et al. 2005), which are indicated in Figure
7-9.
The stable isotope composition of groundwater is, in most cases, controlled by
meteorological processes, and the shift along the GMWL depends on climatic
conditions in precipitation, i.e. it reflects climatic changes and the altitude of the land
mass. Cold climate precipitation has a lighter isotopic composition (more negative
values for example compared to current recharge), whereas warmer climate shows a
heavier composition. Few brackish SO4-type and brackish Cl-type groundwater samples
show evident cold climate signatures, which most probably result from the glacial
meltwater influence in them (Pitkänen et al. 1996, 1999a, 2004). 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, Baltic sea water composition is, for example, below the GMWL. This
influence is reflected in most of the brackish SO4-type groundwaters. The shift above
the GMWL is unusual and 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). In order that any
significant progress of silicate hydration could contribute to an obvious shift in the
stable isotopic composition probably requires elevated temperatures (about 100ºC or
more) in the subsurface.
Tritium and radiocarbon

The tritium (3H) content in water and radiocarbon (14C) in DIC have generally been
used in dating groundwaters (Clark & Fritz 1997). Unfortunately, the complex
background of both isotopes, caused by uncertainties in their initial values, which affect
current groundwater compositions, excludes their use as an exact dating tool. Initial
values vary between different source waters, time of infiltration and, in the case of
radiocarbon, also between potential source compounds. However, tritium contents 1 TU
or more are an unambiguous indicator of recent water contribution, due to its short half
life (12.4 a). Low tritium contents, a few tenths of TU, may represent in situ production
in low porous crystalline bedrock (Andrews et al. 1989a). Radiocarbon (half life 5730 a)
data may indicate relative mean residence times between different groundwaters, if
evolutionary processes are similar to different infiltrating groundwaters (Pitkänen et al.
2004). The use of tritium data provides a possibility of estimating the effects of isotopic
dilution on 14C values of DIC, caused by the dissolution of 14C-free calcite (Section
7.3.2), or due to interaction with old organic carbon in overburden (e.g. peat). These
seem to be major processes, in addition to mixing, for depleting radiocarbon without
radioactive decay in groundwaters. Details of carbon isotope evolution (radiocarbon
with 13C(DIC)) with the interpreted processes are shown in Section 7.4.3.
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Figure 7-9. 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 overburden
and bedrock. Water in the Korvensuo reservoir is domestic water used in drilling originally river water. Global meteoric water line (GMWL) after Craig (1961).

Natural tritium levels of groundwater that infiltrated prior to thermonuclear testing in
1951 should not be detectable anymore or in the late 1990s, when major sampling
started at Olkiluoto. Thus high tritium contents, over 8 TU, observed generally in
shallow groundwaters (Figure 7-10a) are due to infiltration during the last 50 years.
Calcite already reaches equilibrium in these shallow groundwater samples (Posiva 2009,
Pitkänen et al. 2004, c.f. Section 7.4.5). Some of the shallow groundwater samples and
HCO3-rich deep groundwater samples show a depletion of tritium (4 – 8 TU) with
decreasing 14C, compared with recent infiltration. Finally, some of the HCO3-rich
samples contain only traces of tritium with lower levels of 14C. The decrease of both
radioisotopes may result from decay and/or mixing. However, the elevated tritium
values in shallow groundwaters, and in some HCO3-rich deep groundwaters, indicate
that 14C in DIC may decrease to a level of 50 to 60 pmC (per cent modern carbon) by
isotopic dilution without any radioactive decay.
Comparison of 14C with DIC values (Figure 7-10b) indicates that mixing with older
groundwaters may have initiated the decrease of radioisotopes (Figure 7-10a) in HCO3rich groundwaters from shallow groundwater levels, whereas the final depletion (to the
40 pmC level) is probably caused by radioactive decay. This suggests mean residence
times that are clearly higher than 50 years for the low tritium HCO3-rich groundwaters.
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Approximate residence times were estimated for these tritium-depleted HCO3-rich
samples (pp 310 - 312 in Posiva 2009) with the results indicating mean residence times
from 1200 years to 2000 years.

Figure 7-10. Relationships between a) 3H, b) DIC, c) SO4 and 14C(DIC) in Olkiluoto
groundwater samples (all shallow data are shown). The band in b represents the mixing
dependence of 14C(DIC) and DIC between HCO3-rich and SO4-rich waters (see details
in Posiva 2009, Figure 7-4).

This is appropriate to the time span of meteoric water infiltration at Olkiluoto. These
relatively old HCO3-rich groundwaters were sampled under variable hydrogeological
conditions - both from the highly-conductive HZ19C feature and from less transmissive
sections of the bedrock.
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The 14C value of samples having the clearest marine signature (i.e. the highest SO4
content in Figure 7-10c) and no indications of younger meteoric water mixing, vary
mostly between 20 and 30 pmC. The difference between these samples and ageestimated HCO3-rich samples (their range is 35 to 45 pmC) or the isotopic dilution limit
at the site (50 to 60 pmC) indicates a mean residence time range of 4000 to 8000 years
calculated from 14C decay. This corresponds well with the Littorina period and with its
most saline stage (c.f. Section 7.3.1). However, a few samples show rather high
radiocarbon content with only traces of tritium. This may be an indication of limited
initial depletion of 14C by isotopic dilution and evident variation in radiocarbon and
carbonate evolution during the infiltration of Littorina sea water. The radiocarbon level
in "pure" Littorina Sea water (only radioactive decay allowed) from the main saline
stage 8000 to 4000 years ago should be 40 to 60 pmC at present.
The approximate residence time estimates do not consider possible mixing effects or
dead carbonate input, other than that during recharge. However, carbonate input with
older groundwater mixing (brackish Cl-type) is minor (see DIC in Figure 7-10), as is
also carbonate input from chemical interaction. Possible slight contamination with
carbonate, derived from the upper parts of the drillholes into the sampling sections,
may, in addition, effectively compensate for any ageing effect.
Brackish Cl-type and saline groundwaters below the SO4-rich layer show some more
depleted 14C values, - some are even below the detection limit (3 pmC), suggesting still
longer mean residence times. However, a significant number of brackish Cl-type and
saline groundwaters, which have very low DIC contents (very sensitive to disturbances,
e.g. CO2 ingassing), have had to be discarded from the database because of evident
contamination by young DIC in samples or because the carbon isotopes could not be
analysed due to their low DIC contents (Pitkänen et al 2007a).
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 - the range of variation is slightly over 1‰ in
groundwaters (Figure 7-11a). 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. 36Cl
in surface water and groundwater behaves conservatively, in exactly the same manner
as stable Cl isotopes, and is useful for identifying possible origins of dissolved Cl in
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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.
High 36Cl/Cl ratios in low Cl groundwaters (Figure 7-11b) 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 sea water (< 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).
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 shielding 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 Earth systems, because of its efficient degassing and escape from
the atmosphere. Therefore, the concentration of He stays low in the atmosphere, which
limits its capability of dissolving in infiltrating water. During groundwater migration,
radiogenic He gas (particularly isotope 4He) 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
concentrations and radiogenic 4He have been observed to increase considerably along a
flow path, therefore it is a competent tracer tool in providing information on
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hydrogeological conditions, e.g. recharge and discharge areas in addition to flow
directions in the groundwater system.

Figure 7-11. Chlorine isotopic compositions at Olkiluoto; a) δ37Cl vs. Cl content and b)
36
Cl/Cl vs.1/Cl. Calculated secular equilibrium with host rock 36Cl/Cl production is
indicated with a red band (Gascoyne 2001, 2013).

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 Figure 7-12 show clearly an increasing trend as a function of
depth and salinity. Over the first 200 to 300 m helium contents remain rather constant,
staying 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 7-12b) 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 reached below 800 m.
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
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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 level. 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 pore
water from ONK-PH9 (Eichinger et al. 2012), which indicate long-term interaction
between brackish Cl-type groundwater and matrix pore water 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 7-9 and Figure 7-13), 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).

Figure 7-12. Depth distribution of helium in a) logarithmic and b) linear scale in
Olkiluoto groundwaters.

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.
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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, 2010). 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
calculation result is, however, very sensitive to the mixing of groundwater types. Mass
balance calculations (Pitkänen et al. 1999a, 2004, Partamies & Pitkänen 2012) 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. (2010, pp. 28 - 33) have simulated the residence time for the production of
the observed helium profile (Figure 7-12, see also Figure 4-7 in Delos et al. 2010) 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. 2010). 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
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
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accumulation rate is slightly higher than the shorter uncertainty limit for the residence
time of Delos et al. (2010), but still provides a million year scale residence time for He
in brackish Cl and saline groundwaters.
7.3.5 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, Figure 7-8, Figure 7-9, Figure 7-11,
Figure 7-12, Figure 7-13) 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 preglacial times and are mixed in varying ratios in 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 7-9.
Shallow groundwaters from overburden and bedrock (Fresh HCO3-type)
are the best representatives of this source, but clear imprints of early
meteoric infiltration (Figure 7-10), mixed with former groundwaters, can be
seen down to 100 m to 150 m depth (Brackish HCO3-type).
- Sea water 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
sea water in Figure 7-9. 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 sea water (2500 - 8500 a, major infiltration
during early more saline stage, c.f. 14C results) dominates in brackish SO4type groundwater, as well being observable in brackish HCO3-type
samples. Both groundwaters tend to shift to the right from the GMWL
towards the current sea water composition (Figure 7-9). The marine origin
of dissolved solids is indicated by the marine signatures of Br/Cl (Figure 713), SO4/Cl, Mg/Cl ratios (Pitkänen et al. 1999a, 2004, and Chapter 7.4 )
and low 36Cl/Cl isotope ratios (Gascoyne 2001, 2013, Figure 7-11b), and
the Littorina origin by a higher salinity than in modern Baltic water and a
clearly lower radiocarbon content than in HCO3-rich groundwaters (Figure
7-10). 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 7-9, Figure 7-13b) 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
(c.f. discussion in Section 7.4). Brackish SO4-type groundwater does not
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even reach the stable isotope composition of current sea water and few
samples show very light stable isotope composition. Brackish Cl-type
groundwaters shows similar non-marine chemical signatures to saline
groundwater (e.g. Br/Cl ratio is twice the marine signature in the brackish
SO4-type, Figure 7-13a) and a further depleted radiocarbon 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 7-9) 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 (Blyth et al. 2000, Sahlstedt 2012a,b, Smellie et al. 2013) 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,
Smellie et al. 2013). 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 (up to 17 wt%
NaCleq.) may also have an influence on the background level of saline
groundwaters (Eichinger et al. 2010a, 2012). In any case the initial
composition of source brine has been dramatically altered by water-rock
interaction, as indicated by stable isotopes (Figure 7-9) or 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 result from the freshwater
dilution of residual brines derived from evaporated sea water (Frape et al.
2005, Pinti et al. 2011). The original brine end-member has later been
diluted at Olkiluoto with meteoric water from precipitation in a slightly
colder climate than at present (Figure 7-9). 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 2013, Pitkänen & Partamies
2007, Delos et al. 2010).
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Figure 7-13. 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 (Liebscher et al. 2006) and/or in evaporation basin before
infiltration (Nordstrom et al.1989, Frape et al. 2005), under which 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 sea water infiltration.
Subsequent sea water and meteoric water input has removed this signal from most of
the other data.

Mixing of groundwaters

Hydrogeochemical conditions and their distribution in the bedrock are the result of
reactions and progressive mixing between various initial water types, which represent
some of the major events at the site during its geological history. The initial waters have
reference compositions in current groundwater data, which are most evident in
combinations of values of stable isotopes of water, and of Cl and Br contents, and which
are considered to behave conservatively in ambient groundwater conditions in the
fracture system.
Current groundwaters are mixtures of end-member water compositions, which represent
formation waters from certain geological conditions, such as Littorina sea water, glacial
meltwater and original brine. 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
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hydrogeological conditions changed during deglaciation and postglacial times, the
influences of which are still observable in the compositions of conservative tracers.
Comparison of 18O and Cl data (Figure 7-14) indicates four extreme reference
groundwaters, which can govern the other groundwater compositions by mixing. The
waters are, according to age, brine reference, glacial reference, Littorina reference and
meteoric water which, with the addition of Baltic sea water (basically diluted Littorina)
and glacial water, enable the mixing traces of the other samples to be determined. Water
infiltrating from the Korvensuo reservoir has an extraordinary shift on the HCO3-rich
groundwaters along the vertical axis in Figure 7-14. 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 7-14) cannot
be described using the extreme reference waters alone. The linear dilution of saline
groundwater could be solved by two end-member mixing, 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 Cltype groundwaters, indicate that these groundwater types do not contain postglacial
water components, i.e. Littorina-derived sea water 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 7-9). 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 increase in salinity (Figure 7-9, Figure 7-14) 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
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 7-13b).
The less saline samples of the saline groundwater dilution trend are brackish Cl-type
groundwaters, which plot (Figure 7-8) 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. 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 2013). An approximate
composition of subglacial reference groundwater is presented in Table 7-2 (further
details in Partamies & Pitkänen 2013 and Posiva 2009, pp. 317). This composition
represents the most diluted component of the ancient dilution of original brine prior to
glacial meltwater infiltration during the Weichselian glaciation. The subglacial
groundwater composition is considered to have been dominant at 200 to 250 m depth,
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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 7-14). These samples plot along the mixing trend
between an estimated Littorina sea water composition and a potential glacial meltwater
composition (Table 7-1), down on the vertical axis (practically no Cl in meltwater). The
association with Littorina mixing and the contrast with brine dilution also indicates 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 7-13b).
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 sea water and the approximated intersection on the vertical axis in Figure 7-14.
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 (GAP 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 lower above 250 m depth than in subglacial
reference groundwater after glacial meltwater intrusion and before the Littorina Sea
stage, as indicated by brackish Cl-type samples (Figure 7-8). The dilution probably
continued upwards, with near-surface fresh glacial meltwater dominant in the
groundwater. The most extreme sample with a light stable isotope composition,
indicating glacial meltwater mixing, which has been measured to date is observed at 60
m depth and represents brackish SO4-type groundwater (Figure 7-9).
Mass balance modelling results (Posiva 2009, Partamies & Pitkänen 2013) indicate that
brackish SO4-type groundwater generally includes a notable subglacial component,
therefore, 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. Prior to Littorina sea water infiltration,
the salinity (TDS) profile may have resembled the combined salinity trend of HCO3type and brackish-Cl type groundwaters of today (Figure 7-8).
The infiltration of Littorina sea water clearly increases both the salinity and 18O values
in brackish SO4-type groundwaters (Figure 7-14). 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 7-10).
A mixing tendency between HCO3-rich and SO4-rich groundwaters is also observable in
Figure 7-14, representing the dilution of Littorina-derived groundwaters by meteoric
infiltration, after Olkiluoto Island emerged from the sea about 2500 years ago. Only the
deepest and most saline samples of this groundwater type seem to have longer mean
residence times (c.f. 3H and 14C in Figure 7-10.). The deviation in Figure 7-14 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.
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Figure 7-14. 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 depicts ancient dilution of brine to brackish Cltype and postglacial mixing by groundwater derived from the Littorina Sea. Indicated
reference compositions are used in hydrogeochemical modelling.

Finally 7-15 presents an integrated model of the hydrogeological evolution since the
Weichselian glaciation, which is based on the above discussions of hydrogeochemical
information. The model includes the initial and boundary conditions of salinity with the
interpreted mixing concept for the groundwaters, which results in the current
groundwater types at Olkiluoto. Brackish SO4- and brackish Cl-type groundwaters
occur partly at common depths, but the former in highly transmissive zones, e.g the
HZ19 and HZ20 systems, and the latter in poorly transmissive fractures. Brackish
HCO3- and brackish SO4-type groundwaters display a similar tendency. Glacial
meltwater infiltration is limited to shallower depths at Olkiluoto (100 – 300 m) than at
sites shown in Figure 7-1. These are either near-marginal glacial deposits, where the ice
sheet was stationary at or close to the site for a considerable time (e.g. there is a strong
signature at Palmottu, Smellie at al. 2002) and/or at sites where steeply-dipping,
significant hydrogeological zones are present (e.g. at Hästholmen and Kivetty). At these
sites glacial signatures are evident down to 400 – 500 m depth (Pitkänen et al. 1998,
2001, Smellie et al. 2002).
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Figure 7-15. Schematic representation of interpreted initial and boundary conditions at
Olkiluoto since the last glacial period (re-drawn from Posiva 2009). Potential salinity
(as Cl content) is shown for recharge waters (in the upper part along the time line) and
bedrock groundwaters (on the left) at the initial stage of the modelling. Reference
waters correspond to Figure 7-14. Saline and subglacial reference water are
contemporaneous initial waters (or end-members) for the studied time period, i.e. their
formation dates are prior to the presented time scale. The generalised hydrochemical
mixing hypothesis that is solved in detail, using initial waters with mass-balance
calculations, is shown with blue arrows for the current groundwater types. Dashed lines
between arrows implies minor mixing. Major groundwater types are bounded with grey
dashed lines.

The model is applied in mass balance reaction models which simulate the
hydrogeochemical evolution at the site (Partamies & Pitkänen 2013), and information is
also used to define the initial and boundary conditions for the flow simulations (Chapter
6), in the period from the start of the Littorina stage up to the present day. The Cl
concentration in saline reference water refers to the highest salinity used in geochemical
models.
7.3.6 Spatial distribution of salinity and hydrogeological conditions

The distribution of water types and salinities has been observed to be approximately
layered at Olkiluoto (Pitkänen et al. 1999a, 2004, Andersson et al. 2007, Posiva 2009),
though a certain overlapping has been observed in the data regarding the depths of the
interfaces between the water types. Brackish SO4- and Cl-types both occur in the zone
of 100 to 300 m depth, likewise brackish HCO3- and brackish SO4-types both occur in
the uppermost 100 m (Figure 7-15). This is considered to result from variations in the
hydrogeological conditions of the host rock of the sampling sections, such as
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differences in hydraulic connectivity, transmissivity and flow porosity, i.e. properties,
which can retard hydrogeological activity and hydrogeochemical changes.
Figure 7-16 shows the dependence of salinity, water types transmissivity and δ18O
values with depth. A striking observation is that most of the brackish Cl-type
groundwaters have been sampled from relatively low transmissive sections of drillholes,
whereas other water types cover the whole range of transmissivity. In addition, it seems
that where high transmissivities exist, Littorina-derived SO4-rich groundwater has
reached the saline groundwater interface, as should be the situation according to the
theory of density turn-over, and taking into consideration its generally higher salinity
(max. about 8 g/L) than the brackish Cl-type at the same depth. Conversely, in poorly
transmissive rock, slightly less saline brackish Cl-type groundwater could have been
preserved at similar depths with SO4-rich groundwater. There may have been
insufficient time for Littorina-derived groundwater to enter these relatively tight
fractures or for the chemical equilibration (by diffusion) of poorly transmissive parts of
the rock mass with major hydrogeological features to take place.
A similar distribution between transmissivity and depth is seen in the data of brackish
HCO3- and brackish SO4-types in the uppermost 100 m. The most brackish SO4-type
groundwater sample (ONK-PH2, Posiva 2009, pp. 371) is from a strongly altered and
porous rock zone, which is probably very resistant to hydrogeochemical changes in the
environment. The glacial signal also seems to be pronounced and conserved in samples
with low hydrogeological activity in the upper part of the bedrock.
Salinity distribution in the bedrock

The TDS values, converted from the results of in situ electric conductivity
measurements, provide a notable amount of salinity information, in addition to
groundwater samples, for interpreting the salinity distribution in the bedrock. The
drawback of EC-based salinity values is that they cannot be interpreted unambiguously
to represent certain hydrogeochemical conditions, unless the salinity value is very low
(meteoric recharge) or high (saline). However, using the salinity data, together with
groundwater samples, it is also possible to achieve a better insight into the
hydrogeochemical conditions in different parts of the site.

Figure 7-16. The variation of a) TDS, b) transmissivity of sampling sections and c) δ18O values of baseline groundwater samples at
Olkiluoto. Lines in b and c separate groundwater types and, lower and higher T samples with depth.
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The Figure 7-17 shows the depth distributions of all TDS data which are considered to
represent baseline conditions. The figure compiles TDS values calculated from EC
measurements made with the PFL tool (Ahokas et al. 2013) and TDS values from
groundwater samples, which are classified into four groundwater types. Salinity and
transmissivity ranges of groundwater types indicate, by implication, potential
groundwater types of EC-based TDS values
The EC-based salinities support the view of a salinity distribution obtained from
groundwater samples (Figure 7-17). The variation is similar to groundwater samples
with depth, although the range of the EC-based values is larger in the upper part of the
bedrock and there are a few salinities that are greater than those measured in
groundwater samples in the deep bedrock. The values associated with this resulting
higher salinity gradient include measurements made mostly in deep drillholes in the
northern and eastern parts of the site from OL-KR19, OL-KR6, OL-KR42, OL-KR12,
OL-KR46, OL-KR11, OL-KR47 and OL-KR50 (for locations, see Figure 2-1). In
addition, a couple of high EC-based values have been measured from OL-KR4 from
about 500 m depth.
The drillhole OL-KR47 (the so-called sea hole) was drilled from the shoreline under the
sea. It was thought that Ol-KR47 would show higher salinities and, in the main,
conditions prevailing during the Littorina Sea, compared with other drillholes drilled
beneath the island, because the area under the sea would not have been significantly
subjected to meteoric infiltration since the Littorina Sea stage. The results (Figure 7-18)
show slightly higher salinities in the upper part of the bedrock down to 300 to 400 m
depth than in baseline data at similar depths (Pitkänen et al. 2009, Penttinen et al. 2011).
The influence of the meteoric water fraction is limited in groundwater to a few tens of
metres depth (30 to 40 m), where groundwater is, however, evidently brackish. In
particular, the influence of Littorina sea water and its occurrence at relatively shallow
depth increases the salinity down to 200 m depth. This corresponds well with the earlier
observation of the shallower occurrence of brackish SO4-type water close to the
shoreline than in the central part of the island (Posiva 2009, pp. 319). Similarly, the
SO4-rich, notable Littorina sea water component seems to be the main reason for the
elevated salinity in the other samples (from OL-KR42 and OL-KR46) above 200 m.
Deep in the bedrock the salinities of OL-KR47 merge to be similar to the baseline data.
The salinity values of saline groundwaters (below 300 m) display a large range at a
particular depth (Figure 7-17). This is thought more likely to reflect limitations in the
hydraulic connections of the measurement points (either to a deeper/higher salinity or a
shallower/lower salinity hydrogeological system in the bedrock) than to any correlation
with the transmissivities of sampled fractures. Transmissivities vary widely and are
frequently below 1*10-9 m2/s below 750 m depth. However, no evident trend between
transmissivity and salinity could be observed from the data. For example, the
distribution of saline and brackish Cl-type groundwaters at 300 to 400 m depth or the
elevated salinity trend show no correlations with transmissivity. Similarly, the data
collected from low transmissive fractures in the ONKALO (Figure 7-18) do not show
any deviation from the baseline data.
The highest salinity value (125 g/L in Figure 7-17) is measured from drillhole water in
the very bottom of OL-KR1, where salinity has been observed to increase slowly,
caused by the gradual decontamination of the low transmissivity section of the drillhole
(Ahokas et al. 2013). This first brine observation (TDS >100 g/L) at Olkiluoto suggests
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that salinities are probably even higher at greater than 1000 m depth in the bedrock, as
has been already indicated by the TDS - depth trend of saline groundwater samples. The
maximum salinity of groundwater that could be reached at very great depth is debatable.
Probably salinity during sea water evaporation controlled by halite (NaCl) precipitation
(about 350 g/L, Fontes & Matray 1994) could not be exceeded at Olkiluoto; and this
upper limit is supported by observations from deep brines in crystalline rocks or
sedimentary basins (Frape et al. 2005, Kharaka & Hanor 2005), where the fluids are CaNa-Cl or Na-Ca-Cl type in composition. This concentration could be approached,
according to a linear extrapolation with depth, at a depth of 2000 m or greater at
Olkiluoto.
The former hydrogeochemical model (Posiva 2009) and groundwater salinity
transmissivity data with depth indicate that in the upper part of the bedrock younger,
postglacial groundwater types have infiltrated deeper in highly transmissive fractures
and major hydrogeological features than in the less permeable rock. The following
discussion summarises the results of salinity modelling (Partamies et al. 2013) which
describe salinity variations in the major hydrogeological zones and the 3-D salinity
distribution under baseline conditions in the bedrock. Although the total number of data
points is significant, the number of values from any of the hydrogeological zones is
limited. Similarly, the number of data points from separate depth zones decrease
substantially with depth, which attenuates the resolution of 3-D visualisation methods.
The most important zones are HZ19, HZ20 are HZ21, which also have rather large
numbers of data points for closer examination (Figures of locations and hydrogeological
details are presented in Sections 6.6.3, 6.6.4 and 6.6.5, respectively).
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Figure 7-17. TDS depth distributions of qualified baseline data, a) linear and c) logarithmic scale, and b) corresponding transmissivities
of sampled/measured sections. Results with elevated salinity relative to general data are marked in red.

Figure 7-18. TDS results from groundwater samples a) OL-KR47, c) low transmissive samplings in ONKALO and b) corresponding
transmissivities with depth. Baseline TDS data on the background in a and c.
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HZ19

Figure 7-19 indicates the salinity conditions in hydrogeological zones HZ19A, B and C,
which together cover a significant part of the salinity observations from the high
transmissivity (>10-6 m2/s) fractures in the uppermost 200 m of the bedrock. The
salinity in these hydrogeological zones is typically lower than on average for the upper
150 m, but at greater depths the salinity values from the HZ19 zones are not
distinguishable from the other data. The TDS values obtained from in situ EC
measurements in particular show lower salinities than have been observed from
groundwater chemistry measurements alone. Fresh brackish HCO3-rich groundwaters
have infiltrated along HZ19A and C to greater depths, where brackish SO4-type
groundwater dominates in the less transmissive bedrock. Groundwater samples and
TDS values indicate that the deep parts of HZ19C, and particularly HZ19B, are
dominated by this SO4-rich groundwater, which has penetrated to greater depths along
these zones, as was already noted in Posiva (2009).
HZ20

Hydrogeological zone HZ20A and B, which is parallel to the HZ19 system, is
associated with the most significant transmissivities below 200 m depth. The salinity
under baseline hydrogeochemical conditions (Figure 7-20) appears to have followed the
general trend with depth, except over the depth range of 100 - 200 m in HZ20A.
Unfortunately, the characterisation of the baseline salinity field in HZ20A has been
problematic and the hydrogeological zone has been insufficiently well characterised
(Pitkänen et al. 2007a, Posiva 2009) and thus its salinity field has been an open
question. The characterisation of HZ20B has, in contrast, been trouble free. The
evaluation of in situ EC measurements (Ahokas et al. 2013) was expected to provide
more information on the baseline salinity conditions in HZ20A, however, as shown
below, EC measurements have similarly been susceptible to contamination by open
drillhole flow as groundwater samples. The evaluation process did not result in a
significant increase in actual salinity values, although other information on the original
hydrogeochemical conditions was gained.

554

Figure 7-19. TDS in qualified baseline data and corresponding transmissivities with
depth. TDS data on the left is based on in situ EC measurements and groundwater
samples. Corresponding transmissivity values of measured/sampled sections on the
right. The results from HZ19A are indicated in a) and b), HZ19B in c) and d), and
HZ19C in e) and f) by purple circles.
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Figure 7-20. TDS in qualified baseline data and corresponding transmissivities with
depth. TDS data on the left is based on in situ EC measurements and groundwater
samples. Corresponding transmissivity values of measured/sampled sections on the
right. The obtained results from HZ20A are indicated in a) and b), and HZ20B in c) and
d) with purple circles.

The HZ20A zone is present at the surface in the northwestern part of the site and dips
southeast, intersecting the planned repository area at roughly 300 m depth. The zone
crosses the northern shore of the island and this hydrogeological connection has most
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probably influenced the relatively low hydraulic head distribution within the zone.
Several drillholes intersect this zone in the middle of the island and around ONKALO.
They also intersect shallower hydrogeological features, which are generally under
higher head conditions, like HZ19. Head difference in these drillholes results in flow
along open holes, with the contamination of HZ20A intersections with shallow
groundwater, that is observed in several locations (Pitkänen et al. 2007a). The influence
of these head differences on groundwater salinity is illustrated by the results from
drillhole OL-KR22 (Figure 7-21 and Figure 7-22) in which drillhole monitoring started
relatively rapidly, less than one month after drilling was finished. The head differences
between the zones (which vary between 0.5 to 1 m) have resulted in notable
groundwater flow from HZ19A and HZ19C into HZ20A, with measured flow rates of
between 12 to 180 L/h. The drillhole was mainly open (Figure 7-22) since its drilling in
late summer 2002, until the installation of multi-packers in spring 2007, at which point
HZ20A and HZ20B became hydraulically-isolated (Ahokas et al. 2013).

KR22
sea
HZ19C

HZ20A
Z=-500m

Figure 7-21. Schematic illustration of groundwater flow along zone HZ19C into open
drillhole OL-KR22 and further outflow into zone HZ20A. Similar hydrogeological
conditions have prevailed in most open drillholes intersected by HZ20A.

The first measured PFL TDS of 7.7 g/L (Figure 7-22) was considered to be close to the
baseline condition, because the contamination by outflow was still rather limited and
similar to the volume pumped from the zone during in situ EC measurement (Ahokas et
al. 2013). The TDS value obtained corresponded to the salinity generally measured at
similar depths at Olkiluoto. As time progressed, the outflow increased and was found to
be impossible to fix with pumping, as is evident from diluted TDS values, obtained
either from groundwater samples or from in situ EC measurements. The isolation of the
hydrogeological features with a multi-packer system resulted in a slight recovery in the
salinity level, however, an equipment failure in 2009 delayed this development, at least
temporarily.
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The observed trend evidently shows the challenge in the hydrogeochemical
characterisation of HZ20A. However, a few similar observations from OL-KR23 and
OL-KR29 suggest that the salinity field did not deviate significantly from the general
baseline conditions (Ahokas et al. 2013). However, the salinity data and
hydrogeological information from HZ20A indicate deeper infiltration of younger
groundwater types compared to less transmissive flow paths in the bedrock, in a similar
manner to the HZ19 system. The result of this is a lower salinity in the upper part of the
bedrock and the presence of brackish SO4-type groundwater at greater depths than in
general, as is also indicated by the results from HZ20B (Figure 7-20).

Figure 7-22. TDS values of fracture water at 391 m depth from drillhole OL-KR22
obtained with groundwater sampling and in situ EC measurements. Packed-off periods
when the drillhole has been closed are also indicated.

HZ21

The salinity variation in zone HZ21 and the measured transmissivities correspond with
the general trend of other baseline data (Figure 7-23). The zone forms a hydraulic
connection to much greater depths (c.f. Chapters 4 and 6) and therefore a potential
pathway, either for dilution or brine intrusion, if any notable regional hydrogeological
gradient existed. The results neither indicate any systematic relationship between TDS
and transmissivity nor any short-term dilution or long-term upwelling of highly saline
groundwater.
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Figure 7-23. TDS in qualified baseline data and corresponding transmissivities with
depth. TDS data on the left is based on in situ EC measurements and groundwater
samples. Corresponding transmissivity values of measured/sampled sections on the
right. The results from zone HZ21 are indicated in a) and b) by purple circles.
3-D Visualisation of salinity

The 3D visual realisation of groundwater geochemical characteristics is a complicated
task. It is evident that such a visualisation should be based ideally on a combination of
multiple conservative parameters, because the use of a single chemical variable would
result in ambiguity. Distributions of initial water fractions and TDS have, therefore,
been used earlier in 3D visualisations to reflect the variation of overall
hydrogeochemical conditions (e.g. Posiva 2005, Luukkonen et al. 2005).
The latest developed 3D visualisation is, however, based on the salinity data (TDS) and
is described in detail in Partamies et al. (2013). The model exploits the large, evaluated
TDS baseline data (Ahokas et al. 2013) and describes the distribution of fracture
groundwaters salinities, not matrix pore water salinities. Modelling was carried out
using GPstuff toolbox (Vahatalo et al. 2011) a collection of MATLAB functions for
Bayesian inference with Gaussian process models. The TDS observations
Y  { y1 , y 2 , , y n } in bedrock locations X  {x1 , x 2 , , x n } are used as training samples
in the modelling. The model is trained and the predictions are conditioned to these
observations, i.e. the points X are used as test points for the model. The essential
feature of the model, which is predicated by the density of the data available, is that it
emphasizes the effects of the hydraulic structures at shallow depths whilst, with
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increasing depth, the influence of these features decreases due to the low density of the
data points. The results of the approach are summarised in Figures 7-24, 7-25, 7-26, 727 and 7-28.
Figure 7-24 shows the isohaline surface for 1 g/l TDS, which is the limit between fresh
and brackish HCO3-type groundwater. The isohaline surface approaches the surface of
the model (z = 0 m) at the coast, e.g. OL-KR47, and is above the surface of the model
offshore. Relatively high salinities, over 1 g/L have been measured near the ground
surface in the northern part of the island in OL-KR6, OL-KR13, OL-KR41, OL-KR42
and OL-KR46 (Ahokas et al. 2013), where the isohaline surface is accordingly above
the model surface. In the centre of the study area the isohaline surface forms a NE-SW
oriented trough caused by the subhorizontal HZ19 system, where bicarbonate water
occurs deeper in the bedrock and reaches 70 to 80 m depth, classified as fresh water.
The other, almost parallel trough in the NW area is caused by HZ20A. The actual
number of data associated with this zone (Figure 7-20a,b) is limited, but it seems that
the influence of the zone is reflected in nearby measurement results, diluting the
salinity. The influence of both zones is still observable in the isohaline surface of 5 g/L
(Figure 7-25), which is located at above 100 m depth in the northern part of the site,
dipping below 300 m depth in the SW around OL-KR3 (low salinities of OL-KR3
create the 5 g/L surface between 300-400m depth in Figure 7-25a).
The diluting influence of HZ20 seems to be visible at the isohaline surface of 10 g/L in
the middle of the site (Figure 7-26), though drillhole water contamination cannot be
excluded from the data. The surface occurs mainly in the depth range 300 to 400 m,
although it rises to 200 m depth around the area of the sea drillhole (OL-KR47). The
anomalous higher salinity inclusion (red cloud above the surface) above the 10 g/L
surface results from the data from OL-KR42 and OL-KR46. Groundwater samples
indicate that the cloud is a remnant of slightly more saline Littorina-derived SO4-rich
groundwater than is generally observed at Olkiluoto.

Figure 7-24. The isohaline surface as 3D view a) from south and b) from above for a TDS concentration of 1 g/L in fracture groundwaters
over the study area. The hydrogeological zones HZ19 (in central area) and HZ20A (in NW) are shown in grey. Changes in colour illustrate
the depth variation of the surface in metres. The presented isohaline surface is limited by the outermost TDS observations.
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Figure 7-25. The isohaline surface as 3D view a) from south and b) from above for a TDS concentration of 5 g/L in fracture groundwaters
over the study area. The hydrogeological zones HZ19 and HZ20 shown in grey (cut at 300 m depth). Changes in colour illustrate depth
variation of the surface in metres. The coastline of Olkiluoto Island is projected to Z=-150m depth in the figure. The presented isohaline
surface is limited by the outermost TDS observations.

Figure 7-26. The isohaline surface as 3D view a) from south and b) from above for a TDS concentration of 10 g/L in fracture
groundwaters over the study area with the drillholes, ONKALO and the coastline of Olkiluoto Island (projected to Z=-200m in a figure and
Z= 0m in b). Changes in colour illustrate depth variation of the surface in metres. Note the figure is based on baseline data and the
ONKALO is only for location. The presented isohaline surface is limited by the outermost TDS observations.
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Figure 7-27 shows the variation of salinity at the planned disposal depth in 420 m. The
salinity reaches its highest values in the northern and central part of the study area (near
the ONKALO). The dark blue contours show only minor variance in the middle of the
study area, indicating fairly good reliability in the salinity distribution. Towards the
edges of the study area the variance increases because the density of data decreases. The
western lower salinity area between 6 to 8 g/L is caused by the results from drillholes
OL-KR3 and OL-KR39.

Figure 7-27. Colours describing salinity (in g/L) in fracture groundwater at 420 m
depth. Contours describe the variance of the model – low variance (darker contour)
indicates better reliability for the model. Note the figure is based on baseline data and
the ONKALO is only shown for location. The presented isohaline surface is limited by
the outermost TDS observations. The coastline of Olkiluoto Island is also projected in
the figure.

Deeper in the bedrock isohaline surfaces show slight undulations, but their topography
cannot be linked with hydrogeological features and is mainly a result of the small
number of data. The isohaline surface TDS = 35 g/L is located mainly at approximately
600 m depth (Figure 7-28). A salinity dome is visible on this isohaline surface, which is
below the ONKALO. The elevation is mainly based on a couple of salinity results from
OL-KR4 (indicated in Figure 7-17 at around 500 m depth). The drillhole intersects a
low transmissive local feature ONK-56 at these depths (cf. Chapter 6).

Figure 7-28. The isohaline surface as 3D view a) from south and b) 2D view from above for TDS concentration of 35 g/L in fracture
groundwater over the study area. The presented isohaline surface is limited by the outermost TDS observations. Changes in colour illustrate
depth variation of the surface in metres. Note the figure is based on baseline data and the ONKALO is only shown for location. The coastline of
Olkiluoto Island is also projected to Z=-550m (Fig a) and Z=0 m (Fig b) depth in the figure.
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The 3-D visualisation indicates the hydrogeological influence of the HZ19 and HZ20
zones in diluting groundwater salinity deeper in the bedrock than in the rock mass away
from these zones. The model also shows a local higher salinity bedrock volume in the
northern area and a lower salinity volume in the southwestern area of the site. The
higher salinity anomalies result from a slightly higher salinity that has been preserved in
Littorina-derived groundwater, whereas the lower salinity bedrock anomaly represents
deeper, ancient dilution of brine-derived saline to brackish Cl-type groundwater. Both
areas are more or less outside the influence area of the subhorizontal HZ19 and HZ20
zones.
7.3.7 Matrix pore waters

Pore water residing in the inter- and intragranular connected pore space (micro to nano
metre scale) of the rock matrix may act as an archive of the palaeohydrogeological
history of a site. Pore water and circulating fracture groundwater are connected systems
and differences in their solute and isotope composition tend to disappear, given
adequate time and hydrogeochemical stability. Changes in groundwater composition
will cause disequilibrium with the pore water, due to a change in the chemical and
isotopic gradients, and result in a change of the pore water chemistry. Such change
depends 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 fracture
frequency, the less time required for establishing equilibrium (i.e. steady state) between
the two reservoirs, i.e. the pore water in the rock matrix and surrounding waterconducting fracture(s). At low fracture frequencies, and consequently larger distances
between water-conducting fractures, equilibrium is established more slowly and a
transient state between pore water and fracture groundwater is more typical. In turn,
shorter time periods of constant fracture groundwater composition are required in
bedrock zones of high fracture frequency and short distances between the fractures.
Pore water and its interaction with fracture groundwater is characterised using the
concentrations of Cl and Br, the Br/Cl mass ratio and the stable isotope ratios of water
(δ18O, δ2H) (Waber & Smellie 2008; Eichinger et al. 2006, 2010a, 2012). Pore water
concentrations of chemically conservative compounds, such as Cl and Br, were
obtained by laboratory out-diffusion experiments. Thereby, the pore water of an intact
drillcore sample is allowed to reach steady state with deionised water in a vapour-tight
container at 45°C. Steady state conditions between pore water and test water
concentrations were controlled by analysing Cl from small-scale samples as a function
of experiment time, which varied between 90 to 195 days. The water contents of the
rock samples were obtained by the gravimetric measurement of the water loss during
drying the naturally saturated rock samples. The determination of the Cl concentration
of the sub-samples resulted in Cl breakthrough curves, which were fitted by radial
diffusion across a homogenous medium, thus providing the pore diffusion coefficients
of the rock types under laboratory conditions.
Stable isotope (δ18O and δ2H) compositions of the pore water and the pore water mass
were determined by the diffusive isotope exchange technique adapted for crystalline
rocks (Waber & Smellie 2008; Eichinger et al. 2006, 2010a, 2012). This method is
based on the concept that test water with a known isotope composition will equilibrate
with pore water using the vapour phase as a diaphragm in a closed system. The isotope
exchange was allowed for 60 days.
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Reactive and noble gases dissolved in pore water were determined by out-gassing
experiments (Eichinger et al. 2012). Immediately after recovery from the drillhole, core
samples were placed in vacuum tight stainless-steel cylinders. Gases dissolved in the
pore water were allowed to equilibrate between the pore water and the void volume in
the cylinder over a time period of 250 days at room temperature.
Concentrations, concentration ratios and isotope ratios of those conservative pore water
tracers have been observed independent of the type and alteration grade of the rock
types they are extracted from (Eichinger et al. 2006, 2010a, 2012). This indicates that
chemically conservative pore water tracers were not modified by the laboratory
extraction process and indeed carry information about the palaeohydrogeological
evolution of the site. The interaction of pore water and fracture groundwater depends on
the distance between the pore water sample and the nearest water-conducting fracture,
which was determined by drillhole logging, and on the transport properties of the rock
matrix (connected porosity, pore diffusion coefficient), which were determined in
laboratory experiments (Figure 7-29) (Smellie et al. 2013).
Pore water compositions

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 pore water Cl
concentration will give an indication of the salinity, whereas the Br/Cl ratio will provide
information on 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 pore water might provide additional information about the origin and
residence time of the pore water and (ongoing) reactions. Besides the spatial and
temporal dependence of a tracer signature, that is established in the pore water, the
interpretation of such a signature needs to be consistent for all tracers in the pore water.
Based on the hydrogeological and hydrochemical criteria, the bedrock can be
subdivided as a function of depth into a shallow, intermediate and deep bedrock
intervals, which are used in the following discussion on matrix pore water results (cf.
Smellie et al. 2013).
Shallow bedrock interval (0-150 m below sea level)

In the investigated drillholes, the shallow bedrock zone is characterised by a high
frequency of water-conducting fractures (45 and 49 water-conducting fractures in
drillholes OL-KR39 and OL-KR47, respectively) with transmissivities between 1.6*1010
and 9.6*10-6 m2/s. The observed distances between pore water samples and the
nearest water-conducting fracture are less than 5 m in both drillholes.
The main components in pore water from the shallow bedrock interval are
Baltic/Littorina sea water and dilute meteoric water portions of different origins, as
based on the Cl concentrations and Br/Cl mass ratios (Figure 7-30 and 7-31). Presentday fracture groundwater is dominated by a mixture of Holocene meteoric fresh water
and Littorina-derived sea water (fresh/brackish HCO3-type) in drillhole KR39 in the
centre of Olkiluoto Island and by a mixture of Littorina sea water and glacial meltwater
(brackish SO4-type) in drillhole OL-KR47 on the northern shoreline of the island.
Fracture groundwater in OL-KR47 is generally higher in Cl and Br compared to that of
OL-KR39.

567

Figure 7-29. Theoretical representation of the relative concentration changes induced
in the pore water composition of a rock matrix sample located at different distances
between two water-conducting fractures. The concentration changes are calculated for
various time periods of pore water – fracture water interaction. 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 Olkiluoto bedrock.
Fracture groundwater composition is assumed to be constant, which requires steady
input of salinity in fracture. The model concept at t=0 is illustrated at the bottom right
(Smellie et al. 2013).
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Pore water extracted from drillcore OL-KR39 has similar salinity to fracture
groundwater at equal depth. This indicates that the time since present-day brackish
HCO3-type fracture groundwater circulated in the fractures was sufficient to reach a
steady state between the two reservoirs. In contrast, pore water Cl concentrations
extracted from drillcore OL-KR47 are lower than those of the corresponding fracture
groundwater and a transient state between the two reservoirs prevails. This suggests that
at this location the time period of present-day brackish SO4-type groundwater
(Littorina-derived) circulation in the fracture system has yet been too short to reach
chemical steady state.
Pore water and fracture groundwater at equal depth from OL-KR39 have similar stable
isotope signatures (δ18O, δ2H), whereas these are different in drillhole OL-KR47
(Figure 7-32 and 7-33). For the two drillholes this supports the steady state and transient
state conditions, respectively, between the pore water and the fracture groundwater, as
observed from the chemical composition. Pore water stable isotope ratios from OLKR47 and fracture groundwater stable isotope ratios, in combination with the Cl
concentrations of both reservoirs, suggest the preservation of a cold-climate, fresh water
component, as included in fracture groundwater, and an old fresh water component
formed under moderate or even warmer climatic conditions than today, in addition to
some minor sea water component (Figure 7-32 and 7-33). Based on the distances
between pore water samples and the nearest water-conducting fracture, and the potential
transport properties of the rock matrix, the interaction between both reservoirs can be
placed in a time context (cf. Figure 7-29). Distances between the two reservoirs of <5 m
and the transient state between pore and fracture groundwater in drillhole OL-KR47
indicate that the circulation of high Cl, brackish SO4-type fracture groundwater, which
is mostly a mixture of Littorina sea water and glacial meltwater, may have started only
several hundreds to a few of thousands of years before the present. In contrast, in
drillhole OL-KR39 the short distances between pore water samples and the nearest
water-conducting fracture allowed equilibration between both reservoirs since the time
when present-day low Cl fracture groundwater started to circulate in the fracture
system, i.e. since Olkiluoto Island emerged from the sea (2500 BP).
Intermediate bedrock interval (150-400 m b.s.l.)

The intermediate bedrock zone is characterised by an intermediate to low frequency of
water-conducting fractures (10 water-conducting fractures in drillhole OL-KR39 and 9
in OL-KR47) with transmissivities between 2.8*10-10 and 3.5*10-8 m2/s. The observed
distances between pore water samples and the nearest water-conducting fracture in the
drillhole cover a large range of less than 2 m up to almost 50 m. In general, the
distances between pore water samples and the nearest water-conducting fracture are
greater in drillhole OL-KR39 than in drillhole OL-KR47. Pilot hole ONK-PH9 was also
originally in the intermediate zone. It was drilled sub-horizontally through the highly
transmissive hydrogeological zone HZ20B (cf. Chapter 6) along the ONKALO access
tunnel profile and intersected the zone at -306 m depth. In this drillhole, fracture
frequency and fracture transmissivity decrease at the transition zone between HZ20B
and the intact bedrock. The adjacent, approx. 50 m of intact bedrock are characterised
by a low frequency of water-conducing fractures (9 water-conducting fractures) with
transmissivities between 9.7*10-12 m2/s and 2.1*10-10 m2/s (note that it is possible to
measure lower transmissivities in pilot holes in the ONKALO than in hydraulic
measurements performed from the surface). Pore water concentration profiles
established across the first 11 m of rock mass away from HZ20B allow the evolution of
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pore water as a function of distance (and with that of time) away from the highly
transmissive hydrogeological feature to be determined.
Based on the Cl concentrations and Br/Cl mass ratios, pore water from the intermediate
zone is mainly composed of dilute meteoric water, a non-marine Cl-bearing component
and, in the case of drillhole OL-KR47, also of a marine Cl-rich component (Figure 7-30
and 7-31). Pore water and fracture groundwater, sampled at equal depth show transient
conditions with respect to Cl and partly to the Br/Cl mass ratio. This indicates that the
time period of present-day fracture groundwater circulation has been insufficient to
allow balance to be reached between pore water and fracture groundwater chemistries.
Pore water δ18O and δ2H compositions are either enriched in heavy isotopes or lie in the
same range as those of fracture groundwater at equal depths. This suggests the
preservation of meteoric components formed under different climatic conditions, being
at least pre-Holocene (Figure 7-32 and 7-33).
The transient conditions between pore water and fracture groundwater, combined with
the highly variable distances (<2 m to about 50 m along the drillhole) between the two
reservoirs, suggest a very long time period (tens to hundreds of thousands of years) of
dilute water circulation in the fracture systems, which may have lasted in parts of the
bedrock until the end of the last glacial cycle, according to the diffusion model
presented in Figure 7-29. Postglacial infiltration of Litorina-derived groundwater
accounts partly for the transient between pore water and fracture groundwater down to
300 m depth. On the other hand, marine pore water signals tens of metres away from
transmissive fractures may indicate an older, pre-Weichselian input of sea water-derived
groundwater in the bedrock.
The same three main components (i.e. dilute meteoric water, sea water, non-marine Clbearing water) as identified in drillhole OL-KR47 are also found in pore water from
samples from the sub-horizontal drillhole ONK-PH9. As observed for the other
localities, transient conditions between pore water and fracture groundwater with
respect to Cl are also established here. Thus, the time since present-day, brackish SO4type groundwater has circulated within the HZ20B has been insufficient to attain similar
chemistries between fracture groundwater and pore water in the rock matrix several
decimetres to a few metres away. However, the pore water concentration profiles, which
originate from hydraulic zone HZ20B, yields a better resolution with respect to the
influence of Littorina-derived brackish SO4-type groundwater matrix water adjacent to
HZ20B (Figure 7-30). The results indicate that salinity is approaching equilibrium
between matrix and fracture groundwater at the margin of HZ20B. The δ18O and δ2H
values (Figure 7-32) suggest the influence of meteoric water of at least one cold
climatic event and one old event with warmer infiltration conditions than those
prevailing today. The cold climatic fresh water component in pore water might be
similar than that preserved in subglacial reference water (Table 7-2). These findings are
consistent with those of drillholes OL-KR39 and OL-KR47, where a similar influence
of different fresh water components was detected in the pore water.
Transient conditions between pore water and fracture groundwater in the particular
system are also detected for dissolved methane and helium in the HZ20B zone bedrock
system encountered by drillhole ONK-PH9 (Figure 7-34). This indicates that the
circulation of present-day low CH4, low He groundwater in the HZ20B zone has been
too short to achieve similar level between the two reservoirs; and CH4 and He are
currently transferred along a chemical gradient from the pore water into the fracture
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groundwater. The variable hydrocarbon signatures in pore water along the profile
indicate the influence of different hydrocarbon forming processes (bacterial vs.
abiogenic). Similar compositional variations are also found in fracture groundwater
from the intermediate bedrock zone (Pitkänen & Partamies 2007; cf. Section 7.4.4) and
in fluids entrapped in fluid inclusions (cf. Eichinger et al., 2010a, 2012). The He
background concentration of pore water is best represented by a sample taken at great
distance (55 m) from HZ20B. This sample is not measurably influenced by the recent
groundwater flowing in HZ20B and its He concentration is ten times higher than that of
groundwater from highly transmissive fractures, but in the same range as in
groundwater from lower transmissive fractures at similar depth (Figure 7-12).
Deep bedrock interval (400-800 m b.s.l)

Pore water samples from this depth interval are only available from drillhole OL-KR47
and from the final 25 m of drillhole OL-KR39 at present. This bedrock interval is
characterised by a very low frequency of water-conducting fractures (only 4 waterconducting fractures detected in drillhole OL-KR47 between 400 m and 800 m) with
transmissivities between 1.1*10-9 to 1.1*10-8 m2/s. The distances between pore water
samples and water-conducting fractures vary from < 5 m to more than 50 m.
Pore water in this interval appears to be composed of relatively dilute meteoric water
and a non-marine Cl-rich water component, based on its Cl composition and Cl/Br mass
ratios (Figure 7-30, 7-31). Fracture groundwater and pore water are in a transient state
with respect to Cl. Thus, the time since saline groundwater has circulated in the deep
fracture systems seems not yet to be sufficient to reach equal concentrations. Pore water
Br/Cl mass ratios are in the same range as those of fracture groundwater, suggesting the
same non-marine Cl source (Figure 7-31). Stable isotope signatures of deep pore water,
which are more enriched in heavy isotopes compared to those of fracture groundwaters
(Figure 7-32, 7-33), suggest the preservation of a dilute meteoric water component(s)
which was formed under moderate to warm climatic conditions. The transient state
between pore water and fracture groundwater and the strongly variable distances
between the two reservoirs reveal that the time when such dilute meteoric water(s) has
circulated must have been in the range of hundreds of thousands to millions of years,
which may have lasted in parts of bedrock until few ten thousands of years before the
present, according to the diffusion model presented in Figure 7-29.
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Figure 7-34.The hydrocarbon C1/(C2+C3) ratio (a) and concentrations of methane (b)
and helium (c) of pore water and fracture groundwater from core samples from the
fracture profile in the horizontal drillhole ONK-PH9 at 306 m b.s.. The blue area in the
upper diagrams assigns the end of the highly transmissive zone HZ20B. The positions of
water-conducting fractures are shown at the bottom (d). The cumulated errors of pore
water CH4-concentrations and C1/(C2+C3) ratios are ± 24% and ± 25%, respectively.
The cumulated errors of He concentrations are -22% and +32%. Fracture positions
and their transmissivities are plotted according to Karttunen et al. (2010).
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7.3.8 Palaeohydrogeological modelling

Modelling the evolution of the hydrogeological and hydrochemical situation over the
last 8000 years (the Holocene) provides a means to test the understanding of the various
parts of the overall site description. Understanding of how palaeo-climate has evolved
during the period implies changes to surface topography, sea level and sea water
salinity, and hence changes in boundary conditions on the hydrogeological system.
These changes imply changes to the groundwater flow system that in turn will modify
groundwater composition through mixing (as well as water-rock interactions) and a
density-dependent flow system.
The hydrogeological modelling described earlier in this report (see Chapter 6) is based
on a very large body of hydrogeological data collected at the site over more than the last
twenty years. Utilizing the large and detailed datasets in the modelling has been
facilitated by the great and progressive developments in computing resources and
numerical modelling techniques over this time.
For the palaeohydrogeological flow modelling described in Section 6.9, based on a
study by Hartley et al. (2012a), the initial state was set to 8000 BP, which represents the
peak salinity of the then Littorina Sea. The initial state assumes a mix of brine and
glacial waters and a relic Subglacial groundwater in the upper bedrock. Brine is
dominant below −600 m and deeper, glacial −200 m and higher, whereas Sub-glacial is
predominant below −200 m down to −600 m (Figure 6-71). This initial state was the
same for groundwater and porewater. Thus, no disequilibrium between the water in a
flowing fracture and adjacent rock matrix is imposed at the initial state. Two more end
members, the Littorina sea water and meteoric water, represents water types that are
brought about by external conditions, but are not introduced within the flow domain at
the initial state. Boundary conditions correspond to our understanding of the Littorina
Sea stage, taking into account the evolving salinity and the enlarging land mass area of
Olkiluoto Island.
From the initial state, the mixing of the reference waters is governed by groundwater
flow described by the flow equation satisfying Darcy’s Law and by the transport of
dissolved solids modelled by the advection-dispersion equation, in which matrix
diffusion is also considered. Hartley et al. (2012a) found that the key parameters for the
palaeohydrogeological evolution are the bedrock hydraulic conductivity in the top 100
m and the fracture surface area, affecting both the rate of rock matrix diffusion and the
depth into the matrix that can be accessed in a given time, and hence the retardation of
the mixing front.
From the initial state until the time the highest peaks of Olkiluoto Island started to
emerge from below the sea c. 2500 yrs ago, groundwater flow is driven by the density
difference of the saline Littorina sea water. For a period of 5500 years the Littorina sea
water intruded in the upper parts of the bedrock at Olkiluoto, while its transport deeper
was retarded and its concentration diluted by matrix diffusion. Dilution was further
effected by mixing, which the model describes in terms of longitudinal and transverse
dispersion lengths. The hydraulic driving force due to the Littorina sea water salinity is
weak, however, especially in relation to hydraulic gradients that progressively develop
along with continuing land uplift. These much stronger hydraulic gradients lead to a
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quick introduction of fresh waters in the topmost layer of the bedrock within the
enlarging perimeter of the island. According to the results of the numerical flow
modelling, remnants of Littorina sea water still persist in the bedrock today and the
model predicts their dominance in the groundwater surrounding Olkiluoto Island.
While within the Island's perimeter the uppermost 300 m has been influenced by
changes in the hydrogeochemical environment over the last 8000 years, deeper in the
bedrock the groundwater flow circulation has been much more stagnant. The regime
dominated by brine at the initial state stays practically unchanged over the modelled
time period of 8000 years (Figure 6-76).
The notion of very long residence times in the deeper groundwater regime has also been
inferred from the analyses of deep groundwater samples, which show a monotonic,
progressive increase in salinity with depth. This is consistent with the
palaeohydrogeological model that predicts a groundwater pressure which is essentially
hydrostatic – in good agreement with the pressures measured in the deepest drillholes at
Olkiluoto.
However, interpretations are in conflict with the palaeohydrogeochemical evolution of
the site, based on the interpretation of data from matrix pore water studies (as reviewed
in Section 7.3.7 and originally put forward by Eichinger et al. 2006, 2010a, 2012).
These interpretations were based on the conspicuous difference between the chemical
compositions of pore and groundwaters; especially their salinities. Whilst the
hydrogeological flow modelling would allow salinity differences to occur within the
topmost 300 m of the bedrock, this difference would typically show – apart from at
relatively shallow depths that in places still retain a major constituent of the Littorina
sea waters – less saline groundwaters and more saline porewaters since the initial state.
One would expect this situation to be preserved longer within the matrix pores, which
generally have greater water salinities than what would be expected today because of
the continuing freshwater infiltration. Deeper in the bedrock where brine resides no
such disequilibrium would ever emerge.
What has turned out has been surprising. Whilst the pore water studies show consistent
and large contrasts between the two water regimes, the porewaters are also consistently
less saline. The porewater salinity is roughly 30% to 40% of the salinity in nearby
fracture waters.
In principle, it is quite straightforward to explain such a difference in chemical
composition, by assuming that it is an indication of a diffusion process that will tend
towards an equilibrium, but that data have only been obtained when this equilibrium is
still far in the future (except for a few samples from shallow depths). However, the fact
that the pore waters are so much and so consistently less saline poses a dilemma, as it
means that the depiction of an almost stagnant deep groundwater environment is
unavoidably incorrect and that the highly saline groundwaters must have entered the site
relatively recently.
It also is important to note that while Eichinger et al. (2006, 2010a, 2012) argue for the
transient state of the concentration contrast between groundwaters and porewaters and
evaluate the associated transient time scales against distances between porewater
samples and the nearest intersecting fracture, the field data fail to corroborate any such
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dependency. In other words – apart from the interpreted diffusive profile around
hydrogeological zone HZ20B (see Chapter 6) – there is no conclusive correlation
between the distance from a fracture and the concentration difference between
groundwater and porewater. Furthermore, it is difficult to reconcile the great
groundwater salinities with a hypothesis of their relatively recent intrusion: what could
possibly be their origin? It is evident that they cannot originate from the Littorina sea
water, as it has not been nearly saline enough, nor from any sea water, as marine
chemical signals are absent in the saline groundwater. Instead some – hypothetical –
very deep and very saline water source would need to be assumed and the hydraulic
gradient driving such deep upward flow should also be explained. Thirdly, the average
spacing of flowing fractures is likely to be much smaller than, say, 10 m, rendering the
time scales for equilibrium quite short; albeit in the deep bedrock of Olkiluoto such
fractures would have a very low transmissivity (below 10−9 m2/s), and could occur in
clusters (cf. Chapter 6).

Figure 7-35. A simple single fracture set-up, dimensions and initial state, which were
applied in test calculations for matrix diffusion time scales. Salinity depth profiles (solid
lines) were estimated from current fracture groundwater (Figure TDS/Depth) and pore
water data. Pore TDS values were assumed to be 1.6*pore Cl concentrations (Figure 736), which is the normal ratio in brackish and saline fracture groundwaters. Fracture
water and the fitted matrix water profiles (0.4*fracture water) were applied as the
initial state for the fracture water in test simulations, whereas the latter profile was only
applied to the matrix. Further information of test simulations in Smellie et al. (2013).

In order to test some hypotheses which might help in reconciling the conflicting
evidence, a further suite of simple analytical and numerical computations have been
performed (Figure 7-35; Smellie et al. 2013). It is now postulated that groundwater flow
at Olkiluoto, especially the displacement of groundwater salinity, is driven by a regional
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gradient. By this, it is meant that the hydraulic gradient is brought about by the
undulation of the water table on the length scale of tens of kilometres and greater.
The current groundwater flow model (Chapter 6, Hartley et al. 2012a) would not allow
the regional groundwater flow field to emerge, even at depths. Whilst it can be accepted
that at very great depths (a few kilometres and deeper) the regional gradient may
overcome the hydraulic gradient due to 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 developed 2500 to 2800 years ago when
the highest parts of the island 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. At times greater than 2500 to 2800 years ago Olkiluoto was
submerged, thus no site-scale hydraulic gradients were present; and the stage of
submersion had started several thousand years earlier, along with the withdrawal of the
Weichselian ice sheet at Olkiluoto. Whilst it is not known whether such conditions had
allowed regional groundwater flows to prevail within the topmost 1000 m of the
bedrock at Olkiluoto, for the current purpose it is assumed 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 it is assumed it
would be of the same order of magnitude as that of the current coastal area: over a
distance of 100 km inland the surface attains an elevation of 100 m, roughly
corresponding to a gradient of 0.1%. A further simplification is that the hydraulic
conductivity of the deep rock at Olkiluoto is K = 10−10 m/s. Multiplying this by the
gradient of 0.1% yields a Darcy flow rate of 10−13 m/s. Such a very low flow rate is
below any possibility of direct observation.
After performing a suite of scoping calculations over the time period from 10 000 to
100 000 years, parameter values were obtained: a diffusion porosity of φm of 0.4 to
0.6% and a matrix pore diffusivity of Dp=1·10–12m2/s to 4·10–12m2/s. These values
appeared 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 1000 m (Figure 7-36a,b; Smellie et al.
2013). It is noted the pore diffusivity that is found is clearly lower than diffusivities
determined in laboratory samples (cf. Section 7.3.7). If the same value for the
diffusivity were used, the salinity contrast between fracture and matrix would mainly
disappear (Figure 7-36c,d) without the possibility of compensating for its large diffusive
transport by changing some other transport parameter in a suitable/realistic way (φm =
0.2% was tested in this case). All test calculations suggest that laboratory experiments
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 Olkiluoto,
while the regional upward Darcy flux would need to be confined between 10−13 m/s and
10−14 m/s.
Laboratory out-diffusion experiments on rock samples provide an estimate of the bulk
diffusion coefficient. Numerous results have shown that the average parameter values
for hand specimens thus obtained are not likely to be agreement with the coefficients
associated with the complex mechanism of diffusion in situ as a function of the internal
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heterogeneity of crystalline rocks, such as migmatitic mica gneisses and pegmatite
granite at Olkiluoto. The conductive pore network of some crystalline rocks from
Olkiluoto consists mainly of nanometer scale pores, indicating the likelihood of an
anion exclusion mechanism for chloride diffusion, as observed in through-diffusion
experiments in 90s (Valkiainen et al. 1995, Kaukonen et al. 1997, Olin et al. 1997,
Klobes et al. 2006). If a significant part of void space is at the nanometer scale, the pore
volume which is accessible to anions due to electrostatic forces between anions and
negatively charged mineral surfaces will also decrease. The sericite infilling generally
observed in microcracks in Olkiluoto rock samples (Eichinger et al. 2006, 2010a, 2012,
Siitari-Kauppi et al. 2010a,b) increases the potential significance of anion exclusion.
Furthermore, diffusion of elements under in situ conditions seems to be lower compared
to the laboratory results (Möri et al. 2008, Kelokaski et al. 2010).

a)

b)

c)

d)

Figure 7-36. Examples of simulated salinity evolution with two pore diffusivities (Dp)
and diffusion porosities (φm) in fracture groundwater (a and c) and corresponding
salinity in matrix porewater at 500 m depth (b and d). Steady state is set between
fracture and matrix groundwater salinities at the initial state (t=0a). The desired
outcome is where the curves t =100 000a (a and c) are close to the fitted fracture water
profile (Figure 7-35). The salinity contrast is reasonably sustained if a low pore
diffusivity value is chosen (b), whereas the contrast almost disappears if values of
diffusivity determined in laboratory are used (d). Lower values of Dp and φm further
intensify the development of the salinity contrast.
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All these observations tend to limit in situ diffusion for chloride in bedrock and are
evident uncertainties for estimating solutes diffusion between groundwater in matrix
pores and fracture water.
The pervasive dominance of dilute matrix porewaters in the bedrock requires a long
warm climate period of hydraulically stable conditions, probably on a million year
timescale, to develop (Smellie et al. 2013). If upwelling of brine-saline groundwater
from great depths has a controlling role in the concentration contrast between matrix
porewater and fracture groundwater, this inevitably invokes the question as to why such
upwelling has only started to influence this concentration contrast during the last glacial
period, as is suggested by the results of the porewater studies (Section 7.3.7 and Figure
7-29). Several glacial cycles in Finland during the Quaternary have presumably resulted
in similar hydrogeological conditions, with cool climate meteoric infiltration and marine
stages. However, no clear signals of them can be observed in the deep bedrock
porewaters, where brackish Cl-type and saline groundwater dominate in fractures today.
This suggests that the evolution of saline groundwater in fractures and its complex
diffusion into the matrix may have taken much longer than is suggested from the
interpretion of the porewater studies alone. Helium results from brackish Cl-type and
saline groundwaters and from pore waters (Section 7.3.4 and 7.3.7) suggest possible
equilibrium between fracture and pore groundwaters and also that millions of years
would be required to develop the He profile (Delos et al. 2010).
7.3.9 Synthesis of palaeohydrogeological evolution

The Olkiluoto site has had a complex geological and environmental history from the
Precambrian until the Quaternary. The Quaternary has been dominated by 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 site.
Fluid inclusions in quartz grains and fracture calcites indicate variations in salinity from
1 to 32 wt.% (NaCleq) in the 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
concentration of divalent cations, probably of Ca, as is observed in the most saline
groundwaters at present.
Data from quartz fluid inclusions and from fracture calcites and pyrites (Eichinger et al
2010a, 2012, Sahlstedt et al. 2010, 2012 a,b) show that reducing methanic and sulphidic
redox conditions, as indicated for conditions in the past by methane in fluid inclusions
and by high 13C values in fracture calcites associated with pyrite, and for present
conditions by sulphide- and methane-bearing groundwaters, have alternated over
geological times. Today, they divide the hydrogeochemical system at about the –300 m
level, with sulphidic redox conditions prevailing above this depth. In contrast, the latest
fracture calcite fillings indicate that in the past (more than few tens of thousands years
ago) methanic conditions prevailed in the upper part of bedrock. Well-preserved
sulphide and calcite grains and the Mn content of the latest calcites also show that
infiltration of reactive waters (low pH and/or oxygenated) has 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 a sufficient buffering capacity of the water-rock system
against aerobic infiltration have been a constant feature of the site and still continue
today.
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Investigation results from matrix pore waters and fracture groundwaters indicate at least
five to six different end-member water types that have contributed to the 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: meteoric and marine waters from glacial to warm, and humid
to arid climates. The interpreted end-member waters are:
Ancient brine, which is possibly an evaporitic residual fluid from the late Palaeozoic
period (e.g. Permian Zechstein Sea) interacted and become altered in the bedrock.
Highly saline fluid inclusions in fracture calcites potentially depict remnants of this
period. Brine signatures are dominant in saline and brackish Cl-type groundwaters and
are also strengthened in matrix pore waters below 150 m depth.
Warm climate, fresh water, which has infiltrated most probably during Tertiary times.
It has been interpreted from matrix pore waters, 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 hydrological conditions.
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 in Figure 7-2
and Figure 7-8. Subglacial water (Table 7-2, Figure 7-8) of brine dilution is the best
reference of this water end-member. This end-member could also be a mixture of glacial
and warm climate waters (c.f. above). Subglacial signals are also observed in a few
matrix pore water samples down to intermediate depths in the bedrock.
Glacial meltwater, which infiltrated during Weichselian glaciation, is an important
component in brackish groundwaters to 250 m depth and indications of its presence are
observed occasionally in matrix pore waters at shallow to intermediate depths.
Marine water infiltrated from the Littorina Sea is observed in brackish SO4- and
HCO3-type groundwaters, where it is the major salinity source. Matrix pore waters show
Littorina-type signatures (Br/Cl, stable isotopes) at corresponding depths, as fracture
groundwaters, but also diluted marine signals in a few cases from 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.
Recent cool climate meteoric water dominates in fresh and brackish HCO3-type
groundwaters and at shallow depth in matrix pore waters.

Data from matrix and fracture groundwaters indicate congruent hydrogeochemical
evolution in the upper part of bedrock, where HCO3- and SO4-rich water types dominate
fracture groundwater (<300 m depth). 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 in 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 8000 years old
and decreases with depth and with transmissivity. Attainment of steady state by
diffusion over this time period between the matrix and the increased salinity in fractures
could only be expected if the distance between transmissive fractures is small, less than
2 – 3 m, due to uncertainties of in situ diffusion in the bedrock and the real residence
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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, although the interaction time of
Littorina-derived groundwater in this case (at a depth of 300 m) is almost certainly less
than 8000 years.
The circulation of brackish SO4-type groundwater is limited to transmissive fractures
between 200 and 300 m depth, whereas brackish Cl-type groundwater dominates in less
transmissive fractures over the same depth range, and progressively changes to the
saline groundwater type with depths around 400 m. These brine-derived fracture
groundwaters generally have a very long residence time in the bedrock (Frape et al.
2005). However, there is a systematic difference between the matrix pore groundwater
and the brine type fracture groundwater down to the depths studied so far. At these
depths, diffusion distances between pore water samples and transmissive fractures are
long (mainly >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 729).
The brine seems to be older than the warm climate meteoric water. This suggests that,
following the infiltration of brine into the fractures, it was possibly displaced to greater
depth in the bedrock by warm climate meteoric water. To dilute the matrix pore waters
at depth required a long period of hydraulically stable conditions – perhaps 105 to 106
years. The observed current transient conditions between pore water and fracture
groundwater at these depths suggest that saline groundwater may have been
subsequently slowly upwelling through the fracture system. According to the
interpretation of diffusion lengths (Figure 6-5), such a process would appear to be
plausible, perhaps since pre-Weichselian times (105 years and less). These
hydrogeological conditions have been simulated within the time frames interpreted from
pore water results, with the assumption of a slow upwelling of saline groundwater and
with current porewater salinity at a steady state as the initial groundwater conditions.
However, simulations indicate 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 (order of 105 to 106 years) than are
suggested in Figure 7-29. High He concentrations in fracture groundwater and similar
contents in pore water and brackish Cl-type groundwater at 300 m depth also suggest
millions of years interaction times.
Matrix pore waters in the brackish Cl and saline fracture groundwater zone do not,
however, show clear indications of cool to cold climate meteoric waters, typical of the
Quaternary period in Finland. Several hypotheses might explain this. The upwelling of
saline groundwater may have hindered the infiltration of Quaternary meteoric waters to
depth 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, such as those during
the early Weichselian (116 – 70 ka ago, c.f. Chapter 2) are also missing from
intermediate and deep porewater data, although such signals are observable in fracture
groundwaters (trend of brine dilution; Figure 7-8).
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The modelling of the data from matrix pore water studies from fracture groundwater
samples and from hydrogeological measurements results in conflicts between the
interpretations of the palaeohydrogeological evolution in the deep, saline groundwater
system. The problems are probably consequences of the simplified initial and boundary
conditions used in each of the models and are reflected in the rate of evolution of the
palaeohydrogeological system. However, a certain range of evolutionary rates can be
estimated according to the models. The results suggest that the interaction between
saline groundwater and pore water has evidently taken place over a long period, but to
approach a steady state between fracture and pore groundwaters is probably a slower
process under in situ bedrock conditions than is indicated from the pore water results
alone (Figure 7-29), due to heterogeneities in pore diffusivity in migmatitic lithology
over scales of metres to tens of metres. Therefore, the maximum evolutionary rates
calculated from pore water studies may be an order of magnitude longer in such
conditions, as suggested by flow simulations and also missing Quaternary signals in
pore water data and He data.
The evolutionary scenario includes uncertainties, which cannot be fully explained by the
presently available data. For example, hydrogeological data do not indicate present day
upwelling, although the regional gradient, which would result in a hydraulic head
difference below the detection limit, could be the driving force. Thus, the possibility of
regional groundwater flow, able to move deep saline water under the regional gradient
from higher altitude inland areas to discharge at coastal area, cannot be excluded. It is,
however, noteworthy that the occurrences of saline groundwaters are not limited to
coastal areas of Finland (Blomqvist 1999 and references therein) and are even observed
on regional water divides, e.g. at Miihkali, Juuka and Tipasjärvi, Sotkamo in eastern
Finland. Hydraulic head data obtained from deeper than the existing drillholes or from
below the sea at Olkiluoto may give more precise information on the potential regional
gradient, because such measurements are probably not disturbed by local head variation
on the island.
There is no clear dependence on the distance between the pore water samples and the
nearest observed transmissive fracture in the drillholes, which further highlights the
complexity in interpreting the pore water-fracture groundwater system. Significant
heterogeneity in the diffusion properties of Olkiluoto rock types and in the lithology
around transmissive fractures, together with potential anion exclusion in matrix pore
space (Valkiainen et al. 1995, Kaukonen et al. 1997, Olin et al. 1997, Klobes et al.
2006), may impede a straightforward evaluation of the evolution of the salinity between
rock fractures over long distances in the intact bedrock. The results of hydrogeological
simulations indicate a clearly lower diffusivity in matrix pores than that measured from
hand specimens in the laboratory, which further emphasises the potential factors that
could restrict in situ diffusion in the bedrock. Anion exclusion may even prevent the
development of similar salinities in pore waters to nearby frature water, although steady
state conditions would dominate in the anion accessible pore volume, which is limited
by electrostatic forces in comparison with water-filled pore space.
These uncertainties may be assessed by a well-defined pore water profile extending
from a transmissive fracture into the undisturbed rock matrix. The study should include
a detailed description of the porosity, with measurements to specify anion exclusion and
diffusion modelling exercises to simulate system evolution. Extending the pore water
and fracture water studies deeper in the rock mass from transmissive fractures, where
presumably longer interaction times between saline groundwater and matrix porewater
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can be expected, may shed light on the importance of the factors that restrict diffusion in
the rock.
7.4

Hydrogeochemical conditions

The interpretation of hydrogeochemical data indicates that the mixing of the various
waters that have infiltrated over geological time has controlled the wide salinity
variation in the groundwaters at Olkiluoto under low temperature conditions. However,
although chemical interactions are associated with considerably less mass transfer
compared to the mass changes due to these mixing processes (e.g. Pitkänen et al. 2004),
such interactions stabilise pH and redox conditions by buffering reactions in
groundwater. Chemical interactions may include either inorganic or microbiallymediated reactions between dissolved solids and gasses in water or at water-rock
interfaces. Typically, minerals in rock and fractures possess the most extensive
buffering capacity against infiltrating reactive agents such as CO2 and O2, and stabilise
pH and redox states at near neutral and anaerobic conditions. Organic debris in the
overburden and dissolved species, such as CH4 and SO4 in certain groundwater types,
may also possess a notable redox capacity that also helps stabilise the chemical
conditions at Olkiluoto.
The characteristics of the shallow groundwater are particularly important for evaluating
the chemical buffering processes, which stabilise hydrogeochemical conditions during
recharge (Pitkänen et al. 1999a, 2004). Understanding the hydrogeochemical changes in
shallow groundwaters is an initial step to understanding groundwater evolution, both
under varying climatic conditions and in evaluating geochemical impacts during the
operation of the repository. Hydrogeochemical interactions are generally common under
different conditions, but their status varies due to reaction kinetics, temperature and
system dynamics. The deep groundwater system is stable and chemical interactions are
insubstantial, if the system is not disturbed by the mixing of groundwaters with different
thermodynamic states. The transition zone from SO4-rich to CH4-rich groundwaters
forms a potential metastable system, if waters are mixed, because sulphate and methane
represent different redox states. Microbes may activate the equilibration between these
systems, which may result in further interactions that achieve chemical equilibrium in
the groundwater system. Similarly H2, that represents a lower redox state than
groundwaters at the site, may activate microbial reactions if it migrates from great
depths into the system. The following results and discussions concentrate mainly on
shallow groundwater observations and on the redox state issue.
7.4.1 Interaction of major ions

The concentrations of major elements and their variations in groundwaters reflect, in the
main, the mixing of different source waters. However, during infiltration, water-rock
interactions, as a result of weathering processes, play a major role in increasing the
input of solutes to the 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. Oxygen is derived
from the atmosphere, whereas CO2 is mainly generated in biological processes by
aerobic oxidation of organic carbon (plant debris and respiration), which probably
consumes the majority of the oxygen from the recharging water (Eq. 7-1). The pH
value, which expresses the proton activity; -log(H+) in groundwaters, is controlled by
the sensitive equilibrium of dissolved CO2 (carbonic acid) and its dissociation products
(bicarbonate and carbonate ions). Therefore, carbonic acid as a proton source is the
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major agent in weathering, dissolving minerals and increasing the salinity during
infiltration (Eq. 7-2 and 7-3).
Formation of carbonic acid from organic carbon (CH2O) and its
dissociation:
CH2O + O2  CO2 + H2O ↔ H2CO3 ↔ H++ HCO3- ↔ 2 H++ CO322+

CaCO3 + H2CO3  Ca

Calcite

+ 2HCO3

-

Eq. 7-1
Eq. 7-2

Na0.8Ca0.2Al1.2Si2.8O8 + 1.2 H+ + 0.6 H2O 
Plagioclase
0.8 Na+ + 0.2Ca2+ + 0.6Al2Si2O5(OH)4 + 1.6 SiO2

Eq.7-3

Kaolinite

The significance of weathering is observed when comparing groundwater data with the
sea water dilution line (Figure 7-37). Chloride is a well-known conservative ion in
hydrogeochemical interpretation and, therefore, generally used as a variable against
which other parameters are evaluated. The main cations and anions are interpreted as a
function of Cl and compared with the sea water dilution line, in order to estimate
potential sinks and sources for each ion, relative to the major salinity source in the upper
part of the bedrock at Olkiluoto. Figure 7-37a-h show an early enrichment compared
with diluted sea water compositions for all major ions, indicating notable sources of
dissolved solids by weathering processes during infiltration. It is noticeable that cation
concentrations reach the 4 meq/L limit in infiltrating groundwater (Figure 7-38a) above
which bentonite is not sensitive to dispersion (Posiva 2012).
The results cannot specify the actual sources that have dissolved to result in an
increased salinity, however, it is probable that the dissolution of calcite (as a source for
Ca, HCO3), sulphides (Fe, SO4) and silicates (SiO2), such as plagioclase (Na, Ca) Kfeldspar (K) and biotite (K, Mg, Fe) or their clayey alteration products chlorite (Mg,
Fe), illite (K, Mg) and sericite (K) are the most significant in this regard, according to
information on the mineralogy of the rocks (cf. Chapter 4). Isotopic results of dissolved
carbonate, SO4 and Sr will give more information on primary dissolution processes (see
Section 7.4.3).
The primary dissolution of minerals and the decay of organic debris probably occur
partly above the groundwater table, according to the results from infiltrating waters
from the unsaturated zone (Haapanen 2009 pp. 28-37 and 179-187, Käpyaho et al. 2012
(Infiltration Experiment; draft)). The system is open for gas exchange between water
and the soil atmosphere, which allows the continual input of CO2 and O2 into seepage
water, activates weathering processes and further increases salinity in shallow
groundwaters. The high initial enrichment of HCO3 and SO4 in shallow groundwaters
(Figure 7-37 g,h) suggests the significance of an open system interaction in the early
hydrogeochemical evolution at Olkiluoto (Pitkänen et al. 2004, Posiva 2009). Salinity
enrichment of groundwater during infiltration may be a very complex process, due to
the temporal variation of the groundwater table, which may cause evaporation of pore
water and occasional precipitation of minor secondary salts in the pore space. Cation
exchange and potential precipitation/dissolution of secondary salts above the
groundwater table may cause further local variation in groundwater composition,
depending on the hydrological conditions.
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Cation exchange is evidently an important process in an aquifer, which has been
exposed to salinity changes by sequential meteoric and sea water intrusions (e.g.
Nordstrom 1986, pp. 47 - 52, Appelo & Postma 2005, Chapter 6). Generally, a higher
charged ion is preferred on the exchange site in the case of exchange with heterovalent
ions, if total solute concentrations decrease. The controlling role of cation exchange is
well established in the linear ancient dilution trend of saline groundwaters to brackish
Cl-type groundwaters, (Figure 7-38a). The increase of Na–Ca ratios indicates that Na is
favoured in solution instead of Ca, which is taken up by the exchanger formed by
fracture minerals during dilution. The reverse process occurred when Na-rich Littorina
sea water infiltrated the dilute upper groundwater system, which resulted in the uptake
of Na and the release of Ca to the groundwater. This is observed as lowered Na–Ca
ratios in brackish SO4-type groundwaters compared to sea water values. The role of
cation exchange is not as evident for Mg and K ions, partly due to their low
concentrations. There does not appear to be any correlation between Na and Mg in
saline and brackish Cl-type groundwaters, and thus no support for any control by cation
exchange between these ions, leaving Mg control open in the deep, old groundwater
system. Potassium and Na decrease, with an approximate ratio of 1:1, from saline to
brakish Cl-type goundwaters, which may indicate similar cation exchange control of K
concentrations as between Ca and Na during ancient dilution.
The cation system is more complicated in HCO3-rich groundwaters, because mineral
dissolution has also a significant influence on the behaviour of cations in fresh
groundwaters. Relatively high levels of Ca, Mg and K, compared to Na, are dissolved in
early weathering reactions in HCO3-rich groundwaters (tendency to the right in Figure
7-38). Sodium seems to be increased slightly later and the contents of Na and Ca cations
increase rapidly in shallow groundwaters up to 100 mg/L (i.e. over the 4 meq/L limit
needed for bentonite stability) (Figure 7-38a). The input from water-rock reactions and
sea water is reflected significantly in Mg and K concentrations, as indicated by their
initial enrichment in fresh groundwaters and by the movement of brackish SO4-type
groundwaters towards a sea water composition (Figure 7-38 b and c).
pH and Eh conditions

The pH and Eh values of groundwater samples (Figure 7-39) are important parameters
in developing an understanding of the hydrogeochemistry of the site. However, these
values are dependent on the hydrogeochemical interactions and reflect the chemical
dynamics in the system, therefore it is important to understand those processes, which
control pH values and redox conditions. The reliable measurement of Eh in natural
waters with near neutral pH is known to be demanding and, in particular, the actual
redox couple behind the measured Eh value is often unclear, due to the low contents of
species (e.g. Appelo & Postma 2005). This also favours the approach of examining the
pH and redox conditions (and their influence on repository safety) through sensitive
species, detailed fracture mineral information and thermodynamic calculations.
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Figure 7-37. Contents of main dissolved solids a) Na, b) Ca, c) Sr, d) Mg, e) K, f) SiO2,
g) HCO3 and h) SO4 as a function of Cl in shallow, HCO3- and SO4-rich groundwaters
at Olkiluoto. Sea water dilution line indicated.
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Figure 7-38. Relations of a) Ca, b) Mg and c) K with Na in groundwaters at Olkiluoto.
Sea water dilution line and ancient dilution line (cf. Figure 7-14) indicated. Dashed
curve indicates cation charge equivalents of 4 meq/L, which is considered to stabilise
bentonite against dispersion (Posiva 2012).

590

Figure 7-39. Measured pH with a) depth and b) Eh values in Olkiluoto groundwaters.
Theoretical SO42-/HS- equilibrium lines (25C) are calculated for total dissolved
sulphur contents: upper 5 mmol/L and lower 0.1 mmol/L correspond to total S contents
in SO4- rich and SO4-poor groundwaters, respectively. Grey lines represent ±100mV
uncertainty for the theoretical SO42-/HS- equilibrium.

The results of pH measurements in groundwaters at Olkiluoto show an initial increase at
shallow depths, which supports the assumption that the dissolution of calcite and
silicates buffers the input of CO2 from aerobic respiration and the decay of organic
debris (Equations 7-1, 7-2 and 7-3) and also the potential acidification caused by
oxidation of mineral sulphides in the overburden and in the uppermost part of the
bedrock. Deeper in the bedrock, the pH of groundwaters is stabilised under slightly
alkaline conditions. This appears to be controlled by the equilibrium of calcite with
groundwater, which is indicated by the occurrence of fracture calcites and from the
results of solubility calculations (Pitkänen et al. 1999a, 2004, Andersson et al. 2007,
Posiva 2009, cf. Section 7.4.5). Therefore, the pH reflects the DIC and Ca concentration
trends in the groundwater types: brackish Cl-type groundwater shows the highest pH,
due to a very low DIC and relatively low Ca (Figure 7-8), and pH values tend to
decrease in saline groundwater as the Ca content increases strongly, because the
equation of calcite dissolution (Eq. 7-2) tends to proceed left to conserve equilibrium.
Correspondingly, the higher DIC and Ca contents in brackish SO4-type groundwater are
reflected in lower pH values than in brackish Cl-type groundwater. The small variation
in the results is due, in part, to the analytical uncertainties in samples with very low
carbonate contents and to the sensitive behaviour of dissolved CO2 in groundwaters
with either very high or low DIC values during sampling (cf. Section 7.4.5). Detailed
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analyses of fracture calcites (Section 7.3.2) show that the near neutral pH with calcite
equilibrium in the bedrock has endured over long periods of time. The pH values are
examined in more detail with thermodynamic equilibrium calculations in Section 7.4.5.
The variability of Eh values (Figure 7-39b) is evidently more unclear than pH.
Hydrogeochemical results show that the prevailing redox pairs that seem to control the
redox state at Olkiluoto are SO42-/HS-, CO2/CH2O (DOC with C(0)) and CO2/CH4,
which either do not respond to Pt or Au electrodes or respond only partially, as do some
species in the whole SO4 reduction series (Macalady et al. 1990, Appelo and Postma
2005). Ferrous iron, that may respond well to Pt and Au electrodes, shows reasonable
concentrations in some of the data; however, its redox pairs, either dissolved ferric iron
or FeO(OH) precipitates, are lacking in the deep groundwater system at Olkiluoto. The
measured Eh values should, however, clearly be negative for the observed pH range and
observed redox sensitive species. Thus the Eh data have been revised (Pitkänen et al.
2007a), with all positive values with measurable dissolved sulphide being discarded, but
still the Eh data are obscure.
Many of the data were measured during the 1990s, when technical problems regarding
the measurement of Eh had already been recognised. Recently, during the monitoring
phase, a better correspondence has been observed between both Eh values and the level
of the sulphur couple, and between the values measured, either with platinum or with
gold electrodes, which indicates an improvement in measurement techniques (cf.
Section 7.5 and Pitkänen et al. 2007b, 2008b, 2009, Penttinen et al. 2011). However,
deviations are still occasionally observed and therefore the measurement results should
only be interpreted as being suggestive of the actual conditions, as the precise control on
what is actually measured is frequently undefined in natural groundwaters.
Many Eh values deviate clearly from the level of the SO42-/HS- redox couple (Figure 739), which is considered to control Eh, at least in brackish groundwater types (Pitkänen
et al. 2004, Pitkänen et al. 2007a, Andersson et al. 2007, Posiva 2009). Brackish Cl and
saline groundwaters most commonly deviate from the ±100 mV confidence limits.
Sulphate and dissolved sulphide are generally missing or are very low in these
groundwaters, which on the other hand have significant contents of reducing methane
(Pitkänen & Partamies 2007). The Eh values are examined in more detail with
thermodynamic equilibrium calculations in Section 7.4.5 (cf. also Pitkänen et al. 2004,
Section 5.6).
All previous interpretations of redox-sensitive species, isotopes, gases and microbes
have already shown that the redox conditions in Olkiluoto groundwaters are anoxic,
except for a very shallow near-surface layer (Pitkänen et al. 2004, Pitkänen et al. 2007a,
Pitkänen & Partamies 2007, Posiva 2009). Fracture mineralogy and recent isotopic
results of fracture minerals indicate that groundwater conditions at depth have been
reducing (Gehör et al. 2003, Sahlstedt et al. 2009, 2010, 2012 a,b, Smellie et al. 2013).
Observations of scarce iron oxyhydroxides from fracture surfaces at depths in excess of
ten metres in the bedrock and the lack of corroded pyrites support the assumption of
long-term reducing conditions in the groundwater. Unaltered pyrite and other iron
sulphides are instead common in fractures throughout the investigated depth range,
indicating a strong lithological buffering against oxic waters over geological time (cf.
Section 7.3.2).
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Ferrous iron, sulphide and methane in groundwaters

The observable contents of dissolved ferrous iron (Fe2+), sulphide (HS-) and methane
are evident indicators of anaerobic conditions in groundwater and are not stable under
oxic conditions (e.g. Appelo & Postma 2005, Sections 9.3 - 9.4). Iron is soluble in acid
waters, but in near neutral and slightly alkaline groundwaters ferric iron precipitates as
iron oxyhydroxides (rust) under aerobic conditions. Correspondingly, sulphide and CH4
will be oxidised under aerobic conditions and, in particular, their microbial formation is
hindered, as long as oxygen is present in infiltrating groundwater.
Ferrous iron contents are relatively high in shallow groundwaters derived from the
overburden and the bedrock (Figure 7-40), indicating the presence of anaerobic
conditions immediately after recharge. Most of the shallow samples have pH values,
clearly greater than 6, indicating that the presence of ferrous iron is not due to acid
conditions in which ferric iron is also soluble (Pitkänen et al. 2007b, 2008b, 2009,
Penttinen et al. 2011). Many shallow groundwater samples also contain minor amounts
of dissolved sulphide (Figure 7-41), further indicating that anoxic and/or suphidic redox
conditions have already been reached at shallow depths.
The existence of high iron contents may be due to several processes. The dissolution of
iron silicates and the reduction of iron oxyhydroxides by anaerobic, microbial organic
carbon oxidation are the most probable processes operating under near-surface
conditions:
CH2O + 4FeOOH + 7H+ → 4Fe2+ + HCO3- + 6H2O

Eq. 7-4

Iron reduction is energetically favoured compared to SO4 reduction (Appelo & Postma
2005), and thus ferrous iron dominates over dissolved sulphide. An apparent sink for
aqueous iron and sulphide is the precipitation of iron sulphide phases, e.g. pyrite, as a
final product (Schoonen & Barnes 1991) that is insoluble in near-neutral conditions, as
indicated by Figure 7-40b. The contents of ferrous iron and dissolved sulphide show an
inverse relationship in groundwater samples and frequently one of them is below the
detection limit, which shows the significance of iron sulphide precipitation in limiting
the concurrent occurrence of these species.
Ferrous iron remains relatively high in groundwaters with a significant marine
component (brackish HCO3 and SO4 types), although a potential active source for iron
(iron oxyhydroxides) is lacking and although there is a notable amount of SO4 in
groundwater for dissolved sulphide. The high SO4 content of these waters is probably
able to minimise the content of organic carbon, which is a necessary energy source for
bacteria that can reduce SO4:
2CH2O + SO42- → S2- + 2CO2 + 2H2O

Eq. 7-5
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Figure 7-40. Dissolved ferrous iron contents with a) depth and b) dissolved sulphide at
Olkiluoto.

Dissolved organic carbon (DOC) is most probably consumed on the margins of the
groundwater body, due to the high concentration of SO4 and, consequently, dissolved
sulphide remains low and ferrous iron does not have a strict solubility limit. The content
of ferrous iron tends to be lowest between 200 to 400 m depth, mainly in brackish Cl
groundwaters, where dissolved sulphide contents reach maximum values (Figure 7-41).
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Figure 7-41. Dissolved a) sulphate, b) methane and c) sulphide contents with depth at
Olkiluoto.

Sulphide is enriched at the interface between SO4-rich groundwater and where the
concentration of CH4 correspondingly starts to show a notable increase (Figure 7-41). In
this zone, SO4-rich groundwater is mixed with elevated dissolved methane, typical in
brackish Cl-type and saline groundwaters, which results over the depth interval of 250 –
350 m in exceptionally high levels of dissolved sulphide - the result of a microbiallymediated reaction product. Microbial symbiosis of methanogens and sulphate reducers
has been suggested as using CH4 as an energy source in SO4 reduction (Niehwöhner et
al. 1998, Boetius et al. 2000), though other short-chain hydrocarbons are directly
exploitable for certain sulphate reducers (Kniemeyer et al. 2007). The potential for this
process is further discussed in the context of microbiology, carbon isotopes and
monitoring data of groundwaters (Sections 7.4.2, 7.4.3 and 7.5).
Deeper in the bedrock, where younger SO4-rich groundwaters have not penetrated,
ferrous iron show also higher values in brackish Cl-type and saline groundwaters
(Figure 7-40). High methane and other hydrocarbon concentrations are capable of
buffering redox conditions to very reducing, which do not favour the diffusion of SO4 to
greater depths, with the result that the ferrous iron concentration is not limited by
dissolved sulphide. The origin and accumulation of CH4 and other hydrocarbons are
discussed in Section 7.4.4.
Dissolved organic carbon (DOC)

Dissolved organic carbon (DOC) contents in deep groundwater are generally assumed
to be low (only few mg/L), due to high geomicrobial activity in shallow groundwater as should be the situation at Olkiluoto. The DOC content may be high in shallow
groundwaters with short residence times, because biological degradation of large
organic compounds, such as humic acid, is a slow process (Appelo & Postma 2005).
Bacteria break down such compounds in a step-wise manner, for example to forms of
acetic acid and H2, which are sequentially used by microorganisms mediating the
reduction of SO4 and iron oxyhydroxide.
The DOC concentrations at Olkiluoto have shown a strong scatter and uncertainties
were assumed to be associated, both with the sampling techniques and with the
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analytical methods employed (Pitkänen et al. 2007a, Posiva 2009). The most significant
problem with the DOC results was the contamination from the sampling hoses,
especially when the pumping rates were slow and where microbial growth has also been
observed. One drawback of the DOC laboratory analyses was that the method also tends
to measure hydrocarbons, the residues of which remain in brackish Cl-type and saline
groundwater samples at normal pressures. The method of analysing DOC has recently
been improved and the new treatment should remove most of dissolved gases from
water samples before measurement (Penttinen et al. 2011). Sampling from groundwater
stations and pilot holes in the ONKALO tunnel should also reduce the problems caused
by the presence of long sampling hoses and microbial growth in stagnant water
observed in surface-based drillholes.
The current data (Figure 7-42) still include similar uncertainties shown in the previous
Site Description (Posiva 2009). Contaminant release from sampling hoses is still
possible, particularly in samples from low transmissive sections.
High concentrations in shallow groundwaters are predictable and in fresh/brackish
HCO3-type groundwaters are acceptable, due to their short mean residence times (i.e.
significant young groundwater input). High DOC values are not only observed in rather
shallow groundwaters, but also frequently below the SO4-rich groundwaters, where, as
indicated above, there has been a notable contribution of hydrocarbon gases to the DOC
values. The number of deep groundwater samples treated with the new method is still
low, and therefore any detailed discussion will have to wait until a sufficient number of
samples is available. However, the data collected from drillholes in the ONKALO
(Figure 7-42) show systematically low DOC values (a maximum of a few mg/L or
below the detection limit) and generally indicate low DOC (other than hydrocarbon
gases) in deep groundwaters, as is postulated.
Brackish SO4-rich groundwaters exhibit mainly low DOC contents (Posiva 2009). Low
DOC values in these samples indicate that microbial redox processes are likely to be
limited in extent in the SO4-rich groundwater system, which supports the significance of
a high SO4 content in acting as an internal buffer in stabilising groundwaters.
Correspondingly, high DOC contents (other than hydrocarbon gases) are not believed to
exist in brackish Cl and saline groundwaters, as indicated by samples from the
ONKALO (Figure 7-42), due to the microbial activity of acetogens and methanogens.
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Figure 7-42. Measured dissolved organic carbon (DOC) contents with depth at
Olkiluoto. Presumable DOC level without hydrocarbon gases indicated by black line in
deep groundwaters is mostly based on ONKALO data. Four of these samples taken
below 300 m depth are actually below the detection limit (indicated with thin circle).
7.4.2 Microbiology

Microorganisms need energy sources and electron acceptors for an active life (Madigan
et al. 2008). In their metabolic processes, they oxidize and reduce groundwater
constituents, thereby influencing concentrations of dissolved solids and gases,
precipitation and dissolution processes, and pH and the redox potential. Organic carbon
and methane and reduced inorganic molecules, including hydrogen, are possible energy
sources. During the microbial oxidation of these energy sources, microbes preferentially
use electron acceptors in a particular order (Figure 7-43): first oxygen (Eq. 7-1), and
thereafter nitrate, manganese, iron (Eq. 7-4), sulphate (Eq. 7-5), sulphur, and carbon
dioxide are utilized (Pedersen et al. 2008a). Simultaneously, fermentative processes
may supply the metabolizing microorganisms with, for example, hydrogen and shortchain organic acids/carbohydrates. As the solubility of oxygen in water is low, input is
limited to unsaturated surface conditions, and because oxygen is the preferred electron
acceptor of many bacteria that utilize organic compounds in shallow groundwater,
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anaerobic environments and processes usually dominate at depth in the subterranean
environment (Pedersen et al. 2008b). Microorganisms oxidize organic carbon, including
methane and other hydrocarbons, to carbon dioxide and reduce dissolved nitrate to
gaseous nitrogen or to dinitrogen oxide; solid manganese and iron oxides are reduced to
dissolved species; and the sulphur in sulphate is reduced to sulphide. In addition, the
metabolic processes of some microorganisms produce organic carbon, such as acetate,
from the inorganic gases carbon dioxide and hydrogen, while other microorganisms
produce methane from these gases; all these processes generally lower the redox
potential, Eh. However, concentrations of reduced electron acceptors alone will not
reveal when, where, and at what rate the individual microbial processes take place.
Hence, robust, sound, and reproducible methods have been applied for determining the
types of microorganisms present in groundwater and for estimating the rates at which
microbial processes occur.
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Figure 7-43. Possible pathways for the flow of carbon in the subterranean Olkiluoto
environment. Organic carbon (green and red pools on the left) is respired to carbon
dioxide with oxygen (aerobic bacteria), if present, or else fermentation and anaerobic
respiration (green/red bacteria) occur using an array of different electron acceptors.
Autotrophic processes (blue bacteria) generate methane and acetate from carbon
dioxide and hydrogen.

The microbiology programme at Olkiluoto and in the ONKALO groundwater has
included quantifications of microorganisms determined as the total number of cells
(TNC), the amount of an ubiquitous cell constituent, adenosine-tri-phosphate (ATP), the
numbers of cultivable heterotrophic aerobic bacteria (CHAB) and the most probable
numbers (MPN) of nine different physiological groups: nitrate-, iron-, manganese- and
sulphate-reducing bacteria, aerobic methane oxidizing bacteria, autotrophic and
heterotrophic acetate-producing bacteria, autotrophic and heterotrophic methane
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producing microorganisms (NRB, IRB, MRB, SRB, MOB, AA, HA, AM and HM,
respectively) (Pedersen 2008). At the start of the microbiology programme in 1997,
TNC and six of the MPN analyses (IRB, SRB, AA, HA, AM and HM) were performed.
Analysis of ATP, CHAB and three additional MPN analyses (NRB, MRB and MOB)
were successively added over time to the investigations. In parallel, nucleic acid based
analyses were introduced on samples from surface drillholes (Itävaara et al. 2005, 2008;
Pedersen et al. 2008a). The diversity of microorganisms in the Olkiluoto groundwaters
was initially obtained from the MPN analyses. Over the last few years, DNA-based
analyses, that included quantitative polymerase chain reaction (qPCR), denaturating
gradient gel electrophoresis (DGGE), cloning and sequencing of genes, and 454 highthroughput pyrosequencing, have been added with increasing frequency to the diversity
analysis programme (Bomberg at al. 2010 and 2012). Here, a selection of key figures
and data from the background summary report (Pedersen et al. 2012) is presented and
discussed, together with a conceptual model of the distribution of the different groups of
microorganisms with depth at Olkiluoto. The microbiological data obtained are partly
based on groundwater samples, which do not fill the conditions of natural baseline
samples. Therefore the results may show microbial populations in places which are
activated by artificial mixing of groundwaters in open drillhole conditions; however,
they do show the potential of microbial processes.
Number of cells

The TNC values provide a good understanding of the distribution of unattached
microbial populations in the groundwater, with TNC values ranging from about 3 × 103
up to 2.5 × 106 cells m/L (Figure 7-44). The TNC showed the largest range in shallow
groundwater (0-20 m depth) with the highest values obtained. In deeper groundwater an
average value (from both surface-based drillholes and from the ONKALO) is
approximately 5 × 104 cells m/L. There is a tendency for higher TNC values at about
300 m depth, as analysed using two different methods and by two independent
laboratories (Figure 7-44), however, the TNC values were generally larger in the deep
groundwater during the site investigations (1997-1999) compared to those obtained
during later sampling. This difference could indicate that later drilling and pumping
activities may have influenced the microbial ecosystem in the groundwater at depth, as
discussed further below. The method for TNC does not distinguish dead or inactive
bacteria from active and metabolising bacteria and therefore the analysis of ATP was
introduced. This is an energy transporting molecule that is present in all living and
active cells - in other words, the presence of ATP attests to the presence of active and
metabolising cells. The method has been carefully tested and evaluated on a large
number of groundwater samples from different sites. It was found that ATP generally
correlates well with TNC in deep granitic groundwater (Eydal and Pedersen 2007).
When TNC data from surface drillholes and the ONKALO drillholes (Figure 7-44) were
compared with corresponding ATP sample data, a good correlation was found (Figure
7-45), which confirms that the microorganisms observed with the TNC method are
indeed active and metabolizing.
The observed range of TNC between 103 up to 106 cells/mL (Figure 7-44) is typical for
most deep granitic groundwater samples (Pedersen 2001). However, it has been a bit of
a puzzle why active, ATP containing, microbial populations do not continue to grow to
numbers above 106 cells/mL in deep groundwater; in laboratory cultures the bacterial
TNC count can easily reach 109 cells/mL and even more. It is well known that viruses
attack, kill and disintegrate microorganisms and thereby regulate TNC to numbers
below 106 cells/mL in most non-polluted lake, river and sea water ecosystems.
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Recently, it was shown that such viruses, so called phages, were present in large
numbers and diversity in deep groundwater (Kyle et al. 2008).
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Figure 7-44. The distribution of total number of cells (TNC) versus depth in Olkiluoto
and ONKALO groundwater. Data obtained with the acridine orange method: 19971999, green diamonds; 2005–2007, black circles; 2008, red squares; 2009, blue
triangles, ONKALO, brown plus signs. Data obtained during 2007-2010 with the DAPI
method, black stars.

The controlling effect from phages on the population size of SRB was subsequently
demonstrated (Eydal et al. 2009). It appears likely that the so called “viral shunt” (Suttle
2007) is active in deep groundwater at Olkiluoto. This viral shunt moves material from
microorganisms (represented by the blue arrow in Figure 7-44) into particulate organic
matter (POM) and dissolved organic matter (DOM). In this process there is a
stoichiometric effect, such that the chemical composition of the POM and DOM pools
can be different from the composition of the microorganisms from which the material
was derived. Highly labile materials, such as amino acids and nucleic acids, tend to be
recycled quickly by microorganisms not attacked by the phages (represented by the red
arrow in Figure 7-44), whereas more recalcitrant, carbon-rich material, such as that
found in cell walls, is probably contributing to the pool of total and dissolved organic
carbon (TOC and DOC) in groundwater. Thus, although the observed numbers of
microorganisms is more or less constant over time, the populations can still be active
and growing at a rate approximately similar to the phage killing rate. An important
consequence of the viral shunt is that autotrophic microbial activity may contribute to
the amount of organic carbon in groundwater. Autotrophic microorganisms, such as AA
and AM, fix carbon dioxide to organic compounds, using hydrogen as a reductant.
Microbial methane oxidation will also generate organic carbon in the form of microbial
cells and possibly also dissolved organic carbon via the “viral shunt”.
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Figure 7-45. The relationship between total numbers of cells (TNC) in shallow and
deep Olkiluoto and ONKALO groundwaters and ATP concentrations (Pedersen et al.
2012). The least square regression line for TNC versus ATP is shown (10Log(ATP) =
0.79  10Log(TNC) + 0.63; r = 0.82, p = 0.00001, n = 82).

Microbiology data from Olkiluoto represent unattached bacteria in groundwater,
however, it has been known for a long time that bacteria attach to and grow on surfaces
(Bitton and Marshall 1980; Characklis and Marshall 1990). Evidence of fossilized
biofilms in deep granitic aquifers has been obtained from drillcores using transmission
electron microscopy (Pedersen et al. 1997). A more recent investigation of drillcores
retrieved from the Äspö HRL confirmed that biofilms grow on water-conducting
fracture surfaces (Jägevall et al. 2011). The solid-to-liquid ratio of fractures is strongly
displaced to the solid side, with very large surface areas relative to the available
volumes of water. The existence of fractures populated by attached microorganisms is,
consequently, very likely at Olkiluoto. Modelling of microbial activity then needs also
to account for attached bacteria that may exceed the numbers of unattached bacteria by
several orders of magnitude, as judged from earlier attachment investigations in deep
groundwater environments (Pedersen and Ekendahl 1992a-b; Ekendahl and Pedersen
1994). The way forward here is to apply natural flow systems to circulate groundwater
in flow cells filled with local rock pieces of the type used elsewhere (Hallbeck and
Pedersen 2008), and this experimental approach was initiated in the ONKALO as part
of the the Sulphate Reduction Experiment (SURE) during 2010 (Aalto et al. 2009).
Physiological groups and diversity

Cultivation with the MPN methodology has shown that microorganisms, representative
of each of the cultivated physiological groups, were generally present in all samples
(Figure 7-46). The distribution of numbers over depth was generally rather scattered,
although some trends were obvious, as exemplified here with SRB (Figure 7-47) - the
other distributions are shown in Pedersen et al. (2012). With the exception of three
observations in shallow groundwater, the highest SRB values were observed over the
depth interval of 200 to 400 m. This is where brackish sulphate groundwater may mix

601

OL-KR32_50_1
OL-KR33_95_1
OL-KR30_50_2
OL-KR8_77_1
OL-KR47_77_1
OL-KR43_96_1
OL-KR46_82_1
OL-KR6_98_8
OL-KR39_108_1
OL-KR6_125_6
OL-KR45_117_1
OL-KR6_135_8
OL-KR47_131_1
OL-KR10_115_1
OL-KR37_166_1
OL-KR47_145_1
OL-KR46_131_1
OL-KR31_143_1
OL-KR42_175_1
OL-KR46_175_1
OL-KR43_214_1
OL-KR47_217_1
OL-KR27_247_1
OL-KR41_213_1
OL-KR41_257_2
OL-KR45_295_1
OL-KR7_275_1
OL-KR40_282_1
OL-KR8_302_2
OL-KR13_362_2
OL-KR13_362_3
OL-KR13_362_4
OL-KR6_393_1
OL-KR2_329_1
OL-KR10_326_2
OL-KR6_422_5
OL-KR47_413_1
OL-KR39_403_1
OL-KR27_503_1
OL-KR49_614_1
OL-KR19_526_1
OL-KR47_708_1
OL-KR40_786_1

Stacked 10log(MPN) values

with methane-rich, saline Na-Ca-Cl groundwater and where a peak in sulphide
concentration is observed (Figure 7-41). DNA analysis of groundwater in this depth
interval strongly supports the conclusion that SRB are more abundant and active over
this interval than in any other depth interval analysed at Olkiluoto (Itävaara et al. 2008;
Bomberg et al. 2010, 2012). When the numbers of SRB obtained with cultivation were
compared with numbers obtained using DNA methodology there was a very good
agreement between the two methods (Figure 7-40). The presence of SRB in the 200 –
400 m depth interval has consequently been observed by two independent laboratories,
using two very different and independent methodologies, and it appears safe to conclude
that sulphate reduction activity must be significant in this depth interval at Olkiluoto.

Drillhole

HM
AM
HA
AA
SRB
MRB
IRB
NRB

Figure 7-46. Stacked 10Log(MPN) values of most probable numbers of physiological
groups of microorganisms analysed for in deep Olkiluoto groundwater, 2005–2009. The
drillholes are listed from left to right with increasing depth. NRB = nitrate-reducing
bacteria, IRB = iron-reducing bacteria, MRB = manganese-reducing bacteria, SRB =
sulphate-reducing bacteria, AA = autotrophic acetogens, HA = heterotrophic
acetogens, AM = autotrophic methanogens, and HM = heterotrophic methanogens. The
height of the respective stack represents both the diversity, that is how many metabolic
groups could be cultivated, and the values of cultivable organisms within each
metabolic group in a drillhole. The values for each cultivated group can be appreciated
from the bar length for the respective metabolic group. Each scale step indicated by a
tick represents a 10log10 unit = 1. Two steps are then equal to 100 cells m/L, 3 steps
show 1000 cells m/L. Note that NRB analyses were not performed on 7 samples at the
beginning of the investigations.

The drilling and pumping of many drillholes in Olkiluoto and cross-flows between open
drillholes may have resulted in changes in the hydrogeochemical conditions (c.f. Table
7-1) and it is very likely that such changes will have influenced the numbers and the
diversity of the microbial populations in the groundwater. Basically, three different

602

scenarios can be assumed: (i) the numbers and diversity of microorganisms increase, (ii)
the numbers and diversity decrease or (iii) there is no effect from the disturbances the
site investigations have introduced. It is also possible that the numbers of some
microbial groups increase while the diversity decreases, and vice versa. The evaluation
of possible changes in the microbiological situation in shallow groundwater is not
possible, because the available data only span about one year, which is a far too short a
time to expect detectable changes. On the other hand, in deep groundwater, the
observations span the period from 1997 to 2010 and changes in microbial numbers have
been observed. The MPN analyses of SRB suggest that the cultivable numbers of SRB
have decreased significantly in the 200 to 400 m depth interval since the beginning of
the site investigations 1997-1999 (Figure 7-47).
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Figure 7-47. The distribution of sulphate-reducing bacteria (SRB) versus depth in
Olkiluoto groundwater. Data obtained with cultivation: 1997-1999, green diamonds;
2005–2007, black circles; 2008, red squares; 2009, blue triangles, ONKALO, brown
plus signs. Data obtained during 2007-2010 with DNA methodology, black stars.

It is not clear if a similar trend over the last decade would have been observed with the
DNA method, because the time span for these samples was only a couple of years. The
DNA quantification method is generally expected to cover both cultivable and
uncultivable microorganisms and, therefore, the DNA-based numbers reported should
be larger for most environmental samples, which must be considered when comparing
these two data sets for SRB. Similarly, it was found that the average TNC, ATP and AA
numbers have decreased over the time period from 2004 to 2009 (Figure 7-48a-c).
Analysis of the relations between microbiology data with depth, pumping rate, total
dissolved solids (TDS, Figure 7-48d) and other geochemical parameters did not reveal
any significant correlations that could explain these decreases (Pedersen et al. 2012). In
other words, the decrease in microbial numbers over time could not be connected to
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variations in groundwater geochemistry, depth or drillhole location. It, therefore, seems
safe to conclude that the site investigations have not increased the numbers and the
diversity of microorganisms in the groundwater and the data thus show real decreases in
microbial numbers. It is not possible to conclude the exact reasons for these decreases.
There are several possible mechanisms than can result in a decrease in the numbers of
microorganisms in aquatic systems. Pumping and cross-flow between open drillholes
may have increased flow rates in the fractures and triggered the attachment of
unattached microorganisms to solids. Possibly, phages may have been alerted by the
increased flow rates and started to kill microorganisms, as the chance of a phage making
contact and infecting a host increases with increasing flow-generated mixing of the
groundwaters. A change from stagnant to flowing groundwater may also have triggered
the attachment of unattached microorganisms to fracture surfaces and thereby reduced
the numbers of microorganisms in the sampled groundwater. Consequently, the steady
state conditions of the populations in deep stagnant Olkiluoto groundwater may have
been disturbed by the site investigations.
The distribution of TNC values and the cultivable numbers and diversity of microbes at
Olkiluoto appear to vary with depth. It is important to note that the majority of the
samples obtained up to 2009 were from depths down to 500 m and consisted of 30
observations from shallow groundwater (0 – 20 m) obtained from about 10 drillholes
during three sampling programmes in 2005 and 2006, 25 observations from 10
drillholes in the ONKALO and 43 observations from deep groundwater (Pedersen et al.
2012). The data show two peaks in TNC and cultivable numbers with depth. The first
peak is in the shallow groundwater where some of the highest TNC values are found,
but where the range is very large (Figure 7-44) and is related to the characteristics of the
sampled drillhole (Pedersen 2008). The second peak in microbial numbers and diversity
is found in the depth interval of 200-400 m. Again, the spread in numbers is very large
and depends on the characteristics of the sampled drillhole section, and it is clear from
the MPN cultivation data that the frequency of samples with a high diversity and many
cultivable microorganisms is also largest in this depth interval (Figure 7-46). The
situation below 500 m depth cannot be assessed, due to the insufficient number of data.
Although a general depth-related trend in the groundwater can be identified, this trend
was not reproduced when a single drillhole, OL-KR47 was analyzed at six different
depths (Figure 7-49), suggesting that the factors influencing the TNC values cannot
only be depth-related.
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Figure 7-49. The depth distributions of seven complete biomass and cultivation datasets
obtained from OL-KR47. Samples were collected over a period of approximately one
year.

The activity of SRB and the concomitant sulphide production is of concern for longterm safety, as sulphide is corrosive to copper. As discussed elsewhere (Pedersen 2008;
Pedersen et al. 2008b), the processes of sulphide production and precipitation depend on
several different controlling parameters, such as the availability of energy and carbon
sources and sulphate, ferrous iron, the presence of viable SRB and the activity of
attacking phages. In this regard, it appears inadequate to compare data in a pair-wise
manner, which indeed was found to be the case when pair-wise comparisons were
performed between hydrogeochemical and microbiology data - significant relations
were not found (Pedersen et al. 2012). If instead several factors which could influence
sulphide production are evaluated in tandem, useful information about the importance of
each factor for sulphide formation and its precipitation can be obtained. When all the
MPN numbers from deep Olkiluoto groundwaters were plotted against sulphate or
methane, the data did not correlate, as shown in Figure 7-50 a and b. However, if both
sulphide and methane were considered versus MPN numbers, a clear relation developed
(Figure 7-50 c and d). Microbial populations were much more abundant and diverse in
groundwater that contained both methane and sulphate, but were low or below detection
levels in many of the samples with low concentrations of either methane or sulphate.
Consequently, multivariate statistical analysis and modelling will be required for the
understanding of which factors may exert an influence on microbial processes, such as
sulphate reduction to sulphide. There is now a reasonably large set of microbiology data
available that, together with data obtained 2010 and 2011, will have a statistically
significant size and distribution for statistical modelling, which aims to understand
which parameters control microbial population size and diversity and the activity of
microbial processes such as sulphate reduction.

5

4

4
Log(MPN) (mL l-1)

5

3

3

2

10

2

10

Log(MPN) (mL l-1)

606

1

1

0
-1.5

0
0

100

200

300

400

500

600

700

a)

-1.0

-0.5

0.0

0.5
10

SO4 (mg L-1)

1.0

1.5

2.0

2.5

3.0

3.5

Log(CH4) (mL l-1)

b)

c)

d)

> 3.5
< 3.1
< 2.6
< 2.1
< 1.6
< 1.1
< 0.6
< 0.1
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square model (see also Pedersen et al. 2012).

Molecular methods provided both supporting information for cultivation-based studies
but also deeper insight into the composition of microbial communities. Based on
molecular methods, the dominance and the composition of the microbial communities
varied considerably between the samples at Olkiluoto (Bomberg et al. 2012; Itävaara
and Bomberg 2011) which may be due to the depth-related variation in the microbial
communities. The depth and geological conditions, such as rock type and gases, has
been found to affect the diversity and the number of cells in microbial communities in
the Outokumpu deep borehole (Itävaara et al. 2011 a,b). Microbial diversity from seven
drillhole water samples was studied from different depths by RNA-based 16S rRNA
454 pyrosequencing, in order to analyze active microbial communities present in the
Olkiluoto groundwater. The three uppermost samples in sulphuric groundwater between
200 – 400 m depth were dominated by Epsilon proteobacteria which are known to use
hydrogen, and also to oxidize reduced sulphur species in CO2 fixation in the Baltic Sea
(Grote et al. 2008). Methanogenic methylotrophic archaea Methanosarcinales and
Methanococcales, which have been found to associate with sulphur-cycling bacteria,
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were also present as a major community of archaea. Detailed information on these
results is presented in Bomberg et al. (2012).
The quantification of methanogens and sulphate reducers by DNA- and RNA-based
methods showed that only a small number of the whole sulphate reducing or
methanogenic microbial community is active and that most microorganisms are in a
resting state. These microorganisms may, however, be rapidly activated if
hydrogeochemical conditions change; in particular, an increase in organic carbon would
probably increase the activity of these microbial groups. The effect of depth has also
been demonstrated by a change in species diversity to more autotrophic species, which
are still mostly unknown and non-culturable but can be detected by PCR methods
(Bomberg et al. 2012, Itävaara et al. 2011a).
Implications to hydrogeochemistry

Based on hydrogeochemical results, a graphic depth model of the sequential redox
system at Olkiluoto was presented in SR2008 (Figure 7-22 in Posiva 2009; cf. Section
7.4.5 in current report). The groundwater is classified into four layers, starting with an
oxic shallow layer, followed by a post-oxic layer, a sulphidic layer and a methanic
layer. The geochemistry of each of these layers correlates well with microbiological
observations (Figure 7-51). Oxygen is only found in the very shallow oxic groundwater
layer, which commonly contains dissolved oxygen at approximately 10% or less of
saturation. The presence of aerobic and facultative anaerobic microorganisms, including
methane-oxidizing bacteria, has been documented (Pedersen 2006). The data suggest
that microbial processes reduce intruding oxygen in the shallow groundwater, DOC and
methane being the main electron donors. Biological processes are temperaturedependent and seasonal variation was expected and could be documented, confirming
the biological character of oxygen reduction in shallow groundwater. Oxygen is the
energetically most efficient electron acceptor for microorganisms and oxygen will,
therefore, be rapidly consumed. Consequently, microorganisms contribute significantly
to the reduction of oxygen in dissolved air that infiltrates with the groundwater
(Banwart et al. 1996).
The post-oxic layer is dominated by ferrous iron in the sequential model and this is also
where IRB and MRB flourish (Figure 7-51). These two groups of microorganisms
reduce solid ferric iron and manganese(IV) oxides to dissolved ferrous iron and
manganese(II). It is difficult to demonstrate conclusively that ferrous iron in the
groundwater is biologically produced, but it is one explanation that can be further
explored. At greater depths, there is a sulphidic layer where the concentrations of
sulphate and ferrous iron decrease and methane starts to increase and where the
numbers of SRB are the highest observed (Figure 7-51). Again, there is a very good
agreement for sulphate and sulphide between the hydrogeochemical and
microbiological sequential depth models. The present understanding suggests that
ANME (Anaerobic Methane Oxidising Bacteria) microorganisms (Boetius et al. 2000)
may be active here, reducing sulphate to sulphide, with methane as an oxidant, though
the role of other short-chain hydrocarbons as an energy source may also be potentially
important in sulphate reduction (Kniemeyer et al. 2007). The microbial production of
sulphide appears large enough to precipitate out ferrous iron (Figure 7-40 and 7-41)
from the groundwater, as is also discussed in detail elsewhere (Pedersen 2008). The
importance of a transition zone between sulphate-rich and methane-rich groundwaters
for microbial activity and cultivability was also discussed above and is illustrated in
Figure 7-50.
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At greater depths, methane dominates and the data on microbiology are very limited
and, therefore, the microbiology model becomes hypothetical in the methanic zone. It is
possible that ANME microorganisms may be active at greater depths at Olkiluoto;
however, as sulphate is low or absent at depth, electron acceptors other than sulphate
must be used. Plausible candidates could be iron and manganese oxides in fractures and
fracture filling material, but the presence of these minerals has not been demonstrated
(cf. Chapter 4 and Section 7.3.2) (Zehnder and Brock 1980; Beal et al. 2009).
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Figure 7-51. Relative distribution over depth of microbiology numbers obtained
between 2004 and 2009 in shallow and deep Olkiluoto groundwater and ONKALO
groundwater. The respective trend line reflects the highest observations in scatter plots
of microbiology data (Pedersen et al. 2012). CHAB = cultivable aerobic heterotrophic
bacteria, TNC = total number of cells, MOB = aerobic methane oxidizing bacteria,
ATP = adenosine three phosphate, NRB = nitrate-reducing bacteria, IRB = ironreducing bacteria, MRB = manganese-reducing bacteria, SRB = sulphate-reducing
bacteria, AA = autotrophic acetogens, HA = heterotrophic acetogens, AM =
autotrophic methanogens, and HM = heterotrophic methanogens, ANME = anaerobic
methane oxidizing bacteria.

There appears to be a depth sequence between the shallow and sulphidic layer with low
microbial activity, as judged from the TNC and ATP data (Figure 7-44). The reason
could be that easily-degradable organic carbon from surface ecosystems is consumed in
shallow groundwater and methane potentially diffusing from below is consumed in the
sulphidic layer. This would leave the interval between these layers deficient in available
energy for microbial processes, which could explain the lower numbers. The group of
acetogenic bacteria is very diverse and many species can switch between autotrophic
and heterotrophic metabolisms and are most frequent in the upper layers, in the oxic and
post-oxic layers. The concentration of hydrogen is relatively low in these layers, which
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suggests that heterotrophic, acetogenic processes dominate, meaning that the acetogens
consume organic carbon present in the groundwater, possibly partly released by the
viral shunt, and expel acetate. The distribution of NRB with depth shows no obvious
trend. In general NRB data correlate with the CHAB data. Most NRB are so-called
facultative anaerobes: they will respire using oxygen, if present; otherwise, they can
switch to nitrogen in nitrate as the electron acceptor in their respiration. The MPN of
NRB is determined in an oxygen-free environment in anaerobic tubes, whilst CHAB
cultivation is performed in air with oxygen. The correlation obtained indicates that, if
oxygen is intruding to depth in the groundwater, microorganisms able to respire and
thereby remove oxygen are present at all depths. It is not obvious that NRB are active in
the groundwater, because the amount of nitrate is generally very low, or below detection
levels, and more research is needed to explore the role of this group of microorganisms.
The occurrence of NRB and CHAB at depth and also SRB in the SO4-poor groundwater
system may also reflect the open drillhole contamination with near-surface waters, as
disccused in Section 7.3.6. Finally, there are few cultivable methanogens in all analysed
groundwater samples. This result is supported by DNA analysis data that also suggest a
low abundance of methanogenic Archaea (Pedersen et al. 2012).
The distribution of numbers of different microbial groups generally reflect their relative
activity, which is suggested by the correlations between the relative presence of reduced
electron acceptors (ferrous iron and sulphide) in the sequential depth redox model and
the sequential distribution of microbial groups. However, a detailed understanding and
analysis of microbial process rates, in particular with respect to the reduction of sulphate
to sulphide, requires in situ experiments in underground research laboratories. Such
experiments have been performed elsewhere (Hallbeck and Pedersen 2008) and were
initiated in the ONKALO as part of SURE during 2010 (Aalto et al. 2009). In the SURE
project sulphate reduction rates are analysed in groundwater under conditions that relate
to the various groundwater transport and mixing scenarios at Olkiluoto. The first results
will be available in 2012.
7.4.3 Isotopic information

The carbon (DIC), sulphur with 18O (SO4), and strontium isotopic compositions in
groundwaters are a direct reflection of the potential geochemical reactions affecting the
history of the groundwater (e.g. Plummer et al. 1990, Pearson et al. 1991, Clark & Fritz
1997). These isotopic analyses are able to provide information along a flow path on
sources of and sinks for carbon, sulphur and strontium, on redox conditions and their
controlling processes and on conditions during infiltration. Mixing of groundwaters
certainly affects on isotopic compositions and complicates the interpretation.
Carbon isotopic evolution

Carbon isotopic results of Olkiluoto groundwaters with interpreted evolutionary trends
are shown in Figure 7-52. Unfortunately, the number of results from brackish Cl and
saline groundwaters is low, because carbon isotopic measurements are hampered by the
low DIC content and the low partial pressure of CO2 in these groundwater types
(Pitkänen et al. 1999, 2004 pp. 58 - 60, 2007a, Posiva 2009 pp. 347). The carbonate
content is frequently below the detection limit (DIC has to be >2 mg/L) to analyse
carbon isotopes or groundwaters are susceptible to CO2 contamination during sampling,
which changes the original isotopic signature. An extraordinary high radiocarbon
activity has been an indication of this and only brackish Cl and saline groundwater
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samples with radiocarbon values less than 25 pmC are accepted to database (Pitkänen et
al. 2007a).
Evolution begins in the recharge environment (Figure 7-52) and continues in the
subsurface, where a complex ensemble of reaction mechanisms under varying
conditions causes an increase in δ13C and a decrease in 14C. The most primitive samples
(low pH and DIC, representing modern recharge) show modern radiocarbon activity
(100 to 110 pmC) and form a coherent group, showing δ13C value between –24 to 27‰. This corresponds well with values presented for soil-derived CO2 (e.g. Pearson et
al. 1991, Clark & Fritz 1997) produced by plant root respiration and the decay of plant
debris in high latitude regions.

Figure 7-52. Carbon isotopic compositions (DIC) in baseline and shallow groundwater
samples at Olkiluoto. Trends with interpreted processes are indicated.

Shallow groundwater carbon isotopic data indicate variable infiltration paths for the
evolution of dissolved carbonate, which is contributed to by the openness of the system
to gas input, carbon sources and the neutralising reactions of pH in infiltrating water.
Under open system conditions, mineral dissolution proceeds with a constant supply of
soil CO2 in the unsaturated zone (Equations 7-1 – 7-3), increasing pH, DIC and δ13C in
pore water, due to the high isotopic fractionation (about +9‰) between carbonate ions
and dissolved CO2 (Clark & Fritz 1997). An open system would retain a high partial
pressure of CO2 (PCO2) (cf. Section 7.4.5). In a closed system, mineral dissolution by
dissolved CO2 starts below the groundwater table and no additional soil CO2 is
contributed to the system. The increase of DIC during the increase of pH and δ13C is
clearly less than under open system conditions, and PCO2 is significantly reduced. Thus
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the differences in DIC and PCO2 distinguish open and closed system infiltration and their
evolution can be used to evaluate the importance of open system conditions during
infiltration. Basically, shallow flow paths start as being open or partially open and end
within a closed system below the groundwater table. A fluctuating groundwater table
increases the significance of open system conditions during infiltration
Calcite dissolution provides an additional source to the carbon pool and has a large
effect on the δ13C and 14C, because calcite is 14C-free and δ13C values are high
compared with shallow groundwaters, even positive (Blyth et al. 2000, Gehör et al
2002, Sahlstedt et al. 2009, 2010, 2012a,b). Instead, calcite precipitation has only a
minor effect on the isotope signature of DIC, due to small fractionation factors between
calcite and the carbonate ion (Clark & Fritz 1997). Calcite dissolution dilutes effectively
modern 14C activity in a closed system, whereas dilution is less pronounced in an open
system, due to the constant input of CO2 from the decay of organic matter. Organic
matter, the source of soil CO2 in the deeper overburden, may also be old and result in
diluted 14C values. The contribution of organic carbon from till, which may include
organic matter, perhaps even some derived from previous interglacial periods or from
peat layers, may dilute the radiocarbon levels in a similar manner as calcite dissolution.
If silicate dissolution caused the CO2 consumption and the increase of pH, 14C activity
would remain stable and represent the value established in dissolved CO2 in infiltrating
water. In a closed system δ13C also remains stable if no carbonate is dissolved in the
system.
Current carbon isotopic data show three evolutionary trends with different vectors from
modern recharge (Figure 7-52). Considerable enrichment of DIC and HCO3
concentrations in shallow groundwaters indicates that gas exchange (Figure 7-10b and
7-37g) under open system conditions plays an important role during infiltration. The
vertical trend from modern recharge values probably represents the weathering of
silicates under open system conditions, which results in a moderate increase of δ13C and
keeps the activity level of 14C similar to young soil CO2. Shallow holes drilled on
outcrops with a limited soil cover typically show this trend. Water from the Baltic and
the Korvensuo reservoir cannot have any influence on the carbon isotopic compositions,
as their DIC contents are too low.
The most common observed evolutionary trend in Figure 7-52, from primitive recharge
values towards deep groundwater samples, indicates that infiltrating waters dissolve soil
CO2, and the subsequent dissolution of calcite may contribute to the simultaneous
increase in pH, DIC and δ13C, and the decrease in 14C. Pieces of Satakunta sandstone
(Lahdenperä 2009), which frequently have calcite cement (Kortelainen et al. 2007) have
been found in till, and recently limestone and calcite have been generally observed in
till samples taken from OL-TK14 (Breitner 2011), therefore calcite probably occurs
widely in the overburden. Old, organic carbon-derived CO2 might also produce the
observed carbon isotopic trend seen in overburden samples, without calcite dissolution
being necessary. High DIC and δ13C may develop under open system conditions, with
silicate weathering, resulting in an increase in pH, and the activity of radiocarbon may
reach the level of 14C in old organic carbon in overburden. However, the decrease in 14C
activity is so strong, that it is probable that the dissolution of calcite also has an
influence on C isotopic evolution and on the enrichment of DIC in the overburden.
The third, intermediate trend in the carbon isotopic data from shallow groundwaters
(Figure 7-52) could result from local differences in source materials, but fermentative
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methanogenesis may also cause high values of δ13C(DIC). Heterotrophic methanogens
break down old organic compounds to produce CH4, which is clearly depleted in δ13C,
whereas coproduced CO2 is enriched in δ13C (Clark & Fritz 1997, Whiticar 1999,
Pitkänen & Partamies 2007, cf. Section 7.4.4). The use of organic energy sources is
prefered in the reduction of SO4 by SRB, but shallow samples with the highest δ13C
values (about -10‰ and higher) have very low SO4 contents, thus microbial
methanogenesis has been feasible along the flow paths. Fundamental methanogens have
occasionally been observed from shallow groundwaters (Pedersen 2008, Pedersen et al.
2012)
The results from deep groundwaters correspond with previous interpretations (Pitkänen
et al. 1999a, 2004). The HCO3-rich samples below the 60 pmC level show a fairly stable
δ13C level, indicating that calcite dissolution is limited mainly to shallow depths (<30
m) in the bedrock. However, tritium results indicate that the samples’ activity levels
down to 50 pmC represent recent groundwaters (Figure 7-40b), which probably reflect
mixing with deeper groundwaters with similar δ13C levels, to further dilute radiocarbon
to the 50 pmC level.
Some of the SO4-rich samples show a higher δ13C value (> -10 ‰) than the HCO3-rich
groundwaters (Figure 7-52). Calcite dissolution or methanogenesis in the SO4-rich
system to elevate the isotopic signature is not considered possible. The probable reason
for these higher δ13C values is explained by the marine origin of the SO4-rich
groundwater and DIC (Pitkänen et al. 1999a). The initial value of δ13C in DIC was
different in recharging sea water (about –1‰) from that in meteoric-derived HCO3
groundwaters. Baltic sea water is already quite near calcite saturation (cf. Section 7.4.5)
and Littorina sea water, which was more saline, may have been even closer; therefore
calcite dissolution has probably not been an important process during sea water
infiltration. Recharge through seabed sediments represents a totally different path for
carbonate evolution from meteoric recharge. The decrease of δ13C values in SO4-rich
samples compared with the sea water value, probably results from the presence of
organic-derived carbonate, which is formed by microbial SO4 reduction during
infiltration through seabed sediments (Pitkänen et al. 1999a). Reduced sulphate has
precipitated as pyrite, which is a typical accessory mineral in Littorina clays, which
occur along the coastal regions of Finland (Donner 1978, Palko 1994). Relatively high
radiocarbon levels in same samples, as a higher δ13C value, may reflect a variation in
the amount and origin of organic carbon oxidation and therefore in initial isotopic
dilution during infiltration. The radiocarbon level in "pure" Littorina Sea water (only
radioactive decay allowed) from the main saline stage, 8000 to 4000 years ago, should
be 40 to 60 pmC at present. The highest SO4 contents are also preserved in these
samples (cf. Figure 7-10c) that may indicate less organic carbon mineralisation than in
the other samples with lower carbon isotopic signatures. Mixing with previous
groundwater types, glacial meltwater and subglacial groundwaters has probably had
some influence on the carbon isotopic signature in brackish SO4-type groundwaters.
The mineralisation of methane (ANME process with SO4 reduction, Section 7.4.2),
which has a generally low δ13C content and presumably radiocarbon free carbon, would
result in very negative δ13C values and dilute 14C in DIC (Figure 7-52). Such a low
value has been measured only once from DIC at Olkiluoto (Pitkänen et al. 1999a), in a
sample from the lower part of the SO4-rich zone. Low values (slightly below -30‰)
have been measured occassionally in CO2 gas evacuated from samples (Pitkänen et al.
2004), representing the interface of brackish SO4 and brackish Cl groundwaters. This
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indicates a potential CH4 or higher hydrocarbon origin for some of the dissolved
carbonate occurring at Olkiluoto. However, the mass transfer in the ANME process has
probably been very low, because isotopic signatures are rare and only seen in samples
with very low carbonate contents, which is very sensitive even to the minor
mineralisation of CH4. A direct methane-derived isotopic signature in fracture calcites is
lacking from the deep bedrock (Section 7.3.2), which also suggests limited use of
methane through the ANME process.
Microbial methanogenesis effectively elevates δ13C values in DIC. Carbonate reduction
with H2 oxidation is considered as the primary process in SO4-poor deep aquifers (e.g.
Plummer et al. 1990, Clark & Fritz 1997, Whiticar 1999, cf. Section 7.4.4). However,
methanogenic signatures of fracture calcites more likely indicate that fermentation has
been a methane production process, because it would increase DIC in groundwater,
contrary to carbonate reduction, and therefore favour calcite precipitation. An elevated
δ13C signature can be observed in a few groundwater samples, representing brackish or
saline groundwater below the SO4-rich groundwater layer at Olkiluoto (Pitkänen et al.
2004). The high positive values of the saline samples is typical of the carbonate
reduction pathway (e.g. Clark & Fritz 1997, Whiticar 1999), but fermentation cannot be
excluded. The other high δ13C value in a brackish groundwater sample has a fairly high
14
C content, suggesting contamination by young carbonate, which has been able to
decrease the original δ13C signal.
Carbon isotopic signatures and trends are an outstanding example of the diverse
evolutionary paths in the hydrogeochemical system at Olkiluoto. The evolution shows
notable deviations, depending on the infiltration environment from dry land or from the
seabed, and on the infiltrating water type, meteoric or sea water. In addition, carbon
isotopes indicate that these evolutionary paths have maintained their characteristics and
that mixing has been therefore rather limited. This emphasises the non steady state
character of the entire hydrogeochemical data and that in hydrogeochemical
interpretations, in addition to chemical reactions, temporal groundwater flow conditions
are essential to understand changes in groundwater compositions, e.g. between
groundwater types.
The results reflect, in particular, the significance of organic carbon mineralisation on
carbon isotopic evolution and its input to the DIC pool. Calcite dissolution has also an
evident influence on shallow groundwaters. High carbonate concentrations stabilise
δ13C values against minor carbonate reactions in the bedrock, in fresh and brackish
HCO3-type and in most of the brackish SO4-type groundwaters. The isotopic
composition is a sensitive indicator of minor carbon involved reactions (anaerobic
oxidation of organic carbon, methanogenesis) in the lower part of brackish SO4-type,
brackish Cl-type and saline groundwater layer, due to very low DIC, as is observed in
the few significant deviations in the data. Unfortunately, this sensitivity is also reflected
in carbon isotope measurements from DIC, because the isotopic signature is easily
disturbed by minor CO2 ingassing in groundwater samples. Carbon isotope sampling is
currently further developed, particularly under the conditions found in the ONKALO,
where CO2 contamination can be better controlled.
Sulphur and oxygen isotopes of aqueous SO4

The stable isotopes (34S and 18O) in dissolved SO4 can be used in evaluating the origin
of the sulphur, the redox processes and, indirectly, in determining the residence times of
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groundwater. The sulphur and oxygen isotope compositions of groundwater SO4 reflect
its sources, formation processes and removal (Clark & Fritz 1997, Krouse and Mayer
2001, Kendall & Doctor 2005).
The local Baltic sea water value for δ34S, of about +20‰ CDT (Figure 7-46a), is quite
similar to the ocean water value (e.g. +21‰ in Clark & Fritz 1997), which has been
relatively stable during the Quaternary. The δ34S composition of SO4 from the oxidation
of mineral sulphides is only marginally depleted from the value of the original
sulphides, which is normally around 0‰ or rather slightly positive, up to +5‰ in
crystalline and metamorphic rocks. However, the sulphur isotopic signature may be
significantly negative, if sulphate is derived from mineral sulphides precipitated from
bacterially-reduced sulphate, but also highly positive, if mineral sulphides represent
reduction of residual sulphate, in which very high positive δ34S is developed (Sahlstedt
2009, 2012a). The δ34S values in SO4 released from fossil fuel or the biosphere, are
similar to sulphides in rock (possibly slightly higher, up to about +10‰), and sea spray
corresponds to the sea water value (Clark & Fritz 1997, Krouse and Mayer 2001,
Kendall & Doctor 2005).
Generally, the fractionation of isotopes is small in hydrogeochemical processes and the
isotopic composition of SO4 corresponds with the composition of the source phases.
However, microbial SO4 reduction is a primary process, in which both sulphur and
oxygen isotopes are strongly fractionated. Microbes favour light isotopes, due to their
lighter bonding energy, thus residual sulphate is enriched in heavy isotopes. Sulphate
reducing bacteria utilize dissolved sulphate as an electron acceptor during anaerobic
oxidation of organic carbon or hydrogen (see Section 7.4.2).
The sulphur enrichment factor (34SSO4-HS) is variable in bacterial SO4 reduction, but
more typically it is close to 25‰. An enrichment in δ18O of the residual sulphate also
accompanies the reduction of SO4. The enrichment factor between SO4 and water is
about 30‰, as the water-SO4 system approaches equilibrium, due to isotopic exchange
at normal temperatures. Both the δ34S and δ18O of the residual sulphate change rapidly
in the early stages of bacterial reduction. However, during the progress of reduction, the
δ18O value of the residual SO4 approaches a constant that closely corresponds to the
thermodynamic equilibrium between water and sulphate, whilst the δ34S continues to
increase, because equilibration is forbidden in irreversible microbial SO4 reduction.
Hence, the δ18O value of sulphate is a more sensitive indicator at the initial stages of
bacterial reduction of SO4, whereas δ34S is more sensitive in describing the process at
later stages, when the SO4 reservoir is almost exhausted (Clark & Fritz 1997, Krouse
and Mayer 2001, Kendall & Doctor 2005).
In addition to bacterial fractionation during SO4 reduction, the δ18O composition of
sulphate is susceptible to conditions of SO4 formation, via the oxidation of mineral
sulphides or organic sulphur in humic substances during groundwater recharge. The
developed isotopic signature of δ18O(SO4) may show considerable variations. Both
atmospheric oxygen and oxygen in water molecules have an influence on the isotopic
signature. Generally, it is expected that three of four oxygen atoms are derived from
water, and the rest from oxygen. However, atmospheric oxygen (δ18O is +23.5‰
WSMOW) is favoured in unsaturated conditions above the groundwater table and
during biological oxidation. Therefore, the fraction of water-derived oxygen may
decrease below 50% (Mayer et al. 1995). Fractionation between SO4 and H2O (c. δ18O
in shallow water: -11.5‰ at Olkiluoto) is only a few per mill, whereas between SO4 and
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O2 it is around -10‰ (enrichment factor; 18Oso4-o2). This can result in a significant
depletion of δ18O in SO4 formation during groundwater recharge (Figure 7-53b),
compared with other potential sources of SO4, such as from sea water (+10‰) or
atmospheric deposition (above + 7‰). The sulphur isotopic composition remains
essentially unchanged in these processes, therefore underpinning the importance of the
analysis of both δ34S and δ18O for understanding sulphur cycling in groundwater
systems.
Sulphate in the groundwaters at Olkiluoto may have several sources. Littorina sea water
is a major source in deep groundwaters, but it cannot be the source of relative SO4
enrichment observed in shallow groundwaters (Figure 7-37h, Figure 7-53a). The
oxidation of mineral sulphides and biological sulphur is a potential source of sulphate
during recharge, and sea spray and emissions from fossil fuels may contribute by
precipitation.
The organic soil layer may form a significant source of sulphur. More than 80% of the
total sulphur in soils occurs in an organically-bound form, in particular, as carbonbonded reduced S in humic substances (Mayer et al. 1995). During the aerobic decay of
organic matter, sulphur is oxidised to SO4. Potential organic-derived SO4 is seen in soil
solution profiles (30 cm deep) and overburden seepage water above the groundwater
table at Olkiluoto, where SO4 concentrations (max. few tens of mg/L) increase with
depth (Haapanen 2009, Käpyaho et al. 2012). The increase in DIC and SO4 contents in
shallow groundwaters (c.f. Figure 7-37g and h) also supports a potential common
source, i.e. oxidation of organic matter. Sulphides occur in till, because they are
frequent accesory minerals in bedrock. A recent study of mineral fractions from OLTK14 show significant weathering and the rather rare occurence of pyrite in the upper
till horizon, whereas fresh sulphide minerals are identified from the bottom till layer,
which was deposited during an early ice age (Breitner 2011, Huhta 2008).
The significance of sulphate input in groundwater via precipitation is, however,
considered minor, because the measured SO4 contents in rain water and snow are very
low. In the early 1990s they were still a few mg/L, whereas mean SO4 contents were
clearly less than 1 mg/L in annual precipitation during 2004 – 2007, according to
environmental monitoring results (Haapanen 2008).
The δ18O(SO4) value of sea water sulphates is about +10‰ SMOW (Figure 7-53b). In
atmospheric sulphates δ18O is similar or greater, reflecting a notable input of
atmospheric oxygen in emission plumes. The δ18O value for SO4 oxidised from mineral
sulphides or from organic matter may vary notably, depending on the saturation
conditions (above or below the groundwater table). This also has an influence on the
amount of produced SO4, because the availability of oxygen is not limited in the
unsaturated zone, whereas the maximum solubility of O2 in groundwater is about 10
mg/L. The newly-formed SO4 takes oxygen, both from water and from atmospheric O2.
If the fraction of water-derived oxygen is 60 to 75%, with a typical δ18O value of 11.5‰ for shallow groundwaters at Olkiluoto, the SO4 produced would have a slightly
negative δ18O value, ranging from -4.9 to -1.0‰ using Lloyd’s (1967) enrichment
factors (18OSO4-O2 = -8.7‰ and 18OSO4-H2O = 0‰). The δ18O value for SO4 would
increase in the unsaturated zone, due to a higher fraction of atmospheric oxygen, and
+8.2‰ is reached if the fraction of water-derived oxygen is only 25%, a limit which is
still considered possible (Clark & Fritz 1997). It is difficult to separate organic and
mineral sulphide-derived sulphate from each other. Probably organic-derived SO4 has a
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higher δ34S on average and also δ18O, because oxidation of organic sulphur occurs
mainly in soil layer, which is less saturated than till, i.e. a higher fraction of oxygen is
consumed to form SO4.
The 34S and δ18O values for SO4 show great variations in fresh groundwaters in the
overburden and shallow bedrock at Olkiluoto (Figure 7-53b). Most of the data plot in an
area where the 34S and δ18O values vary between 0 to +10‰ and -3 to +9‰,
respectively. This large variation probably reflects both mineral sulphide and organic
sulphur sources, which are oxidised, under both saturated and unsaturated conditions.
The influence of SO4 reduction and marine SO4 mixing cannot be excluded in these
data, but the highly-enriched SO4 concentrations (Figure 7-37 and Figure 7-53a), which
deviate from the sea water mixing trend, at least diminishes the importance of a marine
water source in shallow groundwaters. The influence of sulphate reduction, which
increases 34S and δ18O values is also evident in the isotopic compositions of SO4 from
shallow groundwaters.
The low, negative δ18O(SO4) values in the shallow data could represent oxidation in
saturated or near-saturated conditions (Figure 7-53b). Sulphate concentrations are
generally several tens of mg/L in these samples, which indicates oxidation partly in an
open system for O2, as the solubility of oxygen limits the formation of SO4 to about 15
mg/L below the groundwater table.
Samples with 34S values less than +5‰ may have SO4 derived both from the oxidation
of sulphide minerals and from organic matter, whereas in the samples with higher
values SO4 is probably derived increasingly from organic matter. In certain shallow
bedrock sampling points (OL-PP36, OL-PP37, OL-PR1), which have been drilled on
outcrops, low 34S values are linked with low δ18O values (around 0‰ or below),
suggesting the isotopic field of rock sulphide-derived SO4 at Olkiluoto. The isotopic
compositions of SO4, which are based on the oxidation of organic matter, may also have
34S less than +5‰. This is indicated by samples with relatively low 34S, but with high
SO4 concentrations, above 100 mg/L (Figure 7-53). This kind of sample is taken from
shallow holes drilled under mires (peatlands or swamps), which are rich in organic
matter. The range of δ18O(SO4) signatures in these samples varies from slightly negative
up to +8‰, indicating varying levels of saturation during SO4 production.
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Figure 7-53. a) SO4 contents vs. 34S(SO4) values and, b) δ18O(SO4) vs. 34S(SO4)
values in baseline and shallow groundwater samples at Olkiluoto. The influences of
distinct processes and conditions on isotopic signatures are indicated. The fields of
sulphide and organic derived SO4 are discussed in the text.

The brackish SO4 type groundwater has clearly higher 34S and δ18O values than the
present Baltic sea water, indicating that bacterial SO4 reduction has occurred. A
corresponding tendency is also general in fresh and brackish HCO3 type groundwaters,
which have a common Littorina-derived SO4 source with brackish SO4 type. However,
the fairly stable level of δ34S in SO4-rich groundwaters, even at lower SO4
concentrations, suggests that the process is limited and that the elevated value may
originate from some earlier episode. This also suggests that sulphate reduction in the
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SO4-rich groundwater body is probably at present limited, due to the lack of an organic
substrate for SO4 reducing bacteria. Pitkänen et al. (1999a) concluded that the main
reduction episode occurred during Littorina sea water infiltration through organic-rich,
seabed sediments, which also caused the downward shift in 13C values of brackish
SO4-type groundwaters. Few clearly-enriched values are observed in brackish SO4- and
brackish Cl-type groundwaters. These samples with lower SO4 contents represent the
thermodynamically metastable interface between the CH4- and SO4-rich groundwaters,
where bacterial SO4 reduction is enhanced occasionally.
The deep SO4-poor groundwater types usually contain such small amounts of dissolved
SO4 (probably contamination) that the isotopic analyses were seldom successful. The
observed elevated values suggest the bacterial reduction of dissolved SO4. Occasional,
relatively low δ18O(SO4) values in a few deep groundwater samples may result from the
oxidation of dissolved sulphide, most probably during sampling. Both sulphur and
oxygen isotopes are depleted in such process.
The isotopic results of SO4 indicate the significance of organic matter in soil as an
initial source of SO4 during current recharge at Olkiluoto. Oxidation of sulphide
minerals is also an evident source according to field observations (Breitner 2011). In a
similar manner to carbon isotopes and DIC, the isotopic results for SO4 emphasise the
influence of the unsaturated zone under open system conditions for gas exchange during
meteoric water infiltration. The initial enrichment of SO4 is occasionally as much as 200
mg/L, without any marine input, and is thus the major source of SO4 in brackish HCO3and SO4-type groundwaters in the deep bedrock. In these groundwaters, the isotopic
results of SO4 do not indicate any current significant bacterial reduction and the major
reduction stage is believed to take place during the infiltration of sea water through
seabed sediments (Pitkänen et al. 1999a) Enhanced bacterial SO4 reduction potentially
takes place at the interface between the CH4- and SO4-rich groundwaters and is
reflected in a few samples with the elevated 34S values.
Strontium isotope results

Use of the 87Sr/86Sr signature in groundwater studies has been discussed in several
papers, e.g. by McNutt et al. (1990), McNutt (2000) and Bullen et al. (1996). Although
87
Sr is radiogenic (a daughter product of 87Rb decay) the extremely long half-life (5 x
1010 a) of the decay process makes the 87Sr/86Sr signature of Sr sources essentially stable
on the time scale of groundwater evolution. During water-mineral interaction, the
mineral's isotopic value is reflected in the water's isotopic value, and is dependent on the
amount of Rb in the mineral or, more realistically, minerals. Rubidium is concentrated
in K-rich phases, such as K-feldspar and micas. Strontium is generally enriched in Carich phases, such as plagioclase and calcite, due to the similar geochemical properties of
Sr and Ca (cf. Figure 7-37b and c). Therefore high Sr isotope ratios with low Sr contents
are developed from the dissolution of micas and K-feldspar, whereas plagioclase
dissolution produces high Sr contents and low isotope ratio close to the initial ratio
during crystallisation of host rock, which is just over 0.70 in Finnish Precambrian age
rocks. Fractionation of Sr isotopes as a result of mineral precipitation is considered
negligible.
Three different end-members are evident in Sr isotopic data from Olkiluoto (Figure 754): (i) high signature with low Sr content in shallow groundwaters, (ii) low signature in
sea water and (iii) an intermediate value with high Sr concentration in saline
groundwater. Generally the 87Sr/86Sr ratio in the groundwater at Olkiluoto varies
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between 0.7149 and 0.7526 and is much higher than in the ocean (0.7092) or in modern
Baltic Sea water (0.70945), reflecting a radiogenic Sr source. The Sr isotope ratio shows
an initial increase in diluted shallow groundwaters (Figure 7-54), suggesting weathering
of potassic silicates during recharge near the surface. Actually, according to the results
achieved by McNutt et al. (1990), Wallin & Peterman (1994), Blum & Erel (1997) and
Bullen et al. (1996, 1997), biotite and muscovite seem to be the most probable sources
to dissolve and enrich the radiogenic Sr signature to such a high level, as is observed in
overburden groundwaters at Olkiluoto. The Sr concentration in micas is generally one to
two orders of magnitude lower than in plagioclase, hence the dissolution of micas
should dominate over plagioclase in early weathering during recharge in order to result
in the high signatures.
In the groundwater, the portion of radiogenic Sr decreases steeply in shallow HCO3-rich
waters, and then rises a little in brackish groundwaters (Figure 7-54). Strontium isotopic
signatures in the latest fracture calcite phases have a range of 0.713 and 0.719 at
Olkiluoto, however, Sr concentrations in calcites are very low, mainly below 0.1‰
(Sahlstedt et al. 2012a). If calcite dissolution in infiltrating groundwater is 1 to 2
mmol/L, as suggested by geochemical modelling (Pitkänen et al. 2004, Partamies &
Pitkänen 2013), Sr input would be about 0.01 - 0.02 mg/L, which corresponds to 50 100 as inverse values (Figure 7-54). Therefore the role of calcite as a source for
dissolved Sr is negligible and most probably the decrease in the signature of shallow
groundwaters is initially dominated by plagioclase dissolution.
Sea water mixing may cause a similar decrease in the Sr isotopic signature as the initial
dissolution of plagioclase. However, the curved decrease of the 87Sr/86Sr ratio towards
brackish groundwaters (Fig.7-54) is probably a result of the mixing of brackish
groundwaters, suggesting that mixing with current sea water is only minor. Brackish
SO4-type groundwaters also show evidently higher isotopic signatures than in Baltic sea
water or assumed existed in Littorina sea water. This indicates that this Sr evolution is
due either to significant mixing of saline groundwater or to water-rock interaction.
Significant mixing of saline groundwater is unlikely (Figure 7-14), therefore Sr input
from the dissolution of silicates, is also a probable reason for the elevation of Sr isotopic
signatures in brackish SO4-type groundwaters.
The strontium isotopic signature is relatively stable in brackish Cl-type and saline
groundwater samples, despite an obvious slightly increasing trend with salinity. The
higher value in the saline end-member may originate from the hydrothermal alteration
of primary silicates and the steady decreasing trend from some slight dissolution of
silicates with the dilution of brine.
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Figure 7-54. Sr isotope ratio of dissolved Sr against inverse Sr concentration (mg/L) in
Olkiluoto.
7.4.4 Hydrocarbon gases in groundwaters

Large amounts of methane and other hydrocarbons (results at STP conditions) have
been observed in deep groundwaters at Olkiluoto (Figure 7-41 and Pitkänen &
Partamies 2007). Generally CH4 contents increase with depth, particularly in brackish
Cl-type and saline groundwaters, in which water types CH4 is the dominant redox
species. In SO4-rich water CH4 is thermodynamically instable, but it can only be
oxidised by microbes in a low temperature environment. Similarly only microbes can
produce it in SO4-poor water at currrent temperatures. CH4 and other short chain
hydrocarbons are thus an important part of the water-rock reactions and for
understanding redox chemistry and buffering capacity in the hydrogeochemical system
at Olkiluoto.
New data collected since the report by Pitkänen & Partamies (2007) fit well with the
earlier trend with depth and no clear deviation is observable (Pitkänen et al. 2009,
Penttinen et al. 2011). The large scattering in the CH4 contents in saline groundwaters
(Figure 7-41) probably relates to difficulties in sampling dissolved gases under in situ
hydrostatic pressure at great depths. One of the main uncertainties in the results is the
partial filling of pressurized vessels with gas and groundwater (Gascoyne 2005,
Pitkänen & Partamies 2007, Pedersen 2008), which may result from slightly decreased
pressure in the sampling vessels, with the development of a gas phase during pumping
of groundwater from a fracture. This may also cause the fractionation of gases and
distort both the composition and the total contents of gases. The rather coherent
increasing trend with depth probably gives a relatively good estimation of the actual
concentration of dissolve CH4 in groundwater. However, the inaccuracy is evidently
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large and may be even tens of per cent in few samples, but clearly less in the majority of
the data.
The amount of dissolved CH4 deep in the bedrock of Olkiluoto is fairly large and
corresponds with the gas contents taken from similar depths in other locations in
Finland with similar lithologies (migmatitic mica and graphite bearing gneisses)
(Sherwood Lollar et al. 1993a). Mineralised sulphides are common at all of these sites,
reflecting the strongly reducing nature of the bedrock system. Recently, similar results
(salinity, total volume of gas, CH4/N2) to those obtained in saline groundwater at
Olkiluoto were published from the Outokumpu deep borehole (sen 2010). At sites with
rock types which reflect the existence of oxidising features in their geological history
(e.g. a haematite pigment in the rock and/or iron oxyhydroxides in fractures), such as at
Hästholmen (rapakivi granite), Laxenmar (granite) and Forsmark (granite-granodiorite),
the total gas contents are smaller, particularly at great depths, due to only trace amounts
of CH4 (Pitkänen et al 2001, Delos et al. 2010, SKB 2008, 2009). However, He and N2
contents at these sites correspond with those at Olkiluoto, which indicates rather similar
residence times for deep groundwaters at these sites and that high CH4 contents are
closely connected to local lithology and less to deep gas migration.
Methane and other hydrocarbons may be either organic or inorganic in origin. The
thermogenic breakdown of organic precursors in deeply-buried organic sediments in
sedimentary basins dominates in large natural gas deposits. 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 (Eq. 7-6) or through a
carbonate reduction pathway (Eq. 7-7). The production of higher hydrocarbons in
methanogenesis is strictly limited. The fermentation pathway is typical of environments
rich in organic substrates, whereas the carbonate reduction pathway is dominant in
systems with a limited availability of DOC, as in the deep groundwater at Olkiluoto
(Schoell 1988, Whiticar 1990, 1999, Pitkänen & Partamies 2007); although the
fermentative pathway may also proceed through the primary formation of acetate
(carbonate reduction) by autotrophic acetogenes, a product that is used by heterotrophic
methanogens. 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. 7-7 and Eq. 7-8 and see discussion in Sherwood
Lollar et al. 1993b). Higher hydrocarbons are produced, for example, by polymerisation
from the reduction of CO or CO2 in a Fischer-Tropsch synthesis and the molecular ratio
is considered to be at a similar level to that of thermogenic hydrocarbons.
CH3COOH → CH4 + CO2

(Eq. 7-6)

CO2 + 4H2 → CH4 + 2H2O

(Eq. 7-7)

C + 2H2 → CH4

(Eq. 7-8)
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The differences in the origin of CH4 are also reflected in their isotopic compositions
(Figure 7-55), which can be observed systematically in empirical data. The dissimilarity
in isotope distributions of bacterial, thermogenic and abiogenic CH4 is related to source
processes, including differences in formation temperatures, isotope effects (type of
fractionation) and precursor compounds (Schoell 1988, Clark & Fritz 1997, Whiticar
1990, 1999, Sherwood Lollar et al. 1993b, 2002, see also Pitkänen & Partamies 2007
pp. 25-27).

Figure 7-55. The variation of 2H and 13C of methane at Olkiluoto compared to
empirically-determined fields for thermogenic and microbial methane, produced either
by fermentation or by the carbonate reduction pathway (after Whiticar 1999). The
arrows depict potential mixing of microbial methane in a potential thermal CH4 source
at Olkiluoto, and the influence of microbial oxidation on isotopic composition. The field
of Kidd Creek represents isotopic compositions of methane sampled from Kidd Creek
mine in Canadian Shield and postulated as typical abiogenic methane by Sherwood
Lollar et al. (2002).
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Methane is used as an energy source by microbes in redox reactions. Methanotrophs
oxidise it (Eq. 7-9) in aerobic conditions (c.f. Section 7.4.2) and in an anaerobic
environment CH4 can probably be used in reducing oxidised species, e.g. SO4 and
Fe(III) compounds (Eq. 7-10 and 7-11) by a symbiosis of microbes, including
methanogens (e.g. Niewöhner et al. 1998, Boetius et al. 2000, Beal et al. 2009).
Anaerobic methane oxidation processes are able to buffer the CH4 concentration to low
values in systems where SO4 and ferric iron are sufficiently abundant. Microbial
oxidation processes tend to increase the isotopic composition of residual CH4, because
microbes favour light isotopes, therefore the δ13C value of carbonate formed is lighter
than in its precursor CH4. This should also be reflected as an uncommonly light carbon
isotopic composition in DIC, if methane oxidation were a significant process.
CH4 + 2O2  CO2 + 2H2O

(Eq. 7-9)

CH4 + SO42-  HCO3- + HS- + H2O

(Eq. 7-10)

CH4 + 8Fe(OH)3 + 15H+  HCO3-+ 8Fe2++ 21H2O

(Eq. 7-11)

Pitkänen & Partamies (2007) showed that the isotopic compositions of CH4 indicate
admixtures of thermally- and microbially-formed CH4 (Figure 7-55) and later data
support these earlier conclusions. The isotopic compositions of CH4 from saline
groundwaters with the highest CH4 contents plot clearly below the thermogenic field
and show, therefore, similar tendencies as abiogenic gases demonstrated by Sherwood
Lollar et al. (1993b, 2002) and Ward et al. (2004) in the Canadian and Fennoscandian
Shields and the Witwaterstrand Basin in South Africa, i.e. the relative depletion in 2H
compared to thermogenic gases. Generally, the isotopic composition at Olkiluoto seems
to change from an abiogenic end-member towards the bacterial carbonate reduction
field as CH4 contents and salinity decrease (from saline groundwaters to the brackish
Cl-type groundwater). However, this trend does not prove that CH4 in general has only
two end-members at Olkiluoto, as a thermogenic admixture is also possible in the
system. The samples with the lightest carbon isotope ratio plot partly in the field
between the two bacterial pathways. This may indicate, for example, that CH4 formation
takes place both by carbonate reduction and also through the acetate pathway.
Methane concentrations are very low in brackish SO4-type groundwater, therefore their
isotopic compositions are sensitive even to minor changes in CH4 concentrations.
Isotopic compositions of CH4 in SO4–rich groundwater gas samples (Figure 7-55) show
a trend towards significantly heavier isotope ratios relative to the other data. This kind
of shift is typical of the bacterial oxidation of CH4 that enriches the residual CH4 in
heavier isotopes. The trend supports some bacterial anaerobic oxidation of CH4 in these
groundwaters, as already stated above, although other isotopic results suggest limited
mass transfer in this process. On the contrary, high positive 13C values in the latest
fracture calcites have been observed at fairly shallow depths (Gehör et al. 2002,
Sahlstedt et al. 2009, 2012a), currently dominated by SO4-rich groundwater types. This
indicates microbial methanogenesis has also prevailed formerly in the upper parts of the
bedrock.
The main CH4 pool deep in the bedrock at Olkiluoto is a thermal, non-bacterial endmember, which has relativly heavy 13C(CH4) and significantly depleted 2H(CH4),
indicating a major abiogenic origin for hydrocarbon gases (Figure 7-55). The 13C value
becomes lighter with decreasing CH4 content as the depth decreases in the groundwater
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system, suggesting the formation and relative enrichment of bacterial CH4. According to
the isotope data, microbial enrichment also seems to be a possibility at the deepest
levels with the highest CH4 contents, because the abiogenic end-member should have
been heavier 13C(CH4), above -30‰, i.e. similar to carbonate species (> -25‰ in
groundwater or calcites) or graphite (-27‰, Hämmerli 2009) in Olkiluto bedrock. 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
Figure 7-56 provides further insight into the mixing between microbially- or thermallygenerated CH4 end-members. The fields of typical bacterial and thermal hydrocarbon
gas are shown in the figure, as well as two mixing lines between potential end-member
compositions (Pitkänen & Partamies 2007). A rather high molecular ratio of HC gases
for the thermal end-member has to be selected as the upper mixing curve, in order that
the major part of the samples can be included. Microbial CH4 oxidation, as well as
migration of CH4 in the groundwater system, can lead to difficulties in the interpretation
of natural gas sources (Whiticar 1990, 1999). However, oxidation of CH4 in
hydrocarbon-rich groundwater types (brackish Cl and saline) seems to have been
insignificant, according to various 13C data from methane, DIC and calcites. The
molecular number may also increase due to the microbial degradation
(depolymerisation) of longer alkanes (Zengler et al. 1999) or the anaerobic oxidation of
short-chain hydrocarbons (Kniemeyer 2007). All these processes may be possible
reasons why a wide zone is needed to explain the mixing between the end-members in
Figure 7.56.
Based on the calculated mixing lines (Figure 7-56), CH4 in saline groundwaters may be
as high as 50% bacterial in origin and, therefore, in brackish Cl-type waters
significantly more than this. These estimates are insensitive as to whether the molecular
ratio is 1000 or more for the bacterial end-members. However, they depend on selected
13C(CH4) values for the end-members, and thus give only an indication of the relative
importance of bacterial CH4 gas in the Olkiluoto groundwater system.
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Figure 7-56. C1/C2+ vs. 13C(CH4) of brackish-Cl and saline groundwater samples at
Olkiluoto (modified after Pitkänen & Partamies 2007). Mixing lines 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),
depolymarisation or anaerobic oxidations of longer chain alkanes and oxidation of CH4
compositions are also indicated.

As observed, the origin of hydrocarbons at Olkiluoto is a complex question. The current
data can be explained reasonably well by the mixing of two end-members, abiogenic
and microbial gas, though it is not possible to completely exclude a thermogenic
admixture, because isotopic data also show partly thermogenic features. Favourable
conditions for abiogenic hydrocarbons may have prevailed during Precambrian and
early Phanerozoic times, which may connect thermal hydrocarbons to the formation of
the brine end-member at Olkiluoto. Abiogenic hydrocarbons may have formed in situ or
at a much greater depth and then migrated to shallower depths more recently. Such slow
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migration may have resulted in the high concentrations of CH4 in the deep samples,
however, also being due to microbial methanogenesis.
We can assume a steady CH4 accumulation in the groundwater system, and that no
significant CH4 oxidation takes place in the deep, CH4-rich groundwater system.
However, according to recent calculations, CH4 is relatively far from saturation and has
a saturation ratio of 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 hydrogen (microbial formation) or to very slow migration
from greater depths, as indicated by the calculations by Delos et al (2010) in which CH4
accumulation was linked with He formation and diffusion in the groundwater system.
However, ancient dilution of saline groundwater (Figure 7-14) has to be faster than CH4
accumulation in the hydrogeochemical system. Limited anaerobic oxidation of CH4 is
possible in the upper, SO4-rich groundwater system.
7.4.5 Interpreted pH and redox buffering processes

pH conditions

Thermodynamic speciation-solubility calculations are a useful tool to gain an
understanding of underlying principles, which may control and buffer pH and redox
conditions in hydrogeochemical system. In addition pH and Eh values can be evaluated
independently from their measurement results, using thermodynamic speciationsolubility calculations, if adequate groundwater data are available and the concept of pH
and redox controlling processes is considered reliable. The hydrogeochemical
interpretation of many chemical, isotopic and microbial variables indicates the potential
controlling factors.
Groundwater pH is reflected in the sensitive equilibrium of carbonic acid and its
dissociation products with the solubility equilibrium of calcite (Eq. 7-1, 7-2). Previous
solubility calculations (Pitkänen et al. 1999a, 2004, Posiva 2009) indicate that calcite
equilibrium dominates in the groundwater system at Olkiluoto, except in shallow,
slightly acid, recently-recharged groundwater samples. Calcite saturation depends on
the carbonate ion content, which in turn depends on pH, and therefore uncertainties in
the measured pH values disturb the calculated saturation indices (c.f. Section 7.2.2). The
potential uncertainty associated with the measured pH values necessitates pH checks to
be carried out on all deep groundwater samples, with thermodynamic calculations which
assume that calcite equilibrium dominates in the deep groundwater system (Pitkänen et
al. 2007a). Calcite saturation indices have been calculated from DIC values, which are
directly measured.
Calculated saturation indices of calcite for baseline groundwater samples show clearly
how rapidly calcite saturation is attained close to the surface (Figure 7-57a). At greater
depths calcite in groundwaters is mainly close to the equilibrium value, confirming the
controlling role of calcite on groundwater pH, in a similar manner to the general
occurrence of calcites in fractures at Olkiluoto. However, some deviations from calcite
saturation are obvious in the solubility calculation results.
Very high and low concentrations of DIC are associated with high and low partial
pressures of dissolved CO2 in groundwaters (c.f. Eq. 7-1), which are clearly above and
below the atmospheric value (Figure 7-57c). Some escape of CO2 from solution, with a
subsequent increase in pH, is possible during sampling and measurement, if the partial
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pressure is higher than atmospheric. Oversaturation is most distinct at the interface of
HCO3-rich and SO4-rich groundwaters and these samples may have suffered CO2 loss,
due to their higher partial pressures of CO2. On the other hand any short-term
oversaturation may have not have recovered due to the reaction kinetics and the delayed
precipitation of calcite. High concentrations of divalent cations (Mg, Sr and Fe(II)) that
form carbonate minerals may retard the growth rate of calcite crystals and allow slight
oversaturation (Appelo & Postma 2005).
Ovesaturation is observed in a few saline groundwater samples which have generally
lower than atmospheric partial pressures of CO2. The small amount of CO2 may be
released with other gases from the samples during pumping at the surface, due to the
very high gas pressure of saline groundwaters. Oversaturation in saline groundwater
samples is potentially caused by some lost of CO2 with other gases, which results in an
increase in measured pH and calculated SI.
On the contrary, a very low partial pressure of CO2, as is found in deep saline
groundwaters at Olkiluoto, may also result in CO2 uptake during sampling. This
decreases the measured pH, in particular because the low content of DIC means that the
solution pH is poorly buffered, so that even a minor amount of ingassing CO2 has an
effect. Few values of undersaturation in deep groundwaters are observed in saline
groundwater, which indicates potential lowered pH values due to CO2 contamination.
Samples are sensitive to CO2 contamination, particularly if pH is measured in the
laboratory. Modern CO2 contamination has been inferred from the presence of
radiocarbon in ancient, saline groundwaters (Pitkänen et al. 2004, 2007a).
In order to evaluate the extent of the observed uncertainty, pH values at calcite
equilibrium are adjusted for deep groundwaters (Figure 7-57b). The deviation is,
however, mostly minor compared to measured values. The assessed pH values in deep
HCO3-rich groundwaters are around 7.5. The pH is slightly higher in brackish SO4-type
and saline groundwaters (7.5 – 8), whereas in brackish Cl-type waters the pH is
generally slightly above 8. The pH level reflects the variation of carbonate and Ca
contents in different groundwater types.
High partial pressures of CO2 (expressed here as logPCO2) in overburden groundwaters
(Figure 7-57c-d) are usually derived from soil vegetation. The evolution of PCO2
depends on the “openness” of the system, as discussed in Sections 7.4.1 and 7.4.3. If the
system is open (i.e. a continual exchange of CO2 between DIC and the soil atmosphere),
PCO2 remains fairly stable as DIC increases, but in closed systems it decreases with
stable or slightly increasing DIC (if calcite is present in the system), because the fixed
concentration of CO2 dissolved in the soil is converted to bicarbonate by mineral
dissolution (Clark & Fritz 1997, Appelo & Postma 2005).
The high, fairly constant CO2 partial pressures in the overburden and shallow bedrock
samples that have markedly increased levels of DIC (vertical arrow in Figure 7-57d)
support the dissolution of minerals in an open CO2 system. Similar high partial
pressures have also been observed elsewhere in poorly-vegetated, sub-arctic and boreal
regions by Banks & Frengstad (2006) and, according to their geochemical simulations,
an open system for CO2 was needed to reach simultaneously a high DIC and high PCO2
in a near neutral pH field. However, the increase of pH to over 7 and the saturation of
calcite seem to require subsequent closure of the system.
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Figure 7-57. The variation of a) calculated calcite saturation indices, b) measured and
calcite equilibrated pH and c) logarithmic partial pressure of CO2, with depth in
Olkiluoto baseline groundwater samples. Calcite equilibrium tolerance (±0.2) and
partial pressure (Log PCO2 = -3.5) for atmospheric concentrations are also specified in
figures a, c and d. All shallow groundwater samples are included in d) presenting the
variation of DIC with Log(PCO2). Arrows depict carbonate evolution during infiltration in
open (vertical) and closed (curved) system.
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The highest partial pressures of CO2, more than -2.0 (Figure 7-57d), belong to
groundwaters sampled from overburden and shallow wells in the bedrock, whereas
HCO3-rich groundwaters from deep drillholes show clearly decreased values and the
influence of a closed system dissolution of minerals. High Ca contents, calcite
equilibrium and methanogenic conditions maintain very low CO2 partial pressures and
DIC concentrations in brackish Cl-type and saline groundwaters.
The results of speciation-solubility calculations and isotopic data emphasise the
effective role of organic, carbon-derived CO2 in open and closed system in the
dissolution of minerals, that results in the stabilisation of a slightly alkaline pH in the
overburden and in shallow bedrock during infiltration at Olkiluoto. The significance of
the dissolution of calcite compared to silicates cannot be assessed, according to carbon
isotopic results. Calcite occurs in till (Breitner 2011) and evidently affects carbonate
evolution in the overburden. Strontium isotopic data favour silicate dissolution, but
actually do not either exclude the dissolution of calcite (cf. Section on strontium isotope
results). Probably the dissolution of silicates is the major process in early weathering
and later the role of calcite dissolution increases slightly deeper in the overburden.
Overall, dissolved carbonate production is a very effective process in forming a notable
pH buffer against acid intrusion in the upper part of the bedrock during infiltration.
The tendency of attaining calcite equilibrium during the early stage of groundwater
infiltration indicates that calcite controls pH and buffers it to a slightly alkaline level,
and that this is also likely to take place in the future. The occurrence of calcite in
different layers of till, and particularly in early glacial deposit (Breitner 2011, Huhta
2008), also emphasises the buffering capacity of overburden during a glacial cycle. The
general occurrence of calcite in fractures without any significant dissolution structures
at shallow depths (less than 10 m depth) and the great age of calcites (Sahlstedt et al.
2009, 2012a) prove that not even significant environmental and hydrogeological
changes during past glacial cycles could destabilise the buffering capacity associated
with calcite fracture infills.
Redox conditions

Eh is generally used to evaluate redox conditions in natural groundwaters and oxidized
waters yield higher Eh than those from reduced environments; however, it is very
unclear whether it is possible to obtain meaningful values of redox from Eh
measurements, which are in addition strongly influenced by pH (e.g. Figure 7-39;
Pitkänen et al. 2007a). Therefore, it is recommended that redox conditions in natural
groundwaters are approached from the information on redox-sensitive species (e.g. O2,
Fe, HS-, DOC, CH4, their isotopes, Fe- and S-bearing minerals, microbes) and Eh as a
quantity that then be calculated from the activities of redox pairs (Drever 1997, Appelo
& Postma 2005).
Practically, SO42-/HS- is the only redox couple which can respond to Pt and Au
electrodes in Eh measurements of deep groundwaters at Olkiluoto, although Pt
electrodes can also be poisoned by sulphide species. Figure 7-58 includes calculated Eh
values, which are based on pH values corrected with calcite equilibrium and measured
concentrations of the SO42-/HS- redox couple (c.f. Figure 7-39). The sulphur
concentration between oxidised and reduced species has only a marginal effect on
theoretical Eh value, whereas pH has the major influence. The CO2/CH4 couple with no
sulphate species would produce a still slightly lower Eh for saline groundwaters
(Pitkänen et al. 2004). The Eh values of HCO3- and SO4-rich groundwaters show
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slightly higher redox levels than those in the deeper groundwaters. This is caused by
their higher sulphate contents and lower temperature than in brackish Cl and saline
groundwaters. The calculated Eh values are in thermodynamic equilibrium, which is not
fully reached in a redox system based on a microbial community. Groundwaters with
long residence times are not far from that equilibrium, therefore high measured Eh
values (e.g. more than 100 to 150 mV higher than calculated) are evidently uncertain
and probably the result of disturbance during their measurement.

Figure 7-58. Calculated Eh values based on SO42-/HS- redox couple in deep
groundwaters at Olkiluoto for samples including measured sulphide versus pH, which
corresponds to calcite equilibrium. Theoretical SO42-/HS- equilibrium lines (25C) are
calculated for total dissolved sulphur contents: upper 5mmol/L and lower 0.1 mmol/L.

The results above and earlier discussions of redox-sensitive species and conditions at
Olkiluoto have demonstrated a sequential redox zonation in the baseline
hydrogeochemical system (Pitkänen et al. 1999a, 2004, Pitkänen & Partamies 2007,
Andersson et al. 2007, Posiva 2009). Redox zones are characterised by the dominant
redox species and are bounded by the mixing interfaces of the operating redox
processes, which, at least in theory, transfer the mixing system from instability between
the zones towards thermodynamic equilibrium (Figure 7-58).
The sequence of dominating redox couples with increasing depth, represents the order
of lower redox potential, i.e. lower energy to be gained by reducing the oxidants
(electron acceptor, right-hand species in each couple). In each couple, reductant species
(electron donor on the left) are thermodynamically unstable in the presence of the
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oxidant species of higher redox potential, which should result in the oxidation of the
reduced species to achieve equilibrium, for example:
*CH4 + 2O2  CO2 + 2H2O

(Eq. 7-12)

*CH4 + SO42-  HCO3- + HS- + H2O

(Eq. 7-13)

*any species in DOC may replace CH4 in this position (c.f. Eq. 7-1)

4H2 + SO42-  S2- + 4H2O

(Eq. 7-14)

4H2 + CO2  CH4 + 2H2O

(Eq. 7-15)

In low temperature environments, these reactions are not spontaneous and do not reach
actual thermodynamic equilibrium. In reality, they are kinetically-controlled and are
mediated by microbes, using reductants as energy sources. Therefore O2 is not stable
with any reduced species and will be exhausted in a closed system for O2 input below
the groundwater table, because the mass of potential electron donors (DOC, Fe2+, HS-,
CH4, minerals) considerably exceeds the solubility of oxygen at Olkiluoto. In particular,
iron sulphides and other ferrous mineral phases in the overburden and in rock fractures
form a significant buffer against dissolved oxygen. Hydrocarbons form another
important and potential energy source for microbes in the groundwater at Olkiluoto.
Methanotrophs oxidise CH4 under aerobic conditions (Eq. 7-12), although details of the
mechanism by which microbes make use of CH4 under anaerobic conditions (Eq. 7-13)
are still unclear.
The hydrogeochemical system includes two natural metastable interfaces, where the
majority of chemical processes are concentrated (Figure 7-59). The upper is the
infiltration zone, which is mainly in the overburden, and the lower lies at 200 – 300 m
depth, where SO4-rich groundwater changes to SO4-poor, but methane-rich,
groundwater. The disequilibrium at both interfaces is caused by differences in the redox
states.
At the upper interface, oxic waters from the surface (meteoric or sea water) infiltrate the
anoxic, organic-rich layer in the overburden. Organic matter is the dominant energy
source for changing conditions to anaerobic, according to the great increase of DIC in
shallow groundwaters. Reduced iron and sulphur in minerals and organic matter are also
important in the consumption of oxygen. The change to anaerobic conditions takes
place along very short flow paths and the limited distribution of iron oxyhydroxides and
well-preserved sulphide grains in the overburden and fractures (Breitner 2011, Sahlstedt
et al. 2009, 2010, 2012a,b) also suggest limited intrusion of aerobic waters to less than
10 m depth during the history of the site. Carbon-13 results (Figure 7-52) indicate that
plant-derived organic carbon is also the main substrate under reducing conditions, to
reduce Fe(III) and SO4 under anaerobic conditions (c.f. Eq. 7-4 and Eq. 7-5). The
organic carbon pool is limited and is effectively depleted in SO4-rich brackish HCO3and brackish SO4-type groundwaters, as the mass of electron acceptors significantly
exceeds the mass of electron donors, which stabilises SO4-rich groundwaters internally.
This is also indicated by the DOC results (Figure 7-42), in spite of the significant
uncertainties in the data. However, microbes cannot completely deplete DOC from
groundwater, due to the energy thresholds required to activate them (Appelo & Postma
2005) and therefore concentrations of a few mg/L level is probable.
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At the lower interface, between the sulphidic and methanic redox environments
(corresponding to brackish SO4 and brackish Cl types), the instability of SO4 and CH4
may result in the formation of dissolved sulphide and carbonate as reaction products
(Eq. 7-13). The effect of this process, in the form of dissolved sulphide, seems to be
evidenced by the distribution of SO42-, HS- and CH4 at Olkiluoto (Figure 7-41). The
insolubility of iron sulphides (pyrite) depletes the ferrous iron pool, which occasionally
causes the excess of dissolved sulphide, due to delay in the release of iron from the
mineral matrix. Calcite precipitates, if the calcite equilibrium is exceeded, and this
precipitation, due to its acidic nature (Eq. 7-2 in reverse), may activate the minor
dissolution of silicates in this zone (Pitkänen et al. 1999a, 2004). The high concentration
of CH4 and other hydrocarbons has a significant buffering capacity against oxidants
diffusing/mixing in the deep groundwater system and has stabilised the brackish Cl and
saline groundwaters internally.
However, there is still an uncertainty as to how CH4 is actually used and how
extensively it is involved in SO4 reduction. CH4 and SO4 contents are generally
relatively high in samples where elevated dissolved sulphide is observed, although one
could expect that either of the source reactants would be exhausted if ANME with SO4
reduction were active. Also carbon isotopic data of DIC (Figure 7-52) or fracture
calcites (Sahstedt et al. 2009, 2011) do not support any significant, if any, long-term
anaerobic oxidation of CH4. Although isotope data of CH4 in brackish SO4-type
groundwaters indicate some oxidation, actual mass transfer is negligible, due to the low
content of CH4 in this groundwater type. The question therefore needs to be asked: is
there some other substrate available in CH4-rich groundwater? This energy source is not
consumed in heterotrophic fermentative processes in the methanogenic groundwater
system, maybe due to low microbial activity, but is used by SRB when SO4-rich
groundwater is mixed with CH4-rich groundwater. Short chain hydrocarbons are stable
against fermentative processes and the results of Kniemeyer et al. (2007) suggest that
diverse marine SRB are able to use directly propane and butane, and ethane less
effectively, in reducing SO4. The content of short chain hydrocarbons is a few percent at
most of that of CH4 (Figure 7-56), which would explain the limited sulphide production
in mixtures of sulphidic and methanic water samples. Also the 13C content of them is
higher than in CH4 (Pitkänen & Partamies 2007) and the fractionation factor for the
anaerobic oxidation smaller (Kniemeyr et al. 2007), which results in a heavier 13C
isotopic composition than the CH4-derived isotopic signature.
The concentrations of H2 are influenced by the activities of the other reactants in the
microbial redox reactions, which may explain the slightly increasing trend of H2 with
depth, which is observed in dissolved gas data from Olkiluoto (Figure 7-59; Pitkänen &
Partamies 2007). Microbial methanogenesis (Eq. 7-7) should keep H2 contents low. The
DIC content, however, decreases with depth, due to the increasing Ca contents and the
tendency to maintain calcite equilibrium (Pitkänen et al. 2004). The slight enrichment of
H2 with depth may be controlled by the parallel decreasing activity of methanogens to
produce CH4 as DIC contents decrease.
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Figure 7-59. The sequential redox system in groundwaters with depth at Olkiluoto.
Relative concentrations of redox-sensitive dissolved species 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.
7.4.6 Mass balance testing of the water-rock interaction model

Geochemical modelling is generally used to test the integrated interpretation of a
hydrogeochemical concept, including interactions with the geological and
hydrogeological boundary conditions. Plausible models increase confidence in site
understanding and quantify the importance of each processes. The geochemical mass
balance model (inverse modelling) is a set of mixing fractions of initial waters and mass
transfers of minerals and gases that quantitatively account for changes in the chemical
and isotopic compositions of water, to satisfy the composition of the final water (cf.
Section 7.2.3) along a flow path (Plummer et al. 1994, Parkhurst & Appelo 1999,
Appelo & Postma 2005).
The mass balance calculation approach has been applied to interpret the
hydrogeochemical evolution of Olkiluoto groundwater samples and the
hydrogeochemical changes caused by underground construction (Pitkänen et al. 1999a,
2004, Luukkonen et al. 2005, Andersson et al. 2007, Posiva 2009, Partamies & Pitkänen
2013). These several campaigns have shown the competence of the mass balance
modelling approach in analysing the status of different processes in relation to the
observed hydrogeochemical changes in different parts of the site.
The large variation in salinity at Olkiluoto is dominantly a result of infiltration and
progressive mixing between end-member water types (e.g. glacial water, Littorina sea
water, modern meteoric precipitation) at the site during its geological and climatic
history. The results of mixing calculations included in the mass balance models specify
the fractions of each end-member waters for the studied time period and their
distributions in the groundwater system, and further indicate either long-term (baseline
data) or short-term (monitoring data) groundwater flow at the site. The reaction
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coefficients calculated provide information on the hydrogeochemical stability under
varying conditions, i.e. chemical processes induced by environmental changes.
The presentation in this Section summarises the modelling results presented in detail in
Pitkänen et al. (1999a, 2004), Luukkonen et al. (2005), Partamies & Pitkänen (2013)
and covers groundwater samples up to 2008. The modelled hydrogeochemical evolution
covers the period since the retreat of the Weichselian ice sheet from Olkiluoto and
follows the mixing concept shown in Figure 7-15.
In the early stages of the modelling, the models were calculated (Pitkänen et al. 1999a,
2004) using the NETPATH code (Plummer et al. 1994). More recently, the massbalance models have been calculated (Luukkonen et al. 2005, Partamies & Pitkänen
2013) using the PHREEQC code (Parkhust & Appelo 1999, Appelo and Postma 2005).
Phases and constraints used in modelling

The mineral and gas phases included in mass-balance modelling are shown in Table 7-3
with their chemical behaviour in reactions, and the chemical compositions used. The
constraints, which fix the reaction coefficients of phases in models, have normally been
the masses of Na, Ca, Mg, K, Al, Fe, Si, C, S, Cl, and the redox state (electron balance).
Chloride is exclusively used as a conservative tracer (no reactions) and solved by
mixing different source (initial) waters, i.e. adjusting mixing frations between the initial
water samples used in the model. The stable isotopes of water (2H and 18O) are utilized
within their uncertainty limits alongside Cl to provide additional conservative control to
the mixing calculations with the PHREEQC code. Details of individual mass-balance
models for each calculated groundwater samples (final waters) are presented in the
modelling reports (Pitkänen et al. 1999a, 2004, Luukkonen et al. 2005, Partamies &
Pitkänen 2013).
In the modelled flow steps, which represent modern recharge conditions, calcite is
assumed only to dissolve. The use of the redox state in constraining mass transfer in
reaction models makes it possible to obtain important information on the required input
of DIC between CO2 and CH2O sources along a flow path during infiltration, and at
greater depths during SO4 reduction. Carbon dioxide is allowed to in-gas (no electron
transfer) to the system to reflect the variable activity of organic respiration in different
parts of the aerobic recharge zone under open system conditions (a partially unsaturated
system). The formula CH2O is used to denote a carbon valence of zero in the oxidation
of dissolved organic carbon in anaerobic conditions and in SO4 or Fe(III) reduction.
Methane gas is also used in the deep bedrock as a source in SO4 reduction modelling,
but, in addition, as a sink in carbonate reduction (hydrogen-based methanogenesis).
Goethite is a potential sink in the recharge zone and, at depth, cation exchange and
biotite are used to provide potential iron phases to precipitate dissolved sulphide as
pyrite. Sodium sulphate represents potential organic-derived SO4 which is oxidised in
the recharge zone and balances large variations in sulphur contents in intermediate
depth samples, which cannot otherwise be solved by SO4 reduction and pyrite
precipitation.
Plagioclase and biotite dissolve incongruently during weathering by hydrolysis
reactions and produce kaolinite and silica. The composition of plagioclase is based on
mineralogical studies (e.g. Gehör et al. 1996, 1997, 2000, 2001b and Gehör 2006) of
mica gneiss, which is the dominant rock type at the site. The actual mean composition
of biotite at Olkiluoto was used in NETPATH models (Pitkänen et al. 1999a, 2004),
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whereas a biotite (phlogophite) composition, originally included in the database of the
PHREEQC code (Appelo and Postma, 2005), was used in the later calculations
(Luukkonen et al. 2005, Partamies & Pitkänen 2013).
Table 7-3. Selected phases for mass-balance modelling and compositions used in
modelling. ‘Source’ and ‘sink’ describe allowed chemical behaviour of a phase along
modelled flow paths.
Phase

Source(+)/Sink(-)

Composition

+/-

CaCO3

Organic matter

+

CH2O

Carbon dioxide

+

CO2

Methane

+/-

CH4

Hydrogen

+

H2

+/-

FeS2

Calcite

Pyrite
Goethite

-

FeOOH

Cation exchange

+/-

CaX2, NaX, MgX2, KX, FeX2

Plagioclase An19

+

Na0.79Ca0.19K0.02Al1.23Si2.78O8

Biotite Fe/(Fe+Mg)=0.57

+

K0.95Na0.04Mg0.98Fe1.29Al1.85Si2.79O10(OH,O)2

Phlogopite

+

KMg3AlSi3O10(OH)2

Kaolinite

+/-

Al2Si2O5(OH)4

Quartz, chalcedony

+/-

SiO2

+

Na2SO4

Sodium sulphate

Low pH groundwater sample, which represent modern recharge, are used as an initial
water for fresh and brackish HCO3 type groundwaters. This initial water is mixed with
Baltic sea water (observation tubes) or a SO4-rich groundwater sample (samples from
the bedrock) to calculate final waters in mass balance models which describe infiltration
dominantly from dry land conditions (Figure 7-15). The initial waters for mixing have
been selected according to the hydrogeological model. Littorina sea water (Table 7-2)
and glacial reference groundwater samples are used as initial waters in models which
describe the mass transfer to Littorina reference groundwater samples. Other brackish
SO4-type groundwater samples are calculated using a step-by-step process, with mixing
from these reference samples according to flow paths selected from the hydrogeological
model. Similarly, glacial melt and subglacial reference groundwater (Table 7-2) are
used as initial waters to calculate glacial reference water samples. Other brackish Cltype groundwaters with glacial signals are calculated using a step-by-step process from
glacial reference samples and more saline groundwater samples along flow paths. Massbalance models of saline groundwater samples are based on mixing saline end-member
water and subglacial reference water as initial waters. These last models represent in the
main time frames before the Weichselian deglaciation.
Mass transfer in chemical reactions

The mass transfer of chemical parameters between selected initial and final waters in
each mass balance model of Olkiluoto is partly solved by the mixing of initial waters,
partly by dissolving and ingassing, or precipitating and outgassing, mineral and gas
phases, or by using ion exchange. Conservative mixing plays a dominant role during
mass transfer in models (dilution or enrichment of dissolved elements along flowpaths),
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simulating the hydrogeochemical evolution at Olkiluoto. This, together with the
considerable range in salinity, causes uncertainties in the calculation results of chemical
reactions. The calculated mass transfers in water-rock reactions of Na and Ca phases
mainly operate within the measurement accuracy of these elements in the mass balance
models of deep groundwaters. Therefore, models may easily produce misleading results
of mass transfer, and the calculated reaction coefficients of Ca-Na ion exchange and
plagioclase dissolution (with kaolinite and chalcedony precipitation), particularly in
brackish and saline groundwater, cannot be considered reliable.
Predicted mass transfers of C and S phases in water-mineral reactions, are not as
sensitive to the results of mixing. The concentrations of these elements are much
smaller, they do not vary as much between different waters, as do Na and Ca
concentrations, and mass transfer by reactions is of the same magnitude as the analysed
concentrations. However, mixing of a high portion of marine-derived water may cause
mass-balance problems, due to its anomalously high SO4 concentration, compared with
waters from other potential sources at Olkiluoto. Reliable results of mass transfer of
carbon between water and CO2 and calcite are important, because this defines silicate
dissolution in the bedrock. Protons available from CO2 ingassing, together with those
consumed or released in calcite dissolution and precipitation (Eq.7-1, Eq.7-2, Eq. 7-3),
control potential mass transfer in silicate reactions and the release of cations in
groundwater. Calculated mass transfers between the main C and S phases along flow
paths to various baseline groundwater samples (final waters) are shown in Figure 7-60.
The results show that most of the predicted mass transfer is connected with the
evolution of HCO3-rich and SO4-rich groundwaters. Chemical reactions are minor in the
deep, old groundwater system, which indicates the stability of the brackish Cl-type and
saline groundwater system during the postglacial period.
Predicted mass transfers may occur at any location on the calculated flow path between
initial and final waters, and therefore the plotted depth does not necessarily show the
most probable location of dissolution or precipitation of the phases. Most of the fresh brakish HCO3 type groundwaters are calculated using a similar model concept, which
starts from infiltration (initial water in the model). The predicted net mass transfer of
calcite shows dissolution for these groundwater samples (final water in Figure 7-60),
although solubility calculations indicate that the groundwater type is saturated
immediately after infiltration. This suggests that the dissolution of calcite is limited to
very shallow depths in the infiltration zone. Similarly CO2 ingassing actually occurs at
the surface.
The predicted dissolution of CO2 (ingassing of the aerobic respiration product) during
infiltration, generally several mmol/kg of water in the overburden and shallow HCO3rich bedrock samples (Figure 7-60a), supports the open system exchange of CO2
between soil air and DIC in water. The early evolution of gas input represents an
undersaturated zone in the vadose zone and possibly reflects the zone where the
groundwater table temporaly fluctuates. The extensive dissolution of CO2, and its
dissociation to bicarbonate, in the near-surface zone, further supports the concept that a
significant part of the calculated carbon mass transfers and related reactions, such as
calcite (Figure 7-60b) and silicate dissolution, have occurred in the infiltration zone and
that the hydrogeochemical conditions deeper in the bedrock are already in a relatively
stable state. Fracture mineral studies of calcite coatings do not indicate significant
calcite dissolution either, at least in the bedrock (Sahlstedt et al. 2009, 2012a,b, Smellie
et al. 2013).
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Figure 7-60. Mass transfer of a) CO2, b) calcite, c) organic carbon (CH2O) and d)
pyrite along calculated flow paths of final groundwater samples with depth. Results of
reference groundwater samples (cf. Figure 7-14) are based on mixing of initial waters
from surface conditions (glacial and Littorina in Table 7-2). A negative value indicates
precipitation and a positive value dissolution (Partamies & Pitkänen 2013).
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Calcite precipitation is predicted to occur in some of the HCO3-rich and SO4-rich
groundwater samples; however, recent calcite with measurable 14C has not been
observed in fracture calcite studies (Karhu 2000, Sahsltedt et al. 2011). Precipitation
may be less than calculated, which would result from the selection of initial waters used
in the mass-balance models with excess DIC. However, in SO4-rich groundwater
samples notable calcite precipitation may have already occurred in seabed sediments
(refrence samples), together with anaerobic respiration of organic carbon. In addition,
precipitation of 1 mmol calcite/kg of water indicates a very limited amount of recent
precipitate on a fracture surface (it represents a <0.04 µm thick precipitate if calcite
precipitates in a fracture of 1 mm aperture), which suggests that older calcite with no
radiocarbon significantly dominates in the samples for 14C analysis.
Independent ingassing of CO2, as suggested in a few models, is impossible in flow paths
to deep brackish and saline groundwaters. It reflects either a minor input of HCO3-rich
groundwater in the water sample (contamination), or slight uncertainties in the data or
in the formulation of the mass-balance model.
The calculated consumption of organic carbon (Figure 7-60c), which is used in SO4
reduction in the models, is generally at a low level, except in a few fresh/brackish
HCO3-type and brackish SO4-type groundwater samples. Sulphide concentrations are
mostly very low or below the detection limit in these samples, which suggests that
sulphide is precipitated as pyrite, as indicated by the models (Figure 7-60d). The
brackish SO4-type and brackish Cl-type samples near 300 m depth also have a few
mg/L sulphide, which supports the calculated consumption of organic carbon in these
models. A couple of brackish SO4-type groundwater reference samples show abundant
calculated organic carbon consumption (c. 1.5 mg/L) and pyrite precipitation. These
samples (Littorina reference samples) represent a flow path which includes Littorina sea
water infiltration through seabed sediments. Most of these processes probably took
place in the sediments, as suggested by the common occurrence of pyrite in Finnish
Littorina clays (Palko 1994).
Molar sulphide production is half of the mass transfer of organic carbon. The most
common prediction of the consumption of organic carbon, less than 0.1 mmol/kg of
water, particularly in saline groundwaters, corresponds to a sulphide production of 1
mg/kg of water, which mostly precipitates as pyrite in the models.
Mass balance models indicate that most of the reactive mass transfer is connected to
infiltration. Aerobic respiration and carbon dioxide input is several millimoles in each
litre of recharged meteoric water, which has to induce a corresponding mass of
dissolution of calcite and silicates (Eq.7-1, Eq.7-2, Eq. 7-3) in order to neutralise pH.
Similarly, infiltration through seabed sediments has activated notable microbial
anaerobic reactions and calcite and pyrite precipitation. In addition, noteworthy mass
transfer and anaerobic sulphide reduction is connected to the mixing between brackish
SO4- and brackish Cl-type groundwaters locally, which is observed as higher mass
transfer values in brackish SO4 groundwater samples (Figure 7-60).

Mixing and palaeohydrogeological implications

The calculated mixing fractions of different reference/initial end-member waters (saline,
subglacial, glacial meltwater, Littorina Sea and meteoric water, c.f. Figure 7-15) in
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current groundwater samples are presented against depth in Figure 7-61. The mixing of
these end-member waters, together with the hydrogeochemical interactions, are able to
explain all the observed compositional varieties which have evolved since the
Weichselian glaciation at Olkiluoto. Mass balance calculation results are very sensitive
to obvious contaminative mixing along open drillholes (Pitkänen et al. 2007a,
Andersson et al. 2007, Posiva 2009). For example, traces of what must be Littorina sea
water are observable in the deep saline groundwater system, as there is no other source
for observed minor SO4 or HS- contents in some of the saline groundwater samples.
These traces are most probably due to contamination, because a CH4-rich groundwater
system seems not to allow the long distance migration of SO4 from the brackish SO4type groundwater body. Thus occurrences of shallower meteoric water at depth are even
more implausible and most probably are due to the effect of slight contamination.
Traces of glacial meltwater below 300 – 400 m depth may result from the use of too
simplistic a model concept. Glacial meltwater is the only component to dilute saline
groundwater and the potential influence of meteoric waters (current contamination or
former mixing) is excluded. Thus, results that show small fractions of specific
groundwater types, below 5 to 10%, are doubtful, due to uncertainties in the data and
the concepts assumed.
The results of mixing and mass-balance calculations indicate that considerable flow of
meteoric water is mainly limited to the upper 150 m. Littorina-derived water dominates
in the groundwater mixture between 100 m and 300 m, though subglacial brackish
groundwater gradually outweighs it between 200 to 300 m, to become dominant down
to 600 m depth. At greater depths the saline end-member dominates the groundwater
column. The intrusion of glacial meltwater is mainly limited to the upper 400 m,
according to the model, and the maximum fractions are interpreted from samples taken
from depths of less than 150 m. Generally, higher fractions of glacial meltwater are
typically present in SO4-rich groundwaters, emphasising the significance of highly
transmissive flow paths. The δ18O data (Figure 7-13 and 7-14) suggest that the input of
glacial meltwater from Weichselian deglaciation is mostly limited to 250 m depth, so
the difference may result from the strict compositions of end-member waters used in
calculations or reflect some earlier colder climate water influence in the data. It is
noteworthy that the initial groundwaters in the bedrock prior to deglaciation, i.e.
subglacial and saline, dominate at depths of greater than 200 m.
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Figure 7-61. Depth distributions of mixing fractions of interpreted end-member waters
in Olkiluoto groundwater samples under baseline conditions. Common trend areas
illustrate depth distributions of the end-member water fractions in the bedrock.
7.5

Interpretation of hydrogeochemical monitoring data

The analysis of groundwater samples, taken for monitoring changes in the
hydrogeochemical system, concentrates mainly on the results of the sampling during the
construction of the ONKALO. In addition, however, there are initial samples from
many monitoring sections and also the extensive baseline dataset, which makes it
possible to evaluate the potential changes caused by the construction activities. The
groundwater compositions based on the 2006 – 2007 monitoring results, presented in
the previous Site Description (SR2008, Posiva 2009), were very similar to the baseline
data and showed that the system had remained generally stable, with no observations of
surface water infiltration. Over the period 2006-2007, however, changes were observed
in the salinity distribution, particularly in samples taken down to 300 m depth from
hydrogeological zone HZ20A. These changes were considered to be independent of the
construction activities and to be caused by increased mixing of upper groundwater types
in the deeper groundwater system along open drillholes. Occasional, increased
concentrations (at the mg/L level) of dissolved sulphide were also observed to be related
to sampling sections which had been disturbed by flow in open drillholes. Groundwater
sampling from the ONKALO had not observed brackish SO4-type groundwater, which
is common in deep drillholes at 100 to 300 m depth. Their absence was thought to be
related to the low transmissivity of the bedrock above the HZ20 feature, which had not
yet been penetrated by the ONKALO tunnel.
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The monitoring data referred to here were obtained before the end of 2009; and the
results of the monitoring are presented in detail in the specific monitoring reports by
Pitkänen et al. (2009) and Penttinen et al. (2011). This Section summarises the essential
observations and analyses their background and potential local changes in the
hydrogeochemical environment. The ONKALO reached a depth of about -400 m
(chainage 4059 m) at the end of 2009, and has penetrated one of the major
hydrogeological zones HZ20 at about -300 m depth (chainage 3100 - 3600 m) since the
SR2008 (Posiva 2009). Cumulative water leakage to the tunnel during the monitoring
period was around 20 L/min before HZ20 (chainage 3003 m) and 30-35 L/min after that
point, with occasional highs caused by open holes (pilot holes and shaft injection holes)
in the ONKALO (Vaittinen et al. 2010).
The depth distributions of the salinity (TDS) and Cl concentrations during the
monitoring period 2008 – 2009 (Figure 7-62) show a general correspondence with the
baseline data. There are, however, anomalous samples which deviate from the baseline
data, as was observed in SR2006 (Andersson et al. 2007) and SR2008 (Posiva 2009).
These samples are taken from major hydrogeological zones, particularly from the upper
part of HZ20 above 300 m depth.
Deviations from the normal trends in concentration, resulting from dilution due to
groundwater movement from shallower depths than the sampling location, have
resulted, in some cases, in changes in the water type. Samples taken from HZ19, for
example, are slightly more dilute than the baseline salinity level at corresponding depths
and the open drillhole dilution in HZ20 is observed in the same sampling locations, as
earlier reported in SR2006 and SR2008 (Andersson et al. 2007, Posiva 2009). This
dilution effect had not initially influenced the deeper parts of HZ20, however, the
construction of the ONKALO tunnel through HZ20B caused the drawdown of
groundwaters in open drillhole OL-KR40, that was observed as a slight dilution and an
elevated SO4 content in a groundwater sample taken from 550 m depth (Figure 7-62).
This was caused by mixing of brackish SO4-type water with the original saline
groundwater in the sampling section (Pitkänen et al. 2009, Ahokas et al. 2013).
Anomalous samples have been taken from drillhole section OL-KR11_T598 for years.
They have been clearly more dilute than the general trend at this depth and represent
brackish SO4-type groundwater. The reason for the anomalous salinity has been the very
low transmissivity of the rock (under the detection limit in measurements, even when
high drawndown of about 35 m are used), combined with the rough walls of the
drillhole, which have caused systematic packer leakage and groundwater flow from the
upper part of the drillhole, from the SO4-rich layer into the sampling section (Ahokas et
al. 2013, Penttinen et al. 2011, Pöllänen et al. 2011). Recent EC measurements of
groundwater with the PFL tool in 2010 indicated typical saline groundwater conditions
at great depths in this drillhole.
Temporal changes in monitoring data

The time series data for TDS, SO4, DIC, Na, Ca and dissolved sulphide for the
monitoring points, located at the intersections of major hydrogeological zones HZ19,
HZ20 and HZ21, are shown in Figure 7-63, Figure 7-64 and Figure 7-66, respectively.
In addition, the results from the HZ001 intersection in OL-KR13 (Figure 7-65) is
discussed due to its initially observed high dissolved sulphide content. Detailed
hydrogeochemical monitoring results, with sampling from other locations in the rock
mass, are presented in reports by Pitkänen et al. (2009) and Penttinen et al. (2011). Up
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until the end of 2009 the data from these other monitoring points have been generally
stable.
The samples were obtained using two different sampling techniques - sampling from
multi-packered drillholes (labelled T) or with the PAVE sampler from open drillholes.
Most of the monitoring sampling is currently performed using multi-packer systems, but
some of the older samples in individual time series may have been taken using the
PAVE sampler. The start of construction of the ONKALO in June 2004 is also marked
in the figures as a major milestone in the evaluation of potential disturbances.
The samples were collected near the ONKALO and from hydrogeological zones, which
may have been exposed to disturbances caused by the ONKALO and/or by open
drillhole flows. In addition, a few reference points in drillholes (OL-KR3, OL-KR5,
OL-KR9) far from ONKALO have been sampled regularly. The ONKALO tunnel
intersects HZ19 at about -100 m and HZ20 at about -300 m depth.
The influence of the ONKALO seems to vary in different parts of HZ19 (Figure 7-63).
General minor dilution due to enhanced flow is, however, generally evident at the
majority of the monitoring points, which frequently results in a slight increase in
carbonate content due to infiltration from shallower depths. Hydrogeological transients
have occasionally resulted in slight increases in dissolved sulphide contents - an
indication of the conservation of anaerobic conditions. The time series from OLKR14_13, which is the pumping section of the Infiltration Experiment (Pitkänen et al.
2008b, Aalto et al. 2011, see Section 7.6) has been rather stable with time, as well as the
monitoring point in OL-KR30 (Figure 7-63).
Relatively heavy stable isotopic signatures were occasionally observed from the
monitoring sections in OL-KR4 and OL-KR25 (Pitkänen et al. 2008b), which suggested
an input of water from the Korvensuo reservoir. The signature has, however,
disappeared in OL-KR4 and the isotopic composition in 2009 sampling is typical of
current recharge waters (Penttinen et al. 2011). This indicates a temporal variation in the
rate of infiltration.
Time series data from sections monitoring HZ20 show some increase in salinity, rather
than any significant dilution (Fig 7-64). These trends may result from both recovery
after open drillhole contamination or upconing of saline groundwater. Note that the
dilution of HZ20A intersections had already occurred before the first sampling took
place (Ahokas et al. 2013). The intersections in OL-KR20 and OL-KR23 became
brackish and saline, respectively, after initial sampling in 2005. The installation of
multi-packer systems in the drillholes in 2004 has stabilised the hydrogeological
conditions, as is also indicated by the changes in SO4 and DIC contents.
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Figure 7-62. Depth distributions of a) TDS and b) Cl (logarithmic), c) DIC and d)
SO4 contents in monitoring data over the period 2008 – 2009. The baseline material
(c.f. Figure 7-2) is shown in the background in grey. Samples taken from
hydrogeological zones (HZ19, HZ20, HZ21 and HZ001) are indicated. Mixing of
groundwaters from shallow depths is particularly apparent as increasing DIC
concentrations in the monitoring data.
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The problems that disturbed the hydrogeological conditions in HZ20A, as seen in the
intersection in OL-KR22, have already been discussed with reference to Figure 7-21
and Figure 7-22. The development of the salinity at the monitoring point has been
irregular; however, the sample collected during 2008 is considerably more
concentrated than previous samples (Figure 7-64). In contrast, the monitoring samples
from the HZ20B intersection in OL-KR22 show relatively stable conditions, if not a
slight dilution. The samples from the OL-KR10 (HZ20B) sampling section also seem
to show a slight dilution trend. The dilution in these sections is not caused by
groundwater mixing in the system from shallower depths, as seen for example from
the DIC and SO4 results. The tritium contents are under the detection limit and the
oxygen and hydrogen stable isotope results suggest the development of a slightly
lighter composition (Penttinen et al. 2011), indicating some discharge of brackish Cltype groundwater into the sampling sections.
In samples from OL-KR9 and OL-KR23 the salinity has moderately increased, in OLKR23 steadily but in OL-KR9 enrichment started in 2009. The situation in OL-KR23
is considered to be connected to changes after open drillhole stage. After completion
of the drillhole the DIC and SO4 contents have decreased or depleted to the levels
typical of saline groundwater and this feature has been interpreted as reflecting the
recovery of groundwater chemistry after the installation of multipacker systems in the
majority of the drillholes (Pitkänen et al. 2009, Ahokas et al. 2013).
In samples from OL-KR9 (Figure 7-64) the salinity increase started in 2009. This may
be indicative of the upconing of saline groundwater in the HZ20B system and is
thought to be due to the strong driving force that resulted from the intersection of
HZ20B with the ONKALO.
Hydrogeochemical changes observed in salinity seem to be reflected as temporal peak
concentrations in dissolved sulphide in sampling sections in HZ20 (Figure 7-64f),
which are located near the interface between SO4-rich and CH4-rich groundwaters in
most of these drillholes. High sulphide concentrations have appeared during open
drillhole conditions or just after installation of multi-packer systems in three
drillholes. This indicates that elevated sulphide concentrations are linked to changes
in hydrogeochemical conditions and emphasises the role of hydrogeological transients
caused by site investigations in activating microbial populations. The changes are also
reflected typically by the SO4 and DIC contents. Sulphide contents tend to decrease as
hydrogeological transients decrease, following completion of permanent packers in
the drillholes, as can be seen in Figure 7-64f. The intersection of HZ001 in OL-KR13
(Figure 7-65) suffered from open drillhole flow and contamination by groundwaters
from the upper part of the drillhole (Ahokas et al. 2013). The situation improved when
the drillhole was sealed in late 2007, but the salinity is still less than that found in the
initial sampling. The dissolved sulphide content was the highest (12.4 mg/L) recorded
at Olkiluoto in the initial sampling, immediately after drilling the hole.
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Figure 7-63. TDS, SO4, DIC, Na, Ca and sulphide results of the deep drillhole time series sampling for samples from HZ19 (red line
denotes the start of ONKALO construction). The last number of the sample code denotes the drillhole length of the upper packer (m) of the
sampling section. Note that T denotes sampling from a multi-packered drillhole, other samples have been obtained with the PAVE system
in open drillholes. The complete results of the hydrogeochemical sampled time series data are presented in Pitkänen et al. (2009) and
Penttinen et al. (2011).

Figure 7-64. TDS, SO4, DIC, Na, Ca and sulphide results of the deep drillhole time series sampling for samples from HZ20 (red line
denotes the start of ONKALO construction). The last number of the sample code denotes the drillhole length of the upper packer. Note that
T denotes sampling from a multi-packered drillhole, other samples have been obtained with the PAVE system in open drillholes. The
complete results of the hydrogeochemical sampled time series data are presented in Pitkänen et al. (2009) and Penttinen et al. (2011).
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Mixing of SO4-rich groundwater, due to open drillhole conditions, with CH4-rich
groundwater is considered to be the reason for the active microbial SO4 reduction in this
sampling section (Pitkänen et al. 2008a). Sulphide concentration began to decrease
during open drillhole conditions and still more after multi-packers were installed.
However, both SO4 and CH4 (gases cannot be reliably sampled from the multi-packered
drillhole) contents have remained relatively high, thus the conditions should be
favourable for microbial anaerobic methane oxidation with SO4 reduction (ANME with
SRB), if the progress depends on the concentrations of these species. The decrease of
sulphide may also result from the precipitation of iron sulphides and possibly from
precipitation with iron from permanent packers.
This raises a question, is ANME coupled with SO4 reduction, the main sulphide
generating process or is it controlled by the availability of some other energy source in
methanic groundwaters, rather than CH4 itself? A few carbon isotopic results from DIC
(Figure 7-52) and more generally from dissolved CH4 in brackish SO4-type
groundwaters indicate that anaerobic CH4 oxidation has been possible to a minor extent.
However, such results should be observable in fracture calcites and notably in DIC,
which would only consolidate significant mass transfer through ANME. The high δ34S
value in SO4 from this same sampling section, compared to the marine initial value
(+20‰) (Figure 7-65), indicates microbial SO4 reduction, though variable results
suggest additional input of SO4 to the sampling section. Carbon-13 values in DIC do not
show any particular systematics with the trend of dissolved sulphide, but rather high
δ13C(DIC) values do not clearly support carbonate input from anaerobic oxidation of
CH4, which has shown δ13C(CH4) values between -49‰ and -46‰ in this sampling
section. The tendency of both isotopes with time indicates sulphide production is
retarded rather than decreased due to the precipitation of iron sulphides.
The time series data for monitoring the hydrogeochemical evolution in HZ21 (no
intersection with the ONKALO) are shown in Figure 7-66a-f. The conditions are rather
stable, particularly those from the deeper, most saline groundwater system at Olkiluoto.
The salinity in the OL-KR29 intersection shows a decrease in the most recent 2009
sample, but yet more recent sampling (Penttinen et al. 2012), not discussed in this
report, shows a return to normal conditions, suggesting some problem with the 2009
sampling.
Peaks in SO4 and DIC contents (Figure 7-66) indicate some input from groundwaters
from above the sampling sections; and once again these are thought to be related to the
open drillhole stage. For example OL-KR5 was open for five years before the sampling
in 2002 (Ahokas et al. 2013). Following the installation of multi-packers, the SO4
contents decreased to near the level typical of saline groundwater, whereas the sulphide
content (Fig 7-66f) in this section increased. The δ13C(DIC) value remained rather
stable (at -17.6‰ in recent sample, varying between -14.3‰ and -20.3‰ over this
period, Pitkänen et al. 2009) and does not show significant depletion, although the
carbon isotopic composition is a sensitive measure of the light isotopic signal if any
carbonate input from CH4 oxidation were to occur, as the mass of DIC is low (1.7 mg/L
~ 0.14 mmol/L initially).
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Figure 7-65. Monitoring results of TDS, SO4, HS-, CH4, δ13C(DIC) and δ34S(SO4) from
the intersection of HZ001 with deep drillhole section OL-KR13_T360 (red line denotes
start of the ONKALO).
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The 13C level should be about or less than -25‰ in DIC if the mass of CH4 (δ13C: 43.3‰ measured in 1995 from the same section), which corresponds to the increase in
dissolved sulphide content (0.07 mmol/L) is oxidised and added into the DIC pool (δ13C
initial value -16‰ is used). This scoping calculation indicates that the oxidation of
organic-derived DOC (δ13C ~ -25‰) is more likely to be the dominant energy source in
microbial sulphate reduction rather than the ANME process or other short chain
hydrocarbons (δ13C ~ -30 to -40‰ in Olkiluoto, Pitkänen & Partamies 2007), which are
directly usable for some of the SRB (Kniemeyer et al. 2007). The first results from the
SURE sulphate reduction experiment in the ONKALO (Aalto et al. 2009) will be
available in 2012, which will provide additional microbiological information on SO4
reduction, the energy sources used and the role of CH4 in the overall process.
Observations from monitoring of groundwater chemistry in the ONKALO

The hydrochemical monitoring in the ONKALO to date has been based on groundwater
samples taken since late 2004, from pilot holes (ONK-PH) drilled along the tunnel
profile before its excavation, from groundwater stations (ONK-PVA) in the tunnel
walls, from leaking fractures in the tunnel, from measuring weirs in the tunnel floor and
from grout cement monitoring drillholes (ONK-KR) in the tunnel walls. The results are
analysed annually and discussed in hydrogeochemistry monitoring reports (Pitkänen et
al. 2007b, 2008b, 2009 and Penttinen et al. 2011).
The groundwater samples from pilot holes represent the best initial hydrochemical
conditions in the ONKALO tunnel volume, whereas monitoring samples from
groundwater stations, which are drilled in native, ungrouted rock, describe the longterm hydrogeochemical evolution without any interaction with cementitious materials
from the ONKALO (Table 7-4).
The first pilot hole (OL-PH1), which was drilled from the surface, was not sampled.
ONK-PH2 intersected mainly an anomalously porous and weathered bedrock section.
ONK-PH4 and ONK-PH5 intersected the most significant hydrogeological features in
the upper part of the bedrock in the ONKALO area, the complex HZ19 (A, B and C)
system. ONK-PH8 and ONK-PH9 intersected the other important hydrogeological zone
HZ20 (A and B). Pilot holes ONK-PH3, ONK-PH6, ONK-PH10 and ONK-PH11
sampled bedrock sections with lower transmissivities than those normally sampled at
the corresponding depths from surface drillholes. ONK-PH7 sampled very poorly
transmissive rock and water sampling proved impossible.
The monitoring of groundwater stations ONK-PVA1 – ONK-PVA6 started several
months after the excavation of the respective tunnel sections. Tens of samples have been
taken from the first three of these groundwater stations, which are all at rather shallow
depths, whereas only a limited number have been taken from the latter three stations.
ONK-PVA3 is located in the vicinity of the HZ19A intersection in the ONKALO and
has a relatively high transmissivity compared with the other groundwater stations,
which represent rock with relatively low transmissivities for their respective depths.
ONK-PVA4 (drilled in spring 2007) represents very poorly transmissive bedrock. The
SURE experiment is taking place in ONK-PVA6 (Aalto et al. 2009). Groundwater
stations exhibit small discharges into the ONKALO, i.e. they are in a transient state.

Figure 7-66. TDS, SO4, DIC, Na, Ca and sulphide results of the deep drillhole time series sampling for samples from HZ21 (red line
denotes start of the ONKALO). The last number of the sample code denotes the drillhole length of the upper packer. Note that T denotes
sampling from a multi-packered drillhole, other samples have been obtained with the PAVE system in open drillholes. The complete results
of the hydrogeochemical sampled time series data are presented in Pitkänen et al. (2009) and Penttinen et al. (2011).
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The drillholes for monitoring the influence of cement (ONK-KR1 - ONK-KR4)
correspond to groundwater stations, but they represent grouted areas of different grout
takes and different cement mixes, e.g. Ahokas et al. (2006). They are located between
ONK-PVA1 and ONK-PVA2 in the ONKALO, however, cement-filled fractures were
observed only in the drill cores from ONK-KR3 and ONK-KR4 (Rautio 2005). The
tunnel sections of ONK-KR3 and ONK-KR4 were grouted with silica sol (low pH
cement) and ordinary Portland cement, respectively. The continuous, manual
monitoring of drillholes ONK-KR1  KR4 for water inflow rate, pH, temperature and
electrical conductivity (EC) started within tens of days and continued for up to 9 months
after grouting. The observations on these manual continuous monitoring results are
discussed in more detail in Arenius et al. (2008). The monitoring continued after 2008
with a frequency of one sampling programme per year.
Most of groundwater samples from the ONKALO correspond well with the baseline
data at similar depths (Figure 7-67). Deviations are evident in samples from ONK-PH2
and also in ONK-PVA4, ONK-PVA5 and ONK-PH6. The sample from ONK-PH2
differs clearly in many parameters (Na, Ca, Mg, SO4) from the baseline data (Andersson
et al. 2007) and from other data collected from the ONKALO. The sample also has
significant glacial meltwater and Littorina sea water signatures (see stable isotopes in
Table 7-4 and, Mg and SO4 in Figure 7-67), clearly indicating a longer mean residence
time than other samples from similar depths. The strongly-altered rock seems to have
effectively buffered the groundwater, probably due to its high porosity. In addition, the
rock type probably has a high cation exchange capacity, which is reflected in the
unusual cation composition of the groundwater sample (Figure 7-67). The latter group
of samples show lower SO4 and DIC contents than baseline data (Figure 7-67), which is
typical of brackish Cl-type groundwaters, but they show brackish Cl-type features with
slightly lower salinity and at shallower depth in the bedrock than observed earlier. A
glacial meltwater signal is common to all these samples, as is an elevated CH4 content
(about 10 mL/L) in ONK-PVA5 (no measurements from the other groundwater
stations), both of which indicate longer residence times than is generally the case for
these depths (Penttinen et al. 2011). The observations show that brackish Cl-type
groundwater generally occurs above HZ20 in poorly transmissive fracture systems
(Posiva 2009) and that brackish SO4-type groundwater (from the Littorina Sea) has
infiltrated and dominates in well-connected, transmissive fracture system between 100
and 300 m depth.
Groundwater samples from pilot holes ONK-PH4 and ONK-PH5, which intersected
HZ19A and C, correspond well with samples taken from these features in neighbouring
drillholes, e.g. OL-KR4, OL-KR30. Groundwater station ONK-PVA3 has a
groundwater composition which is similar to samples from ONK-PH4 and ONK-PH5,
suggesting that the ONK-PVA3 monitoring hole is probably in hydraulic connection
with the HZ19 system.
The samples from ONK-PH8 were unexpectedly brackish HCO3-type groundwaters
(Pitkänen et al. 2009). Bicarbonate-rich groundwaters are not observed in baseline data
at these depths and this occurrence is believed to result from the intersection by the pilot
hole of HZ20A. The pilot hole intersected HZ20A in a part of the rock mass which has
been strongly disturbed by investigations from several drillholes (OL-KR4, OL-KR24,
and OL-KR38, e.g. Vaittinen & Ahokas 2005). In addition, open drillhole flow has been
observed in monitoring data to contaminate HZ20A intersections with shallow HCO3rich groundwater (Pitkänen et al. 2007a, Posiva 2009).
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Table 7-4. Characteristics of groundwater samples from pilot holes (PH) and
groundwater stations (PVA; first samples) describing initial hydrogeochemical
conditions in the ONKALO. Pilot holes (over 100 m long) were sampled either as a
whole length or divided in two sections. Groundwater stations are 10 to 20 m long.

Sample

Depth
(m.a.s.l.)

Ground
water
type

T
(m2/s)

TDS

Cl

SO4

δ2H

δ18O

(mg/L)

(mg/L)

(mg/L)

(‰VSMOW)

(‰VSMOW)

ONK-PH2_1

-6.88

brack
SO4

1.76E06

4048

2330

210

-101.7

-13.45

ONK-PH3_1

-59.98

fresh/bra
ck HCO3

1.54E06

2446

1140

150

-84.5

-11.6

ONK-PH4_1

-77.36

fresh/bra
ck HCO3

2.64E06

1213

394

70

-75.5

-10.06

ONK-PH5_1

-88.23

fresh/bra
ck HCO3

2.69E06

870

198

71

-79.9

-11.25

ONK-PH6_1

-128.21

brack Cl

4.98E08

2961

1720

90

-98.2

-13.02

ONK-PH8_0_1

-291.83

fresh/bra
ck HCO3

2.03E07

1489

576

86

-74.5

-10.03

ONK-PH8_48_1

-296.63

brack.
SO4

5.80E07

2229

1080

105

-75.1

-9.99

-306.54

brack.
SO4

3350

332

-74.7

-10.07

ONK-PH9_0_1

2.84E07
5977

ONKPH9_37.75_

-310.28

brack.
SO4

2.09E07

5479

3060

290

-76.3

-10.15

ONK-PH10_1

-325.90

brack. Cl

1.68E08

9916

6030

<0.1

-87.1

-12.45

ONK-PH11_0_1

-370.58

brack. Cl

3.53E09

8342

5220

0.3

-95.3

-13.04

ONKPH11_27_1

-373.26

saline

5.00E09

10054

6320

1.9

-92.2

-12.74

-14.56

fresh/bbr
ackHCO
3

4.36E07

1031

320

110

-80.5

-11.04

-65.18

fresh/bbr
ackHCO
3

1.10E09

2711

1470

190

-88.7*

-11.16*

-78.54

fresh/bbr
ackHCO
3

1.53E06

1259**

443**

94.3**

-79.3**

-11.1**

ONK-PVA4_1

-138.19

brack.Cl

1.14E10

2151

1230

61.1

-98.0

-13.48

ONK-PVA5_1

-228.66

brack.Cl

8.00E09

3975

2390

9.5

-103.3

-14.12

ONK-PVA6_1

-318.68

saline

2.31E09

10787

6660

26.9

ONK-PVA1_1

ONK-PVA2_1

ONK-PVA3_1

*ONK-PVA2_2
**ONK-PVA3_4
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The samples from ONK-PH9 from HZ20B intersections represented brackish SO4-type
groundwater, which was the first clear observation of this water type from the
ONKALO. Groundwater compositions from ONK-PH9 showed slightly depleted
salinities and SO4 contents, compared with reference groundwater samples infiltrated
from the Litorina Sea (e.g. Figure 7-14), which are typical of the lower part of the SO4rich layer near the interface between brackish SO4- and brackish Cl-type groundwaters.
Groundwaters collected in the ONKALO beyond the HZ20 intersection (ONK-PH10
and ONK-PH11) are of old saline type, with TDS about 10 000 mg/L (Figure 7-67) and
show similar hydrogeochemical characteristics to baseline groundwater data at
corresponding depths (Penttinen et al. 2011, cf. Figure 7-18). This supports the
observation made in Section 7.3.4 on salinity, that there are no significant
hydrogeochemical differences between poorly transmissive fractures and wellconductive fracture systems in old brackish Cl-type and saline groundwater systems at
Olkiluoto.
Sulphide concentrations (Figure 7-67f) have been low in the ONKALO samples. The
concentrations in all pilot holes have been below the detection limit, except in ONKPH9, whereas sulphide is generally observed in minor concentrations in groundwater
stations, with the highest values (0.42 - 0.71 mg/L) in ONK-PVA5. Sulphate has also
increased during the monitoring period, indicating mixing of brackish SO4-type water in
this groundwater station,
Figure 7-68 shows the time series results for pH, chloride, sulphate and DIC versus
sampling date for the different groundwater stations. The pH value (Figure 7-68a) is
generally stable, except in drillholes ONK-KR3 and ONK-KR4, which have been
known to be influenced by grout cement (Ahokas et al. 2006, Arenius et al. 2008).
Significant decreasing trends in pH can be seen in the values of ONK-KR3 and ONKKR4. The initial pH value was higher in ONK-KR4, which was grouted using normal
cement, and the recovery to normal values has taken much longer than in ONK-KR3,
which was grouted with low-pH cement. The pH drops below 9 within one year in
ONK-KR3, however, it is still slightly higher than in the reference monitoring points,
which are clearly unaffected by grout (ONK-PVA1 and ONK-KR1). The pH levels in
ONK-PVA4 and ONK-PVA5 are slightly higher, due to their very low DIC contents,
which requires higher pH to achieve calcite saturation. The results indicate relatively
quick recovery of pH to the recommended safety window (pH <10), however, the
results have to be considered only qualitative, because the hydrogeological (flow path)
and hydrogeochemical (mineral-water interaction) boundary conditions are unknown
(Ahokas et al. 2006, Arenius et al. 2008).
Slight dilution of the Cl content (Figure 7-68b) is characteristic of all rather shallow
monitoring points (ONK-PVA1 - ONK-PVA3, ONK-KR1- ONK-KR4) in the
ONKALO. This indicates slow dilution of the upper part of the bedrock in the
ONKALO area, which supports the observations made from monitoring results obtained
from surface drillholes. Salinities in the deep monitoring points (ONK-PVA4 - ONKPVA5) have been stable, although only a few results are available; however, according
to the increase of SO4 contents (Figure 7-68c) a small inflow of brackish SO4-type
groundwater is evident. This shows, that the high hydraulic gradient towards the
ONKALO also results in the slow movement of brackish SO4-type groundwater in
transmissive fractures where its influence was initially minor.
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DIC appears to increase slightly as a function of time in groundwater stations ONKPVA1 - ONK-PVA3 (Figure 7-68d) due to the infiltration of shallow HCO3-rich
groundwater. However, carbonate production may have also increased, as has been
observed in similar situations in the Äspö Hard Rock Laboratory (Pitkänen et al.
1999b). Intensified infiltration was thought to increase microbial activity (respiration) in
the near-surface groundwater system at Äspö. Dissolved carbonate has remained at a
low level in ONK-KR4, in spite of the lowered pH, and the evident flow of carbonaterich water in the system, suggesting that carbonate may precipitate as calcite within
normal cement grout, where Ca is easily available.
7.5.1 Conclusions from the monitoring

The hydrogeochemical results from the monitoring programme are mainly similar to the
baseline data (regardless of the deviations observed in HZ20A) and they do not show
any dramatic changes over the years. Salinity decreases slowly in and above the HZ19
system, due to the infiltration of shallow groundwater, and a few monitoring points have
shown some temporary input of water from the Korvensuo reservoir (see Pitkänen et al.
2009, Penttinen et al. 2011). Such changes were expected, due to the long-term, high
hydraulic gradient formed by the ONKALO. Monitoring sections in the HZ20 system
show a variety of changes - and the sections in HZ20A show only partial recovery from
the open drillhole stage after multi-packer systems were installed in the drillholes. The
start of the salinity increase in OL-KR9_T468 indicates the time at which saline
groundwater upconing started along HZ20B. The link between this HZ and the
ONKALO also resulted in the drawdown of groundwater during characterisation of
open drillhole OL-KR40 (Pitkänen et al. 2009, Ahokas et al. 2013). These observations
emphasise the need to continue monitoring HZ20B as it continues to greater depths.
Deep parts of the bedrock, such as around HZ21, have remained hydrogeochemically
stable and the installation of multi-packer systems in the drillholes has been observed to
generally increase the stability of the hydrogeochemical system.
Significant dissolved sulphide concentrations have been occasionally observed in
samples collected near the interface between brackish SO4-type and CH4-rich brackish
Cl-type and saline groundwaters. High concentrations tend to decrease in many cases
after hydrogeological conditions have stabilised, due to the installation of permanent
completions in the drillholes, which prevent mixing of groundwater types by open
drillhole flow. This suggests that elevated sulphide concentrations are linked to
hydrogeochemical changes caused by transient flow conditions and are not likely under
steady state conditions. It has also been shown that the anomalously high sulphide
concentration that was observed in the initial sample (12.4 mg/L) from the intersection
of HZ001 in OL-KR13 (Figure 7-41, Figure 7-65) represents artificial mixing due to
short circuit flow conditions in an open drill hole (Ahokas et al. 2013).
Sulphate reduction under low temperature hydrogeochemical conditions is a microbial
process (Section 7.4.2). SRB use plant-derived organic carbon as an electron donor and
energy source under near-surface conditions. The availability and continuous input of
organic carbon is limited under deep groundwater conditions, because surface-derived
DOC is mainly all used at shallower depth and microbially-produced DOC by
autotrophic bacteria (e.g. acetogens) is limited in its extent, due to the very low level of
H2.
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Figure 7-67. Chloride plots of a) Na, b) Ca, c) SO4, d) DIC, Mg and sulphide results
from ONKALO pilot holes (ONK-PH2-11) and groundwater stations (ONK-PVA1-6)
and fracture leakages. The baseline material (c.f. Figure 7-2) is shown in the
background in grey. The line shown represents sea water dilution. The complete results
of the hydrogeochemical monitoring data to date are presented in Penttinen et al.
(2011).
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Figure 7-68. a) pH, b) Cl, c) SO4 and d) DIC results from ONKALO drillholes (ONKKR1-4 and ONK-PVA1-6) and monitored fracture leakages as a function of sampling
date. The complete results of the hydrogeochemical monitoring data to date are
presented Penttinen et al. (2011).

It has been suggested, therefore, that at Olkiluoto CH4 could be an energy source and
used by ANME and SRB consortia in sulphate reduction, a process that is also
suggested by the depth distribution of methane and sulphur species (Figure 7-41).
However, δ13C(DIC) results from monitored groundwater samples with elevated
sulphide contents or from fracture calcites do not indicate significant anaerobic CH4
oxidation over the long term, although it is possible to a minor extent. Similarly,
decreasing concentrations of dissolved sulphide in monitoring samples, regardless of
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their notable amounts of SO4 and CH4, do not support the role of CH4 as a significant
electron donor. The results suggest rather that the oxidation of DOC, including other
short chain hydrocarbons, as opposed to CH4, is the dominant energy source in
microbial sulphate reduction. This may substantially limit the availability of potential
electron donors for SO4 reduction compared to CH4 in deep bedrock. The SURE
experiment in the ONKALO is expected to provide detailed information on SO4
reduction, the energy sources used and the factors that control the process and the
solubility of dissolved sulphide (c.f. discussion in Wersin et al. 2013). The role of iron
sulphide precipitation in decreasing the sulphide content, with natural or Fe from
permanent packers, need further studies. Monitoring programme will also concentrate in
sampling locations with anomalous sulphide concentrations in order to study its life
time under steady state conditions.

7.6

Reactive transport modelling of the Infiltration Experiment

7.6.1 Introduction

A three-year field experiment, the Infiltration Experiment, to investigate potential
changes in pH and redox conditions and in buffering capacity, as well as the
hydrogeochemical processes related to groundwater infiltration, has been designed and
is currently taking place in the vicinity of the ONKALO (Pitkänen et al. 2008a, Aalto et
al. 2011). The experiment has been set up in connection with the HZ19, which is
considered as one of the main infiltration zones around the ONKALO (Figure 7-69a).
The experiment studies infiltration along a limited set of hydraulically conductive
fractures, which form a local zone HZInf7 dipping south-east. Zone HZInf7 connects
the overburden above HZ19A and the core of hydrogeological zone HZ19A and
between these it also intersects deep drillhole OL-KR14 and the most transmissive
fractures at varying depths in shallow bedrock drillholes (25 m deep) OL-PP66, OLPP67, OL-PP68 and OL-PP69 (Figure 7-69b). The transmissivity of this zone has been
calibrated to be 3.2•10-6 m2/s (Karvonen 2011a).
The infiltration is activated by pumping the HZInf7 intersection isolated by double
packers at 13 to 18.2 m depth in drillhole OL-KR14 and its hydrogeochemical and
hydrogeological influences are monitored in surrounding drillholes and observation
tubes. The isolated section in OL-KR14 and the whole length of shallow drillholes in
the bedrock have been sampled four times per year. Sampling sections in shallow
drillholes vary between 14 to 21 m (detailled information of transmissive fractures in
Table 3-1, Aalto et al. 2011). Pumping and groundwater sampling started at the end of
2008 and the pumping rate from OL-KR14 has been varied between 1.5 to 3.0 L/min
(Figure 7-70). The pumping rate corresponds to 5 to 10% of total leakage into the
ONKALO and c. 50% of the leakage from HZ19 features into the tunnel (Vaittinen et
al. 2010). In the framework of the Infiltration Experiment, a reactive transport
modelling approach is used to shed light on those hydrogeochemical processes that
eventually could affect the buffer capacity of the shallow geosphere.
A qualitative analysis of the hydrochemical evolution of the shallow OL-PP drillholes
has resulted in the identification of the key chemical processes controlling the behaviour
and transport of the major reactive ions. Also, the analysis has shown that the
hydrochemical response of these drillholes is controlled by the complex local
hydrogeological conditions of the site. Specifically, drillhole OL-PP69 is the
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observation point (Figure 7-69) that shows a clear hydrochemical response to the
pumping test.
A Conservative Binary Mixing Model (CBMM) has been calibrated against OL-PP69
chloride data and successfully validated against tritium evolution in the same drillhole.
The CBMM allows mixing ratios to be determined, which are required for the
subsequent reactive mixing analysis. The resulting Reactive Binary Mixing Model
(RBMM) has been calibrated (i.e. to cation exchange capacity, CEC) to fit the evolution
of the major reactive ions in OL-PP69. The model provides estimates of the amount of
calcite dissolution relative to the initial mineral concentration, as well as an insight into
the variation of the composition of the exchanger throughout the duration of the
experiment.
The information provided by the RBMM and a companion hydrogeological model (the
reader is referred to Trinchero et al. (2013) for details of the model implementation and
calibration) has been used to implement a fully-coupled Reactive Transport Model
(RTM). The calibrated RTM allows the time-dependent spatial distribution of the main
reactive ions to be analysed.
7.6.2 Qualitative hydrogeochemical analysis

In order to understand the main geochemical processes occurring in the area of the
Infiltration Experiment, an exhaustive qualitative analysis of the evolution of the
chemical system has been carried out, although for the sake of brevity only the most
relevant ions are shown here. Concentration data have been plotted against the pumping
rate in drillhole OL-KR14 (Figure 7-70), in order to analyse whether any correlation
exists between the pumping test and the geochemical evolution.
Figure 7-70a shows the evolution of Cl concentration in the four shallow drillholes (OLPP66 - OL-PP69) of the experiment area and in the pumping well (OL-KR14). The
initial conditions are heterogeneous, with some drillholes, particularly OL-PP67,
showing an initial salinity significantly higher than the other observation points. This
evidence can be attributed to the hydrochemical stratification of the area of study, with
the influence of marine (Littorina) water increasing with depth. Also, one can see that
the observation points can be grouped according to their response to the pumping test:
•

OL-PP66 and OL-PP67. These drillholes show a “pulse shape” response, probably
attributable to flushing by more saline water “pockets”

•

OL-PP69. This is the drillhole where the response to the pumping test is most
evident. The concentration increases up to a plateau value of 0.6 mmol/L (i.e. an
increase of approximately 0.5 mmol)

•

OL-PP68. This drillhole does not show any relevant variation with time.

•

OL-KR14. The response is qualitatively similar to that of OL-PP69 (increase in Cl
concentration up to a plateau value of 1.5 mmol/L)
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a)

b)

Figure 7-69. a) Map of the area of the Infiltration Experiment and b) hydrogeological
zones HZ19A, HZ19C and local zone HZInf7 (Aalto et al. 2011, Karvonen et al. 2011).
The pumping drillhole is OL-KR14 while the four, shallow drillholes (OL-PP66 – OLPP69) are considered in this analysis. Surface intersections of hydrogeological zones
HZ19A and HZ19C are shown and outcrops are shown in orange in (a) and elevations
of the zones are indicated in (b). The grid is 100 m in (a) and 500 m in (b).
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Figure 7-70. Evolution of a) Cl b) Na, c) Ca, d) HCO3 and e) pH in the pumping
drillhole OL-KR14 and in the four, shallow drillholes (PP) showed in Figure 7-69. The
red curve shows the pumping flow rate in OL-KR14.
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Figure 7-71. Evolution of dissolved a) ferrous iron and b) uranium in groundwater
pumped from OL-KR14. The red curve shows the pumping flow rate.

A qualitatively similar behaviour can be observed from the evolution of Na (Figure 770b), yet the increase in Na concentration in OL-PP69 (approximately 4 mmol/L), if
compared with the increase of Cl (approximately 0.5 mmol/L), cannot only be
explained by the upconing of deeper and more saline water. It turns out that part of this
increase is, most probably, attributable to cation exchange processes - an explanation
that is consistent with Ca data (Figure 7-70c). In fact, the same drillhole (OL-PP69)
shows a decrease in Ca concentration of approximately 1.5 mmol/L (note that the cation
exchange for Ca and Na has a stoichiometric ratio of 1 to 2), whereas the Ca
concentration in drillhole OL-KR14 remains constant during the experiment. The
decrease in Ca concentration is slightly lower than expected, since the dissolution of
calcite may also take place in the same drillhole, as highlighted by the increase in the
HCO3 concentration (Figure 7-70d).
All the observation points show near-neutral pH values throughout the duration of the
experiment (Figure 7-70e), although the observation drillhole OL-PP69 shows a clear
increasing trend that can be interpreted as a progressive mixing of the initial altered
meteoric water with a deeper water (the latter being a consequence of the upconing,
induced by the pumping test) and/or dissolution of calcite. Also, the analysis of the
redox sensitive species (see Figure 7-71) indicates that there are no relevant changes in
the redox system during the experiment.
In summary, the qualitative assessment of the hydrogeochemical data has pointed out
that drillhole OL-PP69 is the only observation point that shows a clear response to the
pumping test. Interestingly, this evidence is consistent with transverse flow
measurements carried out by Ahokas et al. (2008). Calcite dissolution and cation
exchange are the main geochemical processes detected in the qualitative analysis.
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7.6.3 Conceptual hydrochemical model

The conceptual hydrochemical model has to account for the specific hydrogeological
and hydrochemical conditions of both the site and the field experiment. The
subhorizontal hydrogeological zone HZ19 (divided into parts A and C; Figure 7-69) has
been identified as the main feature controlling the regional flow in the upper part of the
bedrock in the ONKALO area (Andersson et al. 2007; Pitkänen et al. 2008a). Yet, when
looking at processes occurring at the local scale, flow and transport are highly
influenced by a complex network of local deformation zones and by the interaction with
the surrounding sparsely-fractured rock (SFR). Specifically, the local deformation zone
HZInf7 has been identified as a key feature in the framework of the Infiltration
Experiment, since it intersects the overburden, HZ19A, shallow drillholes OL-PP66 OL-PP69, and the pumping section in drillhole OL-KR14 (Karvonen, 2009a).
A numerical flow model, a report on which is in the course of being prepared, has been
developed and calibrated. This model aims at providing insight into the hydrogeological
functioning of the system in the immediate vicinity of the area of the Infiltration
Experiment. Although, for the sake of brevity, the results of the model are not presented
in this document, its main qualitative outcomes can be summarized as follows:
1. The hydrogeological zones and the SFR are initially at equilibrium. The highly
permeable hydrogeological zone HZInf7 is initially filled by shallow and
relatively young water (i.e. altered meteoric water).
2. Once the pumping starts, the perturbation propagates firstly through the
deformation zone (which is more transmissive) and then through the SFR.
3. The perturbation results in the upconing of deeper groundwater, with the
majority of this water being derived from the SFR, which hydraulically can be
considered as a “less mobile” domain. It turns out that, although this water falls
within the chemical domain of brackish HCO3-type groundwater, its tritium
signature is different and it is actually a relatively “old” water, with a low tritium
content.
The hydrochemical functioning described above can be conceptualized as a progressive
mixing of infiltrating altered-meteoric (initial) water with deeper HCO3-rich
groundwater in bedrock. Thus, prior to the modelling exercise, two end-member waters
have been selected (Table 7-5):
•

End-member 1. Sample OL-PVP26_1 (08/07/2008) has been selected as a
representative end-member of (initial) altered-meteoric conditions.

•

End-member 2. Sample OL-KR32_50_1 (50-52 m depth) has been selected as a
representative end-member of the HCO3-rich domain in the bedrock. For this
end-member, the tritium content has been borrowed from a deeper sample (OLKR33_95_1, 95-107 m depth, 0.65 TU).
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Table 7-5. Composition of the selected end-members

End-member 1
End-member 2
(OL-PVP26_1)
(OL-KR32_50_1)
620.0
580.0
6.7
7.5
10.1
0.6*

TDS (mg/L)
pH
Tritium (TU)
TOTAL CONC.
(mg/L)
Cl
Ca
Na
K
Mg
SO4
DIC
SiO2
Fe
F
Br
* From OL-KR33_95_1

8.5
107.0
15.0
10.0
21.9
37.9
71.6
28.3
0.5
0.6

52.0
23.0
120.0
7.0
8.7
28.0
63.0
11.0
1.3
0.6
0.2

7.6.4 Mixing models

Conservative binary mixing model (CBMM)

As pointed out (Section 7.6.2), drillhole OL-PP69 is the only observation point that
shows a clear hydrochemical response to the pumping test. Thus, given the conceptual
model defined in Section 7.6.3, the first step of this modelling exercise has focused on
interpreting the evolution of the conservative species (i.e. chloride and tritium) in
drillhole OL-PP69 using a CBMM, whose aim is twofold:
•

Computing reliable mixing ratios at different elapsed times from the beginning
of the Infiltration Experiment

•

Providing insight into the main chemical processes occurring in the system by
comparing the measured evolution of the major reactive ions (e.g. Ca, Na, K)
with the CBMM predictions.

The modelled concentration in CBMM is given by

C (t i )  C em1   1i  1   1i   C em2

Eq. 7-16

664

where C em and C em denote the concentrations of end-member 1 and 2 (Table 7-5)
respectively and 1i indicates the mixing ratio in terms of fraction of end-member 1 at
time ti (  2i  1  1i ).
1

2

The CBMM has been calibrated using chloride data (Figure 7-72a) and the resulting
mixing ratios are shown in Table 7-6. The small discrepancy between the first two
chloride data points and the model is attributable to the fact that end-member 1 is
slightly more saline than the initial water in drillhole OL-PP69.
The results of the calibration have been validated against tritium data. Using the two
selected end-members (Table 7-5) and the computed mixing ratios (Table 7-6) the
tritium evolution has been computed and compared against field measurements (Figure
7-72b). The agreement between the model and the field data is good.
The measured and computed evolution of Ca, Na and K is shown in Figure 7-73. The
results highlight the fact that the CBMM overpredicts the calcium concentration (0.5
mmol/L, approximately), whereas the sodium concentration is underestimated (1.0
mmol/L, approximately). The potassium concentration is very low and it is not
considered in the analysis. The discrepancy between the model and the measurements is
explained by the fact that the main reactive ions undergo geochemical reactions, i.e.
calcite dissolution/precipitation and cation exchange.

Figure 7-72. Measured (dots) and computed (solid line) of a) chloride concentration
and b) tritium concentration.
Table 7-6. Mixing ratios (i.e. fraction of end-member 1) computed using chloride data.

Sample date
September 2008
January 2009
February 2009
June 2009
September 2009
November 2009
February 2010
June 2010

χ1
1.00
1.00
0.97
0.72
0.72
0.65
0.67
0.65
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Reactive binary mixing model (RBMM)

The results of the CBMM have shown that geochemical reactions play an important role
in the fate and transport of the major ions. The proper understanding of these reactions
is important, not only for predicting the evolution of these reactive species, but is also
crucial for the proper evaluation of the buffering capacity of the medium. Thus, a
RBMM has been implemented which relies on the computed mixing ratios (Table 7-6)
and incorporates calcite equilibrium and cation exchange as the main reaction processes.
The reactive simulations are carried out using the numerical code PHREEQC version
2.16 (Parkhurst and Appelo 1999).
The model for cation exchange is the same as that proposed by Bradbury and Baeyens
(2000) for illite, and here is considered as representative for all the clay minerals. The
model has been slightly simplified in considering only two types of sites (out of the
three original sites). The most abundant sites (~80% CEC) are the so-called “Planar
Sites”, which are considered to be of low affinity and can adsorb either divalent species,
such as Ca, Mg, Sr, or monovalent cations, such as K and Na. The second type of site,
known as “Type II (~20% CEC), is considered to be of high affinity and involves
monovalent cations. The site density is much lower, but the uptake of some cations on
these sites is particularly efficient. The cation exchange reactions and their selectivity
coefficients are shown in Table 7-7.
The total concentration of sites is kept constant during the RBMM simulations, whereas
the initial exchanger composition has been considered to be in equilibrium with endmember 2.
The CEC and, consequently, the concentration of cation exchange sites (CES), has been
calibrated to fit calcium and sodium field data, with the resulting CES being equal to
6.0•10-2 mol/L. The results of the calibration are shown in Figure 7-74 (for sodium and
calcium) and the initial and final composition of the exchanger is listed in Table 7-8.
Table 7-7. Cation exchange reactions and their corresponding Gaines-Thomas
selectivity coefficients for illite.

Reaction
Log K (25ºC)
Reference
Planar sites
X- + Na+ ↔ NaX
0.0
(1)
X- + K+ ↔ KX
1.1
(1)
2X- + Ca2+ ↔ CaX2
1.13
(2)
2X- + Mg2+ ↔ MgX2
1.13 (a)
2X- + Sr2+ ↔ SrX2
1.13
(2)
Type II sites
XII- + Na+ ↔ NaXII
0.0
(1)
XII- + K+ ↔ KXII
2.1
(1)
(1) Bradbury and Baeyens (2000). (2) Brouwer et al. (1983).
(a)
Value assumed, considering an equal sorption behaviour for all the
alkaline earth elements.
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Figure 7-73. Measured (dots) and computed (solid line) concentration of (a) calcium,
(b) sodium and (c) potassium.

Figure 7-74. Measured (dots) and computed (solid line: RBMM; dashed line: CBMM)
of (a) calcium concentration and (b) sodium concentration.
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Evaluation of calcite dissolution and changes in the exchanger composition

In the framework of the Infiltration Experiment, one of the goals of reactive transport
modelling is to evaluate changes in the buffering capacity of the medium due to changes
in the hydrodynamic conditions. In this context, the results of the RBMM can be used to
assess the evolution of calcite dissolution and the exchanger depletion after two years
from the beginning of the experiment. Calcite dissolution, evaluated using the RBMM,
is shown in Figure 7-75. It is worthwhile noting that most of the changes occur at the
beginning of the experiment, indicating that new thermodynamic equilibrium conditions
are attained quickly. The computed total amount of dissolution is less than half mmol/L.
Table 7-8. Calculated initial and final composition of the exchanger.

Site
Planar sites
CaX2
NaX
MgX2
KX
SrX2
Type II sites
KXII
NaXII

Initial Composition
(mol/L)

Final Composition
(mol/L)

1.38 × 10-2
2.32 × 10-3
8.55 × 10-3
1.01 × 10-3
3.55 × 10-5

1.48 × 10-2
9.89 × 10-4
8.37 × 10-3
5.91 × 10-4
3.35 ×10-5

9.76 × 10-3
2.24 × 10-3

1.03 × 10-2
1.72·×·10-3

Figure 7-75. Calcite dissolution in water computed using the RBMM.
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In order to assess the impact of this computed mineral dissolution on the buffering
capacity of the system, it is necessary to evaluate it relative to the total amount of
calcite. The latter is given by:
M Ca
V
  Ca  Ca
Vw
VT

1 
  1
 

Eq. 7-17

where M is the mass, V is the volume, ρ is the density,  is the porosity and subscripts
Ca, W and T stand for calcite, water and total respectively. Equation 7-17 relies on
parameters that are highly uncertain. To evaluate the impact of parameter uncertainty on
the results, a sensitivity analysis on the porosity of the hydrogeological zone has been
performed (with the porosity ranging from 1% to 20%), whilst the ratio between calcite
volume and the total solid volume has been kept constant, equal to the value reported by
Aalto et al. (2011) ( VCa VT  0.051 ). The results of the sensitivity analysis are shown in
Table 7-9. It can be seen that, even in the more “conservative scenario” ( =0.2), the
relative amount of calcite dissolution is < 0.1‰ of the total, indicating that no relevant
changes in the pH buffering capacity of the medium occur as a consequence of the new
hydrodynamic conditions induced by the Infiltration Experiment.
Other interesting results of the model are related to the evaluation of changes in the
composition of the exchanger. As explained earlier, the total concentration of exchange
sites is kept constant during the RBMM simulations (the rate of dissolution of the clay
minerals, in particular illite, is very slow if compared with the time-scale of the
Infiltration Experiment). Yet, the model makes it possible to evaluate the relative site
occupancy at the beginning and the end of the modelling period. The results (Table 710) highlight that most of the changes occur in the sites occupied by calcium and
sodium, with a variation in site occupancy of 3.50% and -3.09% respectively.

Table 7-9. Total amount of calcite and relative amount of calcite dissolution as a
function of different values of the porosity ( .

 Amount calcite (mmol/L) Percentage dissolution (%)
0.01
1.36E+05
2.85E-04
0.05
2.62E+04
1.48E-03
0.1
1.24E+04
3.13E-03
0.2
5.51E+03
7.04E-03
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Table 7-10. Relative site occupancy of the exchanger at the beginning and at the end of
the modelled period of the Infiltration Experiment.

Element

Ca
Na
Mg
K
Sr
7.6.5

Initial site
occupancy (%)
45.83
7.60
28.50
17.95
0.12

Final site
occupancy (%)
49.33
4.52
27.90
18.15
0.11

Site occupancy
variation (%)
3.50
-3.09
-0.60
0.20
-0.01

Reactive transport model

Model setup

In the framework of the Infiltration Experiment, a 3D finite element (hydrogeological)
model has been developed and calibrated (the reader is referred to Trinchero et al.
(2012) for details of the model implementation and calibration, whilst the finite element
mesh is shown in Figure 7-76).
Due to the computational burden of coupling groundwater flow with reactions, it was
not feasible to solve fully-coupled reactive transport simulations over such a complex
geometry. Thus, the reactive transport modelling has been focused on a limited subvolume, which is representative of the hydrodynamic changes in the area of the
Infiltration Experiment. The hydrogeological zone HZinf7 (Figure 7-69b), which is
explicitly included in the 3D FE model, has been identified as being suitable for this
purpose, since it shows a clear hydraulic connection observed in the field data with
pumping drillhole OL-KR14 and observation drillholes at the experiment site
(Karvonen 2011a).
The approach followed in the modelling exercise is summarized in Figure 7-77 and
consists of the following steps:
1. Time variable boundary conditions (i.e. head as a function of time) at the
boundary of HZInf7 have been obtained from the (calibrated) 3D
hydrogeological model.
2. Geochemical reactions (i.e. calcite dissolution/precipitation and cation
exchange) and the corresponding parameters (e.g. selectivity constants, CEC,
etc.) have been borrowed from the (calibrated) mixing model, RBMM.
3. A 2D model has been implemented using the reactive-transport simulator
PHAST (Parkhurst et al. 2010). The finite difference grid is shown in Figure 778, while a sketch of the conceptual model is shown in Figure 7-79.
4. The RTM has been calibrated to fit the evolution of the major ions (i.e. chloride,
calcium and sodium) in OL-PP69.
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Figure 7-76. Finite element mesh of the hydrogeological model. The mesh consists of
11 layers (including the overburden), 11472 nodes and 20328 elements.

Hydrogeological
Model

Reactive Mixing
Model

Time‐dependent flow
boundary conditions

End member
waters/Geochemical
reactions

Reactive Transport
Model

Figure 7-77. Sketch of the approach followed in the implementation of the reactive
transport model.

671

(a)

0

(b)

50

100 m

Figure 7-78. Plan view of the hydrogeological zone HZInf7 as implemented in the 3D
Finite Element model (a) and finite difference grid used in the PHAST simulations (b).
The red and green dots indicate the position of the pumping drillholes OL-KR14 and
OL-PP69 respectively.

OL-PP69

OL-KR14

leaky b.c.
+ end member 1

fracture

end-member 1
+ calcite

end-member 2
+ exchanger

leaky b.c.
+ end member 2

Figure 7-79. Conceptual model of the 2D Reactive Transport Model, which shows
assumed initial conditions. Fracture is filled with end-member 1 water (Table 7-5)
Leaky boundary conditions (b.c.) allow input of end-member waters in the fracture
during the simulation period. The type of exchanger is the same as that defined in the
RBMM and its initial composition is assumed to be in equilibrium with end-member 2.
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The resulting parameters, obtained after model calibration, are summarized in Table 711 and the fit between measured and computed data is shown in Figure 7-80. It is worth
noting that the calibrated CES is more than one order of magnitude higher than that
inferred from the RBMM. Overall, the resulting calibrated RTM is consistent with both
the hydrogeological model and the RBMM and the fit between the computed and the
measured data (i.e. chloride, calcium and sodium; Figure 7-80) is reasonably good.
The spatial distribution of chloride, calcium and sodium concentrations at different
elapsed times is shown in Figures 7-81, 7-82 and 7-83, respectively. It can be seen that
the system reaches a pseudo steady state state after approximately 400 days elapsed
time. The influence of the pumping rate on solute upconing is evident after 500 days,
when the temporary break in pumping causes a localized retreat of saline water.
The analysis of calcite dissolution/precipitation at the end of the simulation (Figure 784) provides insight into the effect that pumping has on the buffering capacity of the
medium. The maximum lost of calcite buffer occurs in the pumping well cell, being
approximately equal to 1.6·10-2 mol/L. Yet, the extent of mineral dissolution/
precipitation is very limited in terms of both spatial extent and relative amount of
mineral dissolved/precipitated (c.f. Table 7-9). For example, this calculated
consumption in the very restricted area over 600 days is only 0.3% (limited in one cell)
of the most conservative estimate of the availability of calcite (5.5 mol/L) in fractures.
More specifically, within a radius of 15 m from pumping drillhole OL-KR14 there are
few cells where about 4·10-3 mol/L of calcite is dissolved (i.e. less than 1‰ of available
calcite) and very few cells where a very small amount of mineral precipitation is
observed (less than 1·10-4 mol/L).
Figure 7-85 shows the spatial distribution of pH at the end of the simulation time frame
(i.e. 600 days). As expected, the evolution of pH is controlled by mineral reactions.
More specifically, calcite dissolution, which takes place close to the pumping well OLKR14, results in a slight increase in pH.

Table 7-11. Prior information and resulting values after model calibration.

Parameter
Prior value
Hydraulic conductivity (m/s)
9.2 E-5*
Cation exchange sites
(mol/L)
6.0·E-2‡
Leakage factor (s-1)
* Value obtained from the 3D Hydrogeological Model
‡ Value obtained from the Reactive Binary Mixing Model

Calibrated value
1.6·E-6

1.2
8.5
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Figure 7-80. Measured (dots) and computed (solid line) concentration of (a) chloride,
(b) calcium and (c) sodium in OL-PP69.
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(a)

(b)

(c)
(d)
Figure 7-81. Computed chloride concentration in hydrogeological zone HZInf7 after
(a) 200 days, (b) 400 days, (c) 500 days and (d) 600 days from the beginning of the
Infiltration Experiment. The effect of the temporary break in pumping is visible after
500 days. Scale of computed area in Figure 7-78.
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(a)

(b)

(c)

(d)

Figure 7-82. Computed calcium concentration in hydrogeological zone HZInf7 after (a)
200 days, (b) 400 days, (c) 500 days and (d) 600 days from the beginning of the
Infiltration Experiment. The effect of the temporary break in pumping is visible after
500 days. Scale of computed area in Figure 7-78.
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(a)

(b)

(c)

(d)

Figure 7-83. Computed sodium concentration in hydrogeological zone HZInf7 after (a)
200 days, (b) 400 days, (c) 500 days and (d) 600 days from the beginning of the
Infiltration Experiment. The effect of the temporary break in pumping is visible after
500 days. Scale of computed area in Figure 7-78.

677

Figure 7-84 Computed total calcite dissolution in hydrogeological zone HZInf7 after
600 days. Negative values mean that calcite is dissolving and vice versa. Scale of
computed area in Figure 7-78.

Figure 7-85 Computed map of pH in hydrogeological zone HZInf7 after 600 days.
Scale of computed area in Figure 7-78.
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7.6.6 Role of microbial oxygen consumption

No evidence of oxygen penetration, nor of changes in redox sensitive species, has been
detected during more than 2 years of extensive pumping in the Infiltration Experiment,
indicating that the system has sufficient buffering capacity to prevent the migration of
atmospheric oxygen into the shallow bedrock. Similar results were found in the Redox
Experiment (REX) in the Äspö HRL, where no oxygen penetration was found at 70 m
depth after more than 3 years (Banwart et al. 1999; Molinero & Samper 2006).
This fact can be explained by the rapid consumption of oxygen by the activity of
aerobic bacteria at the initial stage of infiltration path. The REX experiment shows that
dissolved oxygen injected into a fracture surface in a granitic bedrock (at about 500 m
depth) was consumed in less than 3 days (Puigdomenech et al. 2001). Reactive transport
simulations showed that experimental data on oxygen consumption could be explained
mainly by the activity of heterotrophic aerobic bacteria (Samper et al. 2007; Yang et al.
2008). It can be expected (c.f. Section 7.4) that the amount of both dissolved organic
carbon and heterotrophic bacteria, will be much higher in the soils and shallow
groundwater at Olkiluoto than at 500 m depth in the Äspö HRL and thus it should be
expected that atmospheric oxygen dissolved in the infiltrating water would be consumed
in hours or, at the most, a day.
7.6.7 Conclusions from the Infiltration Experiment

The main idea behind the Infiltration Experiment is to produce a hydraulic perturbation,
via a pumping test in the shallow bedrock in a fracture system, which is part of HZ19A
the major infiltration path to the ONKALO, and to monitor the related hydrochemical
perturbation.
The hydrochemical evolution in drillholes located close to the area of the experiment
was analysed and a qualitative analysis has shown that their responses vary and are
controlled by the different hydraulic connectivities between the pumping drillhole and
the observation points. Specifically, drillhole OL-PP69 is the point that is more clearly
affected by some upconing of groundwater. A 3D hydrogeological model shows that
most of this water is produced by the SFR in the area of the Infiltration Experiment (i.e.
a relatively older water, with a low tritium content compared with the water in the
highly permeable hydrogeological zones).
The subsequent quantitative analysis has focused on interpreting the hydrochemical
evolution of drillhole PP69.
A CBMM has been used to compute mixing ratios between the two selected endmember waters (end-member 1: representative of altered-meteoric conditions; endmember 2: falling within the domain of the brackish HCO3-water). The results of the
CBMM highlight that, as expected, the major ions do not behave conservatively, and
specifically, calcite dissolution and cation exchange have been identified as key
processes controlling the fate and transport of the major ions in the shallow bedrock.
A RBMM, which incorporates the above-mentioned processes, has been implemented
and calibrated. The results of this model show that calcite dissolution occurs mainly at
the beginning of the pumping test (i.e. new thermodynamic equilibrium conditions are
attained quickly). The amount of dissolved calcite represents a small percentage of the
total available mineral (i.e. <0.1‰ of calcite dissolution in the more “pessimistic
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scenario”). Also, the analysis of the site occupancy of the exchanger at the beginning
and the end of the simulated period shows that most of the changes occur in the sites
occupied by calcium and sodium, with a variation in site occupancy of 3.50% and 3.09% respectively.
A fully-coupled 2D RTM has been implemented on the basis of both the 3D
hydrogeological model and the RBMM and aims to mimic flow and reactive processes
in a local hydrogeological zone HZInf7, that has been shown to be well connected with
the pumping drillhole OL-KR14 (Karvonen 2011a). The calibrated model allows spatial
maps of the concentrations of the major ions (i.e. chloride, calcium and sodium), pH and
the behaviour of calcite to be produced at different elapsed times.
No evidence of oxygen penetration has been found during the Infiltration Experiment,
indicating that the dissolved oxygen within the infiltrated water is consumed very
rapidly in the soil and in the very shallow bedrock of the site. This rapid oxygen
consumption is most probably due to the activity of heterotrophic aerobic bacteria.
7.7

Hydrogeochemical Site Descriptive Model

7.7.1 Salinity variation in groundwaters

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. (1999a, 2004), Pitkänen & Partamies
(2007), Andersson et al. (2007) and Posiva (2009). Actual deviations from the previous
models are not observed but, clearly, more detailed hydrogeochemical information and
analytical results have been obtained, which clarify earlier uncertainties, particularly
from low-transmissive fractures in the ONKALO, from salinity data, and on the origin
and distribution of salinity in the deep bedrock. Groundwater samples from new
drillholes support the earlier concept, thus indicating the strength of the previous
hydrogeochemical model presented in SR2008. Investigations of matrix pore waters
have, however, highlighted uncertainties and details on the long-term hydrogeological
behaviour, which require still further studies and integrated analysis of the
hydrogeological and hydrogeochemical evolution.
The changes in climate and the geological environment have had a significant effect on
local palaeohydrogeological conditions, which in turn have permitted the infiltration
into and the evolution of specific end-member waters in the bedrock (Pitkänen et al.
1996, 1999a, 2004, Posiva 2005, 2009, Andersson et al 2007). As a consequence of
these changes, the baseline groundwater compositions and the chemical data show a
considerable variability with depth (e.g. Figure 7-86), notably in salinity, anion
compositions, stable isotopic compositions of water and the distribution of dissolved
gas phases, which indicate differences in the water sources which originally infiltrated
the bedrock. The mixing of end-member waters controls the wide salinity variation in
the groundwaters. Recognised significant end-member water types are current fresh
Holocene-age meteoric recharge, brackish Littorina-stage sea water, fresh meltwater
from the Weichselian glaciation and extremely old brine, that also shows indications of
water-rock interactions which have modified the composition under elevated
temperatures. In addition, a pre-Holocene cooler climate meteoric component and a
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notably warmer climate component than in present-day meteoric water are interpreted
from the fracture water data and from matrix pore waters, respectively.

Figure 7-86. 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/diffusion (↔) with less
transmissive fractures. 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 NaCl groundwater types. Note that the illustration depicts hydrogeochemical conditions in
a variably conductive fracture system. However, according to the Br and Cl results of
matrix pore waters, the distribution of water types is similar in pore spaces, although
salinity reaches 10 g/L (limit of saline water) in matrix pore water at 600 m depth.

The fracture groundwater chemistry over the depth range 0-1000 m at Olkiluoto is
characterised by a significant range in salinity. Fresh groundwater with low total
dissolved solids (TDS 1 g/L) is found only at shallow depths, in the uppermost tens of
metres. Brackish groundwater, with TDS up to 10 g/L dominates at depths, varying
from 30 m to 400 m. The near-surface groundwaters are rich in dissolved carbonate
(high DIC in fresh/brackish HCO3-type), the intermediate layer (100-300 m) is
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characterised by high SO4 concentrations (brackish SO4-type) and the deepest layer
solely by Cl (brackish Cl-type), where DIC and SO4 are almost absent. The high DIC
contents are typical of meteoric groundwaters which have infiltrated through organic
soil layers, whereas high SO4 contents in deep groundwaters are derived from Littorina
sea water infiltration. The influence of glacial meltwater is generally observed in
brackish SO4- and Cl-type groundwaters above 300 m depth. Brackish Cl- and salinetype groundwaters (TDS >10 g/L), which dominate below 300 m depth, have evolved
significantly earlier (e.g. He and Cl isotope data) than groundwaters at shallower depths.
Stabile isotopes of water, Br-Cl data, together with heavily saline fluid inclusions of
fracture calcites, suggest the presence of a hydrothermally-altered brine host that has
been diluted by pre-Holocene cool climate meteoric water or a mixture of dilute
meteoric waters with varying stable isotopic compositions over geological time scales.
The interpreted subglacial groundwater (in Table 7-2) represents the most dilute
member of this evolution, prior to the start of the last deglaciation. The brine host is
believed to represent a residual fluid formed from the evaporation of sea water, e.g.
connected to the evolution of the Zechstein Sea during the late Permian (250 - 260 Ma)
or a similar geological episode. The highest observed salinity so far is 125 g/L, that was
interpreted from EC measurements of drillhole groundwater below 900 m depth.
Probably still higher salinities occur at greater depths. Sodium and calcium are the
dominant cations in all groundwaters and their combined concentration already exceeds
4 mmol/L at shallow depths, which is the suggested stability limit for bentonite not to
disperse in the form of colloids. Magnesium and potassium are enriched in SO4-rich
groundwater, supporting their marine origin. All cations show specific trends with depth
in brackish Cl-type and saline groundwaters that fully deviate from the trends in HCO3rich and SO4-rich groundwaters. Differences in the hydrogeochemical characteristics
between the upper HCO3- and SO4-rich groundwaters and the lower brackish Cl and
saline groundwaters emphasise the level of isolation and the limited interaction by
mixing between these groundwater bodies.
The four groundwater types form a layered, relatively horizontal 3D structure in the
bedrock fractures (Figure 7-86). The HCO3-rich groundwater seems to be slightly
deeper in the central parts of the site in the HZ19 system (Figure 7-24), whereas
brackish SO4-type water occurs at shallower depth closer to the shoreline and reaches
the sea bed at some distance from the shoreline, according to the results obtained from a
drillhole (OL-KR47) under the sea. Although HCO3-rich and SO4-rich groundwaters
have infiltrated slightly deeper in major hydrogeological zones, the layering of
groundwater types is also evident in them. Brackish SO4-type groundwater has partly
displaced brackish Cl-type groundwater at greater depths in highly transmissive zones,
almost reaching the saline groundwater interface. 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 the ONKALO confirm this view. There has
probably 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
results on matrix pore waters suggest the presence of even less saline water in diffusioncontrolled pore space in the unfractured bedrock. The saline groundwater type has a
relatively horizontal upper surface at 300 to 400 m depth, the disturbance of which
requires a notable change, either in the hydraulic conditions or in the salinity gradient.
Any salinity differences between fractures with different transmissivities are not
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observed in the saline groundwater layer. Hydrogeological variations during former
glacial periods have not been able to develop sufficiently high gradients to disturb the
deep saline groundwater volume. Glacial meltwater infiltration has been limited to 100
– 300 m depth at Olkiluoto and has limited influence on the chemistry of the matrix
pores. Instead, the construction of the ONKALO seems to have recently caused a slight
dilution in the HZ19 hydrogeological zone, which is the main infiltration zone above the
ONKALO.
Interpretation of palaeohydrogeological evolution has turned out to be a complex issue.
Pore water composition and its pervasive signal in the rock matrix indicates that the
bedrock has been exposed over long time periods, in the order of 105 to 106 years, to
stable hydraulic conditions with dilute groundwater in fractures, which probably
infiltrated during substantially warmer climate conditions than have existed during the
Quaternary, the last 2.5 Ma. In the upper 300 m in the bedrock, the frequently observed
transient between fracture groundwater and matrix pore water salinities is consistent
with the rather short residence time of Littorina-derived brackish SO4-type groundwater
(<8000 years). Fracture groundwaters and matrix pore waters also do not indicate any
recent intrusion of glacial or marine waters in the deep bedrock below 300 m and
support the contention of long-term, relatively stable hydrogeological conditions at
depth.
The brine host of saline and brackish Cl-type groundwaters seems to be older than the
warm climate meteoric water interpreted from pore waters, therefore the former may
have been partially displaced by the latter to greater depths. The observed current
transient conditions between pore water and fracture groundwater at the depths of
brackish Cl-type and saline groundwaters (>300 m) suggest that saline groundwater
may have been slowly upwelling via the fracture system. Model calculations for Cl
diffusion between matrix pores and fractures, which are based on pore diffusivities
determined in the laboratory (Section 7.3.7; Figure 7-29), indicate that brackish Cl-type
and saline groundwaters could have infiltrated the fracture system mainly during the last
glacial cycle (105 years and less).
Hydrogeochemical and hydrogeological results from fracture groundwaters, however,
suggest significantly longer residence times for the current groundwater system, and the
existence of almost stagnant deep groundwater conditions. The reason for highly-saline
groundwater migrating upwards at a very slow rate (head and flow parameters both
under the detection limits) near the coast might be due to a regional-wide gradient.
Hydrogeological model calculations which examined such upward movement of brine
could simulate the observed salinity contrasts between fracture and matrix groundwaters
(Section 7.3.8; Figure 7-36). However, these calculations indicate that an order of
magnitude lower diffusivity than that determined from laboratory matrix pore water
studies would be required in order to maintain the strong salinity contrast between pore
water and groundwater in the nearest fracture. This suggests that the development from
the modelled initial conditions (Figure 7-35) to hydrogeochemical conditions observed
at present would require at least time spans of 105 to 106 years. High He concentrations
in deep groundwaters, and similar He contents in pore water and adjacent brackish Cltype groundwater also indicate millions of years interaction times.
In summary, the results suggest that after deep brine formation, potentially during the
Palaeozoic, dilute groundwater displaced saline groundwater in the bedrock during a
period of warm climate. Later, during the Quaternary, brine started to rise in the
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bedrock, due to a hydraulic regionally-wide gradient, which would have resulted from
repeated glacial cycles and sea level changes in the Baltic Basin. Current brackish Cl
and saline groundwater types may have resulted from the mixing and diffusion between
the brine and Quaternary age meteoric groundwaters, which had infiltrated the bedrock.
The local hydraulic gradient is able to stabilise upwelling to 300 m depth, which could
also explain why recent groundwaters (glacial meltwater, Littorina and meteoric waters)
are not observed deeper in the bedrock.
However, there is no hydrogeological data to indicate any present day upward
movement of saline groundwater and such groundwaters are not limited to coastal areas
at depths <1000 m depth in Finland (e.g. Blomqvist 1999), as might be assumed from
the existence of a regionally-wide hydraulic gradient. An explanation as to the salinity
differences between matrix pores and fractures may be anion exclusion, which has been
observed in several laboratory experiments on Olkiluoto and Finnish rock samples
(Kaukonen et al. 1997, Valkianen et al. 1995, Rasilainen et al. 2001). Sericite infillings
in micro pores and the common nanometre scale of matrix pores (Eichinger et al. 2006,
2010a, 2012, Siitari-Kauppi et al. 2010a,b) may decrease the void size accessible to
anions, due to electrostatic forces. Thus anion concentrations in permitted pore voids in
the matrix may be closer to the fracture water concentrations than those obtained in
measurements, if the pore volume is determined by the water saturation method, which
determines the total connective porosity. The in situ diffusion coefficient may also be
much lower than that measured from hand specimens, due to the heterogeneity of the
bedrock (Möri et al. 2008, Kelokaski et al. 2010). The diluting influences of drilling
fluid contamination and gas release on matrix pore fluids, which could reduce the
observed salinity difference between matrix pore water and fracture groundwater, are
also currently open questions.
7.7.2 Water-rock interactions

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 7-86). During infiltration, water-rock interaction caused by weathering
processes plays a major role in increasing the input of solutes into the shallow
groundwater. Weathering processes induced by dissolved gases, e.g. CO2 and O2,
dominate typically in shallow, low pH water recharging through the organic soil layer
into the inorganic overburden and bedrock. Soil air is a significant source of these gases
above the groundwater table and the open system equilibration with these gases enables
a notable increase of DIC and SO4 during infiltration. Carbon dioxide is mainly
generated by microbes during 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 by biochemical activity in the oxidation of organic
sulphur and CH4, that is produced by the anaerobic decay of plant debris, and sulphide
minerals in the overburden (Figure 7-53, Breitner 2011). The pH is controlled by the
sensitive equilibrium of dissolved CO2 (carbonic acid) and its dissociation products
(bicarbonate and carbonate ions) and calcites in fractures and overburden. Carbonic
acid, as a proton source, is the major agent in weathering, dissolving minerals and
increasing the salinity during infiltration, which is observed when comparing
groundwater data with the sea water dilution line (Figure 7-37).
The groundwater data cannot be used to specify the actual sources dissolved that result
in an increase in salinity, however, the dissolution of calcite and silicates, such as
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plagioclase, K-feldspar, biotite or their clayey alteration products, is probably relevant
in this regard. Cation exchange is evidently an important process in an aquifer which
has been exposed to salinity changes by sequential meteoric and sea water 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 at greater depths in a system
that is diluting Ca-rich saline groundwater (e.g. Pitkänen et al. 2004). The results from
the Infiltration Experiment may, however, specify more details of individual processes
in shallow groundwater evolution (Käpyaho et al. 2012, Trinchero et al. 2012).
Redox conditions at Olkiluoto have been considered to be anoxic, except in a few cases
in shallow infiltrating groundwater. This interpretation is also supported by the scarcity
of iron oxyhydroxides from fracture surfaces below the uppermost ten metres. Pyrite
and other iron sulphides are instead common in fractures with no indications of
oxidative corrosion below ten metres depth (Sahlstedt et al. 2009, 2012a,b), indicating
the presence of a strong lithological buffer against oxic waters over geological time
scales. Isotopic data from the latest fracture calcite precipitates show that methanic
conditions, which prevail currently in brackish Cl-type and saline groundwaters, have
earlier also been dominant nearer the surface. Calcites, which might have precipitated
from altered, sea water-derived groundwater are limited to very shallow depths in
fractures.
Hydrochemical, isotopic and microbial results indicate a sequential redox zonation 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 7-59). However, in low temperature
environments, these reactions are mediated by microbes, using DOC, methane or
hydrogen as an energy source in reducing oxygen, sulphate or carbonate.
The hydrogeochemical system includes two natural metastable interfaces where the
majority of the chemical processes are concentrated, as well as microbial activity
(Figure 7-51, 7-59,7-86). 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 SO4poor, but becomes methane-rich groundwater. At the upper interface, oxic waters
infiltrate in the organic-rich layer in the overburden and the degradation of organic
carbon activates weathering processes. The oxygen consumption, together with iron
oxyhydroxide and SO4 reduction, seem to decrease the DOC content to a low level and
stabilises HCO3- and SO4-rich groundwaters internally. Mass balance calculations
indicate the mass transfer of several mmol/L between infiltrating groundwater and solid
phases, which is activated by CO2 ingassing in an open system. The dissolution of
calcite and silicates neutralises groundwater over short flow paths and they form a
significant buffer against acid intrusion into the bedrock. The tendency to attain calcite
equilibrium at an early stage of groundwater infiltration indicates that calcite controls
pH and buffers it to slightly alkaline conditions, and that this situation will also exist in
the future. The general occurrence of calcite in fractures without any significant
dissolution structures, even at shallow depths, and the great age of these calcites
(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
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capacity included in calcite infills. Similarly, the reactive transport modelling results
(Aalto et al. 2011, Trinchero et al. 2012) of the Infiltration Experiment, which
represents intense recharge conditions, indicate only a very minor consumption of the
calcite buffer in fractures and therefore suggest that such calcite is likely to endure.
Oxygen penetration is even more limited than is for case of low pH waters and no
oxygen has been found during the Infiltration Experiment.
At the lower interface between sulphidic and methanic redox environments
(corresponding to brackish SO4- and brackish Cl-types), the instability of SO4 and CH4
in a common system should result in the formation of dissolved sulphide and carbonate
as reaction products in microbial processes. Calcite precipitation, due to its acidic
nature, may result in the dissolution of some silicates at the lower interface. Mass
balance calculations suggest that mass transfer is normally low at this interface. Fracture
mineral studies of calcite and pyrite infillings suggest that methanic and sulphidic redox
environments and therefore also this interface have fluctuated in the upper part of the
bedrock in the past.
Details of the mechanism of the microbial use of CH4 in SO4 reduction are, however,
still unclear, although the distribution of SO42-, HS- and CH4 at Olkiluoto (Figure 7-41)
does suggest that the mechanism may take place, particularly in the transient mixing of
these different groundwater types. Mixing caused by open drillhole flow seems to
activate sulphide production, as is observed, for example, in the early monitoring results
from OL-KR13 (Figure 7-65). Isotopic indications of CH4 oxidation in groundwater or
fracture calcites are rare and may represent very minor mass transfer in this process over
the long term. Isotopic and chemical data from the monitoring results suggest that
anaerobic methane oxidation is not favoured in microbial SO4 reduction. Thus, it is
suggested that there is some other substrate available in CH4-rich groundwater, which
activates SO4 reduction when SO4-rich groundwater is mixed with CH4-rich
groundwater. Short chain hydrocarbons, particularly propane and butane, may be used
directly by SRB and ethane less effectively (Kniemeyer et al. 2007). The content of
short chain hydrocarbons is a few percent, at most, of the CH4 content (Figure 7-56),
which would explain the limited extent of sulphide production compared to the
concentrations of SO4 and CH4 in mixtures of sulphidic and methanic water samples.
These observations question whether CH4 is really a significant energy source in
microbial SO4 reduction or whether there is in CH4-rich groundwater some other
substrate which activates microbes. The ongoing SUlphate REduction experiment
(SURE) in ONKALO has been initiated to study this issue.
High sulphide concentrations seem to disappear from groundwater in monitoring data
after hydrogeological conditions are stabilised, for example by installing multi-packer
systems in drillholes. Isotopic results suggest that SO4 reduction may diminish and
sulphide may dilute with time. One reason may also be the insolubility of iron sulphide
(pyrite). Iron may be slowly released from silicates to precipitate as sulphide, which
controls both species at low concentrations under baseline conditions and may cause the
delay in the observed high sulphide concentrations in the monitoring data. The role of
FeS precipitation in sulphide depletion and potential steel contamination from
permanent packers in this process needs further investigation.
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The methanic system and the high CH4 concentration have resulted in there being a
considerable buffering capacity against oxidants diffusing/mixing in the deep
groundwater system; they have also chemically stabilised the brackish Cl and saline
groundwaters internally. The slight enrichment of H2 with increase in depth may be
controlled by the decreased activity of methanogens in the most saline groundwaters,
resulting in the production of CH4 with very low DIC contents. The DIC content
decreases with depth, due to the increasing Ca content 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 are probably 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
(maximum 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, due either to a lack of microbial formation or to very slow
migration from greater depths. The dilution of saline groundwater (Figure 7-14) has to
be faster than the rate of CH4 production, otherwise the saline groundwater system
would be saturated in CH4.
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8

RADIONUCLIDE TRANSPORT MODEL

This chapter focuses on the transport model that is used for the analysis of radionuclide
migration in the performance assessment. Solute transport is modelled using different
approaches, depending on the purpose of the model. The transport of dissolved solids in
the groundwater is incorporated into the site-scale equivalent porous medium (ECPM)
modelling of groundwater flow. The ECPM modelling applies averaged transport
properties for blocks of the rock mass that have length scales of tens of metres.
Radionuclide transport modelling needs to analyse individual flow paths originating
from repository canister locations and the ECPM approach that averages over large
volumes of rock is not adequate for this purpose. Radionuclide release paths are instead
analysed using DFN modelling.
The ECPM transport model of the dissolved solids and the DFN analysis of the
radionuclide release paths address the same transport processes: advection,
hydrodynamic dispersion and diffusion into the pore space of the rock matrix (ECPM
dual porosity model). The DFN modelling does not address radionuclide diffusion
directly, but provides the hydrodynamic control of retention (WL/Q) that is used as an
input to calculate the effects of the matrix diffusion in radionuclide transport. This
section considers the Hydro-DFN model, but in addition the consistency between the
DFN and ECPM transport models is considered in this Chapter; with the other elements
of the ECPM transport modelling of dissolved solids being discussed in Chapter 6.
8.1

Radionuclide transport concept

The main characteristics of the transport properties of the rock mass are determined by
the structure of the fractured rock. A typical feature of the rock mass is the great
heterogeneity of its permeability and, correspondingly, the large variability in the local
flow rates. This leads to flow characteristics that can be represented by three main
properties: i) fractures are the main conduits for flow and transport, whereas the rock
mass between flowing fractures acts as a stagnant reservoir of water, ii) flow takes place
along distinct flow paths and iii) the flow is channelized according to the connectivity of
the network and the in-plane heterogeneity. The flow characteristics of individual flow
paths are best represented by fracture network modelling.
The transport of the radionuclides in the bedrock takes place by advection along the
network of interconnected water-conducting fractures. The volume of the pore space in
the flowing fractures is only a small fraction, maybe less than one tenth, of the total pore
volume of the rock, a significant part of which is accessible to the radionuclides by
diffusion (e.g. Neretnieks 1980). Radionuclides that diffuse into the pore space of the
rock matrix are not transported along with the groundwater flow and their mean
migration velocities are, therefore, lower. Radionuclides may also interact with the rock
surfaces by sorption and this results in additional retardation.
In several different publications it has been shown that solute breakthrough along a
streamline in a fractured rock depends on the flow field, via the transit time for a
particle in the flowing water (τ) and the retention capacity of the rock matrix, which
together are usually referred to as the transport resistance (β). For example, Cvetkovic et
al. (1999) define these parameters as:
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where v(s) is the fluid velocity along the streamline and b(s) is the half aperture of the
fracture. The last step in equation (8-2) connects the streamline-based approach applied
by Cvetkovic et al. (1999) to the streamtube approach applied by Posiva, by introducing
the specific flow rate Q2 ( s )  Q / W ( s ) , where Q is the flow rate in the streamtube that
has the width W(s). The transport resistance is denoted by many different notations: e.g.
β as in equation (8-2), WL/Q (in TILA-99, Vieno & Nordman 1999), FWS/Q (the flowwetted-surface divided by the flow rate) or the F Factor. The generally accepted
equivalences between the notations are   F  FWS / Q  2WL / Q  2  W ( s ) / Q ds .
The migration of a solute pulse through the flow path is delayed due to matrix diffusion
and sorption in the rock matrix. For example, in the case of an infinite rock matrix the
additional delay, the retention time, is determined by a single grouped parameter. The
retention time is t md ~ u 2 , in which the parameter u is defined by equation (8-3).
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where i is the number of legs along the flow path (e.g. different fractures), ε the porosity
of the rock matrix, Dp the pore diffusivity in the rock matrix and R p  1  K d  (1   ) / 
is the retardation coefficient for sorption in the pore space of the rock matrix that
determined by the distribution coefficient Kd, rock matrix density ρ in addition to the
porosity ε. Although equation (8-3) is written for an infinite matrix, it demonstrates that
retention properties are characterised by a parameter group representing the rock matrix
properties (  D p R p ) and a parameter group representing the properties of the
groundwater flow field ( WL Q ). Equation (8-3) also indicates that the retention
property is a sum along the flow path, suggesting that the average properties along the
flow path can also be used if there are no reasons to believe that local flow and matrixdependent retention properties are correlated.
The transport concept quantifies the heterogeneity of the rock matrix properties and the
variability between different fractures. The heterogeneity of the rock matrix is
conceptualised by a layered structure, where the diffusion and sorption properties may
be different close to the fracture surface from deeper inside the rock matrix. The
properties of the rock matrix are parameterised by the number and thicknesses of the
different layers and by their porosities, diffusivities and sorption properties. The
variability of different fractures is realised by identifying a few representative fracture
types that are characterised by the diffusion and sorption properties of the rock matrix.
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8.2

Data Evaluation

The retention processes that are considered in this section are matrix diffusion and
sorption. The quantification of the retention processes requires an estimation of the
distribution of flow (WL/Q) and rock matrix retention properties along the flow paths
(porosity, diffusivity and Kd).
The heterogeneity in the retention properties of the rock matrix is taken into account by
applying retention models to describe immobile pore spaces (referred to as immobile
zones). The retention model represents immobile zones by layers that have different
properties, with the identification and specification of the immobile zones being based
on the interpretation of geological data.
Flow is usually very unevenly distributed between the different hydraulic features in
fractured rock, leading to the development of preferential flow paths and to channelled
solute transport at all scales. The modelling approach is to explicitly take into account
hydraulic features at different scales and the modelling concept is based on a site-scale
Hydro-DFN model that is composed of hydraulic features at the regional scale, the site
scale and the fracture scale.
One potential radionuclide transport process in the geosphere is colloid-facilitated
transport; however, this subject is not discussed in detail in this section, because the
concentration of colloids in the geosphere is quite low at Olkiluoto and under the
reference case conditions colloids generated within the repository are effectively filtered
out by the bentonite buffer. Thus the probability of colloid-facilitated radionuclide
transport being a significant process is not considered to be great. The potential
significance of such colloids is studied in separate calculation cases that will be reported
in the Analysis of Radionuclide Releases and Consequences report. Nevertheless, to
underpin those calculational cases, a summary is provided below of observed
concentrations of colloids and their characteristics. In addition, the potential presence of
complexing agents, which can also enhance radionuclide transport, is also discussed.
Direct measurements indicate low concentrations of colloids in the groundwater (e.g.
0.2 mg/L in ONK-PVA1 and 0.7 mg/L in ONK-PVA3, Takala et al. 2009; less than 0.2
mg/L in OL-KR1 at 613-618 m depth, Laaksoharju et al. 1992). The concentration of
dissolved organic carbon (DOC) is also estimated to be low (5-10 mg/L) at the
repository depth (Penttinen et al. 2011). In addition to organic colloids, inorganic
colloids, such as iron and aluminium silicates, may also be found in the groundwater.
The DOC content may be high in shallow groundwaters, with short residence times,
because biological degradation of large organic compounds is a slow process. Due to
geomicrobial activity in the groundwater, such compounds are broken down to carbon
dioxide, thereby increasing the level of DIC (Dissolved Inorganic Carbon). The carbon
dioxide is consumed by microorganisms, which mediate the reduction of SO4 and iron
oxyhydroxide. At Olkiluoto this is evidenced by the low DOC contents in the brackish
SO4-rich groundwaters over the depth range of 100 m to 300 m. At greater depths the
estimated DOC concentrations are more uncertain and variable, due to the increased
influence of the dissolved gasses on measured DOC values, in particular methane
(Pitkänen et al. 2007). The DIC content decreases with depth, due to the increasing Ca
content and the tendency to maintain calcite equilibrium. At present the DIC content is
clearly less than 10 mg/L at the repository depth, but is considered likely to increase
after the early evolutionary phase (1000 years approx.) to 20-30 mg/L and is expected to
stay at this level during the temperate period until the next glaciation (Hellä et al. in
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prep.). Thus, carbonate complexes are considered to be potentially important complexforming ligands of the radionuclides and are dealt with as part of the radionuclide
release and consequence analyses in the safety case. The measurements and the
determination of the DOC and DIC contents in the groundwater are discussed in more in
detail in Chapter 7 of this report.
8.2.1 Immobile zones

The migration of a solute pulse through the fracture network is retarded by matrix
diffusion and by sorption in the immobile pore space, with the matrix diffusion
properties depending on the porosity and pore diffusivity in the immobile zones next to
the flowing fractures (cf. equation (8-3)). From the perspective of transport modelling,
the pore space in the immobile zones forms a reservoir of immobile pore water that
leads to retention of the migrating species. For performance assessment transport
modelling purposes, the porosity of the host rock close to the fractures and the typical
fracture filling materials are represented by the concept of a few simplified fracture
types (transport classes – see below for discussion) and the corresponding
representation of the rock matrix by layered immobile zones.
Fractures are placed in different transport classes, based on the conceptual
understanding of the fracture and its hydrothermal history. The processes by which the
fractures and fracture minerals have been formed have varied significantly during the
various tectonic events. Different geological processes have had identifiable effects on
the characteristics of the host rock matrix and on the formation of the fractures.
Fractures that have undergone a similar evolution of the hydrothermal and alteration
processes are assumed to have similar transport characteristics and they are placed in
the same transport class. It is also assumed that the identification and classification of
the fractures can be carried out using data on their fracture fillings.
Several types of fractures and fracture filling mineral assemblages are present at
Olkiluoto (Fox et al. in prep.). The occurrences of the main fracture filling materials can
be categorised based on three dominating filling mineral types: clays, calcite and
sulphides. In the majority of the fractures there is more than one, but rarely more than
two, major filling mineral types (cf. Section 4.9.1, Aaltonen et al. 2010, Section 9.1.3,
Mattila 2009, Fox et al. in prep.). Summary statistics of the fracture filling minerals are
presented in Table 8-1.
Based on the tectonic and hydrothermal history of the Olkiluoto bedrock, it is possible
to outline the following general relationships between the different mineralization
phases:


Calcite is often in the core of fracture infills and is generally part of the latest
filling phases. It is found even in non-cohesive clays as a “glue” between clay
particles.



Calcite and sulphides usually occur together on the surfaces of hydrothermal
clay minerals.



In assemblages of illite and kaolinite, kaolinite seems to be the younger
component and is located in the core of fracture infills.
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Typical examples of the clay-calcite-sulphide coated fractures20 are shown in Figure 8-1
to Figure 8-3.
It has been observed (Siitari-Kauppi et al. 2010; Kuva et al. 2012) that the porosity of
the host rock close to the fracture surface can be anomalous compared to that of the
average host rock (Figure 8-4 to Figure 8-6). The porosity anomaly of the host rock is
most probably caused by hydrothermal alteration of the rock (Aaltonen et al. 2010),
implying that the different transport classes are also characterised by typical alteration
halos in the host rock, in addition to the distinctive pattern of the fracture fillings.
Table 8-1. Occurrence of the different major fracture coating minerals and
combinations of the fracture coating minerals at Olkiluoto.

Fracture coating mineral
Clay

Calcite

Number of fractures
(N=44067)

Percentage

14164

32 %

8180

19 %

5900

13 %

4311

10 %

4011

9%

Sulphide

Fractures without main coatings
x
x

x

x

x

x

x

x

x
x

51 %

33 %

3204

7%

x

2929

7%

x

1368

3%

32 %

The microstructural model of immobile zones

Fractures in the bedrock are coated by a group of main coating minerals: clay minerals
(illite and kaolinite), calcite and sulphides. In fractures, where illite is the dominating
phase, it usually lines the fracture walls, whereas kaolinite typically forms the
incohesive filling. Kaolinite in fracture coating forms a powdery, disseminated white
coating. These soft fillings are typically loosely attached to the fracture surfaces.
Intensively illitised zones appear to have been strongly influenced by carbonatisation. In
these strongly altered cases, calcite typically occurs as stockworks and forms the matrix
for the clay fillings. Generally, calcite has been formed by various processes during the
geological history of Olkiluoto, is part of the latest filling phases and is found even in
non-cohesive clays as a "glue" between clay particles. In typical filling assemblages,
calcite and sulphides usually occur together on the surfaces of hydrothermal clay
minerals, so that sulphide is found inside calcite. Typical textural types of pyrite also
include hair dykes and aggregates (Section 4.8 and Aaltonen et al. 2010).

The term coated is used, in place of the term filled, with reference to fractures, as it is believed this is a
better description of reality. Some of these coated fractures may actually be filled, however, it is not
possible to detect from core logging, for example, whether two coated fracture surfaces that were adjacent
when in situ truly constitute a filled fracture. The use of the term coated, thus makes fewer assumptions
about the true state of the rock mass than the use of the term filled.
20
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Figure 8-1. A clay-calcite-sulphide coated fracture. The fracture surface contains green
illite, which is partly covered by a thin grey calcite layer. There are also sulphide grain
accumulations in the calcite (OL-KR20 97.75 m).

Figure 8-2. A calcite-sulphide coated fracture. Two calcite generations are present:
euhedral grains and thin coatings. Sulphide is accumulated in a couple of millimetresized clusters inside the calcite filling (ONK-PH2 153.12 m).
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Figure 8-3. A clay-coated fracture. Kaolinite (white) typically overlies the
hydrothermal illite (yellowish) filling (OL-KR28 517.40 m).

Typically, coated fractures at Olkiluoto normally contain only two types of coating
minerals; only about 8% of fractures mapped in drill cores are reported as containing all
three major coating minerals: clay, sulphide and calcite (Table 8-1). The major fracturecoating mineral and the signatures of tectonic events have been used here to divide
fractures into four transport classes:
1. Fractures dominated by calcite,
2. Fractures dominated by hydrothermal clays,
3. Slickensided fractures and
4. Other fractures.
The porosity profiles next to the fracture surfaces in the different transport classes have
been studied using twelve core samples from drillholes OL-KR4, OL-KR11, OL-KR13,
OL-KR14, OL-KR20 and OL-KR25 applying C-14-PMMA and X-ray tomography
techniques (Kuva et al. 2012). The C-14-PMMA method involves the impregnation of
centimetre-scale samples of drill cores with C-14-labeled methylmethacrylate (C-14MMA), followed by irradiation polymerization, autoradiography and optical
densitometry using digital image-processing techniques (Hellmuth et al. 1993; 1994;
1999; Siitari-Kauppi et al. 1998).
The calcite-dominated fractures have been studied using four different samples from
OL-KR11 and OL-KR13 (Kuva et al. 2012). The porosity profiles vary somewhat,
depending on the porosity of the calcite filling. In two of the samples (OL-KR11 at
421.52 m (depth) and OL-KR13 at 227.40 m) the calcite filling is very porous and
correspondingly the rock porosity in the alteration halo is 7-50 times that of the bulk
porosity near the fracture. In another two samples (OL-KR13 at 171.55 m and
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OL-KR13 at 175.38 m) the porosity of the alteration halo is no more than twice the bulk
porosity. The region of enhanced porosity can be seen to be from a few millimetres into
the rocks to as much as 15 mm in OL-KR13 at 171.55 m (Figure 8-4).
The calcite-dominated fractures have been studied using four different samples from
OL-KR11 and OL-KR13 (Kuva et al. 2012). The porosity profiles vary somewhat,
depending on the porosity of the calcite filling. In two of the samples (OL-KR11
at_421.52 m and OL-KR13_at 227.40 m) the calcite filling is very porous and
correspondingly the rock porosity in the alteration halo is 7-50 times that of the bulk
porosity near the fracture. In another two samples (OL-KR13_at 171.55 m and
OL-KR13_at 175.38 m) the porosity of the alteration halo is no more than twice the
bulk porosity. The region of enhanced porosity can be seen to be from a few millimetres
into the rocks to as much as 15 mm in OL-KR13 at 171.55 m (Figure 8-4).

OL-KR11 depth 451.52 m

OL-KR13 depth 171.55 m

OL-KR13 depth 175.38 m

OL-KR13 depth 227.40 m

Figure 8-4. Rock matrix porosity profiles in the samples taken from the calcitedominated fractures.

The clay-dominated fractures have been studied using four samples from drillholes
OL-KR20 and OL-KR25 (Kuva et al. 2012). The porosity profiles of the clay-coated
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fracture samples are more difficult to interpret, since the minerals in the rock samples
are completely altered, at least to some degree. In two of the samples (OL-KR20 at
421.78 m and OL-KR25 at 96.79 m) the porosity near the fracture is four to six times
the bulk porosity of the sample, in one sample (OL-KR25 at 56.78 m) the porosity is
very variable and shows no particular trend at all and one sample (OL-KR25 at
482.54 m) does not show any significant change in the porosity near the fracture.
Porosity profiles, when they were clearly visible, extended some 6 mm to 12 mm into
the sample (Figure 8-5).

OL-KR20 depth 421.78 m

OL-KR25 depth 96.79 m

OL-KR25 depth 56.78 m

OL-KR25 depth 482.54 m

Figure 8-5. Rock matrix porosity profiles in the samples taken from the clay-dominated
fractures.

The slickensided fractures have been studied using four samples from drillholes
OL-KR13 and OL-KR14 (Kuva et al. 2012). Two of the porosity profiles (OL-KR14 at
461.91 and OL-KR14 at 491.19 m) have quite similar forms, displaying a sharp increase
in porosity close to the fracture surface, where the porosity is locally some 20 to 80
times the bulk porosity, which decreases rapidly away from the fracture to a very low
bulk porosity. This porosity profile differs from the porosity profiles of the other
fracture types by indicating a thin layer of low porosity closest to the fracture. Beyond
the low porosity layer, the porosity profile shows a similar decreasing trend to the other
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fracture types, although the bulk porosity is maybe somewhat lower. One of the samples
(OL-KR14 at 446.89 m) shows a relatively uniform porosity profile and in one of the
samples (OL-KR13 at 205.65 m) the porosity next to fracture is five times the bulk
porosity, but steadily decreases to the bulk porosity over a distance of about 10 mm
(Figure 8-6).

OL-KR13 depth 205.65 m

OL-KR14 depth 446.89 m

OL-KR14 depth 461.91 m

OL-KR14 depth 491.19 m

Figure 8-6. Rock matrix porosity profiles in the samples taken from the slickensided
fractures.

The analysis of the porosity profiles using PMMA and X-ray studies, together with
petrographic analysis of the rock samples and the overall Olkiluoto-specific
understanding on the different mineralisation phases of the fracture filling minerals,
leads to a conceptualisation of the four simplified transport classes, as illustrated in
Figure 8-7. The transport class of ‘other fractures’ include a variety of different
fractures that cannot be clearly classified as clay-, calcite- or sulphide-coated fractures.
These fractures can contain multiple coating minerals or the dominating coating mineral
is not one of the main coating minerals (clay-, calcite- and sulphide-coated or
slickensided fractures). The spread of transport characteristics in this group of fractures
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is too large to be represented by one set of immobile zones; therefore, the transport
properties of the ‘other fractures’ class is represented by a single immobile zone of
unaltered host rock. From a radionuclide migration point of view this minimizes the
transport time and is a conservative assumption.

Clay-coated transport class

Slickensided transport class

Calcite-coated transport class

Other transport class (Note, that these
fractures may include multiple coating
minerals. This simplified transport class is a
conservative assumption)

Figure 8-7. Fracture transport properties are represented by four simplified transport
classes.

A generalized conceptual microstructural model of the water-conducting fractures at
Olkiluoto can be pieced together by combining measured data with the synthesized
knowledge on the geological history of the site and the processes that have taken place
during its evolution (Figure 8-8). In fact, the typical characteristics of the generalized
microstructural model form the basis of the type fractures presented in Figure 8-7. There
can be notable variability in the immobile zones inside individual fractures, as the
conceptual model in Figure 8-8 suggests, and this is taken into account when applying
the transport classes in the radionuclide migration calculations. The division of the
fractures into different transport classes is used to provide a statistical estimate of the

698

probability for the local occurrence of a particular transport class. The procedure that is
applied to link the flow path with the transport properties is discussed in more detail in
Section 8.3.1.

Figure 8-8. A generalized conceptual model of the water-conducting fracture at
Olkiluoto.

Properties of the immobile zones

The retention properties of the rock mass along the fractures will depend on the
diffusion properties, the porosities and the thicknesses of the different immobile zones
next to the flowing fractures. The PMMA and X-ray tomography studies provide
information on the porosity profile in the rock matrix and make it possible to quantify
the characteristics of the immobile zones of the different type fractures. Table 8-2 gives
the interpreted thicknesses and estimated porosities of the different immobile zones for
the type fractures for all the transport classes.
In addition to the porosity estimates, the diffusivities of the immobile zones also need to
be parameterised. This can be done using the results from the He gas through-diffusion
experiments, carried out using rock samples from Olkiluoto (Hartikainen et al. 1996,
Voutilainen et al. 2009). Effective diffusivities have been evaluated not only for
unaltered host rock, but also for illitised samples from drillhole OL-KR12. The
interpreted He gas diffusivities have been scaled to represent water-phase effective
diffusivities for a neutral species that has a diffusivity of 2·10-9 m2/s in free water, by
dividing the gas phase diffusivities by a factor of 1/35,000 (Hartikainen et al. 1996).
The measured diffusivities are presented in Figure 8-9 as a function of the porosity,
together with additional measured data from other Finnish granitic sites. The spread in
the measured diffusivities is quite large, indicating the heterogeneity of the rock mass,
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but also the experimental difficulties in measuring very small diffusivities and the
vulnerability of the rock samples to microfracturing during their preparation. The
diffusivities assigned to the different immobile zones are based on the fitted dependence
of the diffusivity on the porosity in the Olkiluoto samples.

Figure 8-9. Effective diffusivity and porosity measured from Olkiluoto, Kivetty and
Palmottu rock samples using the He gas method. Measured He gas diffusivities have
been scaled to represent water-phase diffusivities of a neutral species that has a
diffusivity of 2·10-9 m2/s in free water. The fitted line used to determine the diffusivities
of the immobile zones is based only on Olkiluoto-specific data (OL and OL-KR12).
Samples from the OL-KR12 represent altered host rock.
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Table 8-2. Properties of the immobile zones in different transport classes.

Clay (and possibly Sulphide) coated fractures, 30.9% of drillhole fractures
Layer
1 Layer
2 Layer
3
Illite and Kaolinite Alteration halo
Unaltered host rock
10 mm
Thickness 0.2 mm
4%
0.5%
Porosity 6%
7·10-13 m2/s
6·10-14 m2/s
Effective diffusivity 1·10-12 m2/s
Calcite (and possibly Clay and Sulphide) coated fractures, 19.4% of drillhole
fractures
Layer
1 Layer
2 Layer
3
Calcite
(and Alteration halo
Unaltered host rock
Sulphides)
5 mm
Thickness 0.2 mm
2%
0.5%
Porosity 6%
3·10-13 m2/s
6·10-14 m2/s
Effective diffusivity 1·10-12 m2/s
Slickensided fractures, 18.5% of drillhole fractures
Layer
1
Slickensided surface
Thickness 2 mm
Porosity 1%
Effective diffusivity 1·10-13 m2/s
Other fractures, 31.2% of drillhole fractures
Layer
Unaltered
rock
Thickness Porosity 0.5%
Effective diffusivity 6·10-14 m2/s

Layer
2 Layer
3
Alteration halo
Unaltered host rock
3 mm
5%
0.5%
1·10-12 m2/s
6·10-14 m2/s

1
host

Sorption data

Sorption properties for the intact rock at Olkiluoto have been determined from
experimental data. Only the methodology that is applied to evaluate sorption data for the
different immobile zones of the four transport classes is outlined here. A detailed
discussion of the experiments and an evaluation of the results is given by Hakanen et al.
(in prep.) and the actual Kd values will be presented in the Models and Data report of
the safety case report portfolio.
Sorption experiments on the mass distribution ratio in crystalline rock have been mainly
conducted using crushed materials. The crushing of the drill core samples exposes new
mineral surfaces that may create differences between the distribution ratios applicable to
the in situ conditions and those evaluated using the crushed samples. Representative in
situ distribution ratios for the intact rock are evaluated by applying appropriate scaling
procedures, which take into account the main sorbing mineral(s), as well as the surface
area and the solution speciation.
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Cation exchange is the dominating sorption mechanism for alkaline and alkaline earth
cations on permanently negatively charged silicate mineral surfaces at pH 6 and higher.
Sorption of hydrolysed species of the transition metals, lanthanides and actinides on
variably charged surface sites at pH 6 and higher is usually modelled by surface
complexation. In crystalline rocks the preference for sorption on mica and clay minerals
by all radionuclides is due to the high cation exchange capacity (CEC) of micas and the
high surface area of clay minerals, micas and hornblende, compared to the low CEC and
low surface area of the feldspar minerals and quartz.
The ratio of the CEC for crushed rock to the calculated CEC of the biotite in different
rock types is used to scale the measured distribution coefficients of Cs and alkaline
earth cations for the crushed rock to corresponding Kd values for the intact rock. The
CEC values for the selected Olkiluoto rocks are derived from the mineral compositions
of the rocks. For Cs a mechanistic sorption model is applied.
The preference of sorption by surface complexation to mica and clay minerals in the
rocks is based on the high surface area of these minerals, as compared with the surface
area of unaltered feldspars and quartz. The ratio of the calculated intact rock surface
area to the surface area of the crushed rocks is used to scale the measured distribution
ratios of the nuclides that are sorbed by surface complexation. In some cases, e.g. for
Ag and Pd, there are no data for sorption on Olkiluoto-specific rocks. In these cases, the
Kd values for Olkiluoto rocks are derived using sorption measurements applicable to
well-defined solutions and solids and then estimating the corresponding Olkiluotospecific Kd values, based on the CEC proportions or by using specific surface areas
determined by the BET (Brunauer-Emmett-Teller) method, or both.
Fracture classification

The application of the different fracture transport classes in the solute transport
calculations requires that the information on the different fracture types is conveyed
from the geological analysis to the flow and transport analysis - a process that takes
place via the Geo-DFN and Hydro-DFN descriptions of the Olkiluoto site. The GeoDFN model includes information on the transport class, which is inserted into the GeoDFN fracture database. This database is used by the Hydro-DFN model and an
additional attribute describing the fracture transport class is added to the Hydro-DFN
model.
The transport classification is based on the major (i.e. most abundant) minerals found
inside fractures mapped in the drillcore and transport classes are assigned to fractures in
the Geo-DFN database, after extensive reprocessing of raw data from the POTTI
database (POTTI is a Oracle® database with a browser-based interface, and is created
for the administration of methods, studies and data of different disciplines in Posiva's
site investigations). Specifically, fractures are assigned to one of four classes (TC1 to
TC4) using the following logic:
a. Fractures are assigned to transport class two (TC2, Calcite-coated) if the
database field Fracture_Filling contains ‘CC’ or ‘DO’ (calcite or dolomite); if
field CALCITE contains ‘CC’, or if field DOLOMITE contains ‘DO’. The
assumption is made that calcite- and dolomite-coated fractures are symptomatic
of the same alteration state and are as equally likely to feature enhanced
porosities.
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b. Fractures are assigned to transport class three (TC3, Clay-coated) if the database
field Fracture_Filling contains ‘KA’, ‘KI’, ‘KS’, ‘IS’, ‘IL’, ‘MO’ or ‘SM’; if
field KAOLINITE contains ‘KA’, field ILLITE contains ‘IL’, field
MONTMORILLONITE contains ‘MO’, or field SMECTITE contains ‘SM’.
Only clay minerals of hydrothermal origin are considered.
c. Fractures are assigned to transport class four (TC4, fault rock/slickensided) if the
database field “GENERAL_GEOL_FRACTURE_TYPE” contains ‘fw’
(fracture zone in altered or weathered host rock), ‘fz’ (fracture zone or crush in
unweathered rock), ‘ss’ (single individual fault or shear), or ‘sz’ (shear zone).
Fractures are also assigned to transport class four if the field
“GEOL_TYPE_OF_FRACTURE” contains ‘h’ (slickensided) or ‘f’ (fracture
coated with soft materials), if field TYPE contains ‘fisl’ (filled slickenside), or if
field CLAY2_THICKNESS has a value greater than zero. The term ‘fault rock’
is used loosely, as no judgment is made as to whether or not materials
characteristic of intense brittle deformation, such as gouge or cataclasite, are
present. The original criteria, as proposed by Posiva geologists, only considered
slickensided fractures.
d. Any fractures not strictly meeting the aforementioned criteria are classified as
transport class one (TC1, All Other Fractures). These fractures may include
multiple filling minerals, but the spread of transport characteristics is too large to
be represented by one set of immobile zones.
8.2.2 Mobile zones

Mobile zones represent the portion of the pore space in the bedrock where the
groundwater flow takes place and consist of a network of interconnected waterconducting fractures. Their hydraulic characteristics are determined by the
conductivities of the fractures and the connectivity of the fracture network.
DFN modelling is an appropriate approach to estimate the detailed distribution of flow
and to assess the flow-related transport properties. A preliminary site-scale Hydro-DFN
model of the groundwater flow at Olkiluoto was reported in SR2008 (Posiva 2009),
which has been updated using the latest data and updated geological models (Hartley et
al. 2012b); and a detailed description of the updated Hydro-DFN model is presented in
Chapter 6 of this report. In this chapter some of the main features of the updated DFN
model are summarised in order to demonstrate the implications of the updated model for
radionuclide transport properties.
The 2008 Hydro-DFN model (Hartley et al. 2009) was based on data from 56 cored
drillholes and the rock mass was divided into two fracture domains, based on the brittle
deformation zone model: above and below HZ20 (as in the 2008 Geo-DFN model). The
2008 model was also further subdivided into four depth zones to represent the strong
depth dependency of the PFL data.
Since the 2008 model was developed, 24 additional drillholes have been characterised,
together with several additional ONKALO pilot holes and an update of the Geo-DFN
model has being prepared (see Section 4.10). The update of the Hydro-DFN model
makes use of the new field data and builds on the conceptual framework of the GeoDFN update (Fox et al. in prep).
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The 2010 Hydro-DFN model is based on the nine tectonic units of the updated GeoDFN model (see Section 4.10) which, in contrast to the 2008 model, are related to the
ductile deformation zones. On the basis of comparisons, these nine tectonic units were
reduced to four merged ‘hydraulic domains’ that were considered suitable for
parameterising the Hydro-DFN model.
Depth zones in the 2008 Hydro-DFN model were based on elevations that were
determined from the PFL fracture intensities in drillholes. The fixed elevations of the
depth zones appeared to be problematic, because although there is a strong depth
dependency of the PFL fracture intensity, there is also some lateral variability which is
especially important close to the repository depth, since the intensity approaches the
percolation limit21. In the previous depth zone model, based on fixed elevations, this
creates a depth zone boundary that is everywhere close to the repository and, due to the
proximity to the percolation limit, is associated with a considerable hydraulic contrast.
The consequence was that more attention needed to be paid to the lateral variability of
the fracture intensity in the model’s parameterisation. In the updated Hydro-DFN
model, depth zones are defined by integrating geological, hydraulic and chemical data
and are thus based on their characteristics rather than on their elevation.
The definition of open fractures in the updated Hydro-DFN model is based on an
analysis of the geological indicators for all fractures and PFL fractures. In the 2008
model, the frequency of open fractures was estimated as the upper limit of the intensity
of potential flowing fractures, based on the geological classification of tight, open and
coated fractures. The updated definition of open fractures is based on the Geo-DFN
definition for open, flowing and closed fractures, with some modifications for the
Hydro-DFN application. Modifications were mainly necessary to account for data gaps
in the Geo-DFN definitions from the latest drillholes. The definitions of Geo-DFN open
and closed fractures, for all fractures, combined with PFL fractures from drillholes
OL-KR1 to OL-KR38 were used to estimate a suitable ratio of open fractures to all
fractures, which captures all PFL fractures and can be applied across all drillholes and
in every Depth Zone.
The updated Hydro-DFN model includes the same alternative conceptual models for
potentially water-conducting fractures as in the 2008 model, i.e. water-conducting
fractures based on the open fractures or PFL fractures. The updated 2010 model also
contains an additional conceptual model that considers heterogeneous fractures, which
are defined as fractures where only a portion of the fracture is open for flow. This
concept models all fractures based on the intensity-size model of the Geo-DFN,
removing parts of fractures that are determined as being closed as part of the model
parameterisation. The percentage of the fracture surface that is open to flow depends on
the fracture size and is a calibrated parameter of the model.
8.3

Transport properties

Flow-related transport properties are demonstrated for the site-scale flow paths under
present-day boundary conditions and for the block-scale flow paths under typical
temperate, post-closure flow conditions. Flow-related transport properties are controlled
by the hydraulic properties of the fractures and by the connectivity of the fracture
network. It needs to be remembered that the properties of the flow field that are
21

At the percolation limit the fracture network becomes geometrically unconnected and therefore also
non-conducting.
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representative of the PA release paths will also depend on a number of other factors that
cannot be derived from the parameterisation of the Hydro-DFN model. These other
factors include, for example, the layout of the repository and the possible Rock
Suitability Criteria (RSC) that are applied in defining which parts of the rock mass are
suitable for disposal purposes (e.g. Hëlla et al. 2009).
The flow-related transport properties are demonstrated and examined by applying an
approach that aims at highlighting features that emphasise the properties of the
Hydro-DFN model. The Hydro-DFN properties are presented:


to display the variability of the transport characteristics in the 2010 Hydro-DFN
model,



to facilitate comparison of the transport characteristics in the present 2010 model
and in the previous 2008 model, and



to study uncertainties in the transport characteristics - transport characteristics
are presented for a number of alternative models that have been produced to
quantify the uncertainties in the parameterisation of the Hydro-DFN model.

At the site scale, the stochastic Hydro-DFN model description of the background
fracturing is superimposed on the larger, deterministic hydrogeological zones (HZs, also
referred to as hydrozones), see Chapter 6. The transport characteristics are presented
separately for the stochastic background fracturing and for all complete site-scale
pathways, that start from potential canister locations and end at discharge locations at
the surface. In this way it is also possible to highlight the site-specific properties of the
stochastic background fracturing, without being influenced by the variations in the local
boundary conditions.
The site-scale transport properties are calculated for a set of potential release paths
under present-day boundary conditions. The characteristics of these flow paths are not
necessarily solely dominated by the site-scale Hydro-DFN properties, as noted above.
However, the site-scale transport properties are calculated, partly to demonstrate how
the geosphere transport properties are influenced by different hydraulic features and
partly to compare the roles of the different hydraulic features on the performance of the
geosphere, in the different Hydro-DFN model alternatives.
Fracture-specific immobile zone retention models (Section 8.2.1) are incorporated into
the site-scale analysis. Site-scale and block-scale transport properties are studied by
considering the following flow-related characteristics:


connectivity of the fracture network,



transport resistance, F  2 WL / Q , in the stochastic background fracturing,



initial flow rates at the starting location of the flow paths;



lengths of the typical release paths;



estimated advective travel times;



role of the deterministic zones in the site-scale flow paths.
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8.3.1

Transport classes

Assessments of the properties of the immobile zones next to the water-conducting
fractures have shown that it is possible to identify four different transport classes based
on the pattern of the immobile zones (cf. Section 8.2.2). In order to apply these transport
classes in the radionuclide migration calculations they need to be incorporated into the
site-scale Hydro-DFN description.
The classification of the fractures into the different transport models has been
incorporated into the Geo-DFN model (cf. fracture classification in Section 8.2.1).
These data are analysed, together with the flowing fracture data (PFL fractures), to find
out the percentages of fractures in the different transport classes (Hartley et al. 2012b).
Comparisons are made for all fractures and PFL fractures outside HZs by dividing the
data into different Hydro-DFN fracture domains, fracture sets and Depth Zones (see
Section 6.9).
All fractures and PFL fractures show similar trends in the statistics of the different
transport classes. There is a clear trend of a reducing percentage of calcite fractures and
an increasing percentage of slickensided fractures by Depth Zone and some differences
between CHUE and non-CHUE fracture domains (defined in Chapter 6) in the two
shallowest Depth Zones.Figure 8-10 shows summary statistics for PFL fractures over all
Depth Zones.
The site scale Hydro-DFN model is composed of 48 fracture sets: three with respect to
orientation, four Depth Zones and four fracture domains. The percentages of fractures in
these fracture sets are placed into different transport classes by:
1. Dividing the fracture data by Depth Zone;
2. Dividing the Depth Zone data by fracture orientation sets into sub-horizontal and
sub-vertical;
3. For Depth Zones 1 and 2 the data for the sub-vertical and sub-horizontal sets are
further divided into CHUE and non-CHUE fracture domains. There are
statistically insufficient fractures in Depth Zones 3 and 4 for further subdivisions of the data after step 2 above.
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Figure 8-10. Analysis of transport classes by set, domain and Depth Zone for PFL
fractures outside HZs across all Depth Zones (from Hartley et al. 2012a, the term
“retention type” equates to the “transport class” of this report). Fracture sets, domains
and Depth Zones are defined in Chapter 6 (fracture sets in Section 6.8.6, domains in
Sections 4.3.7 and 6.6.2 and Depth Zones in Section 6.8.4).
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Table 8-3. Division of the PFL fracture data in the Hydro-DFN fracture sets into
different transport classes. Notations in the table are Depth Zone (DZ), fracture domain
(FD), fracture orientation (Or.) and transport classes are abbreviated by Calcitecoated (Ca), Clay-coated (Cy), Other (Or) and slickensided (Ss).
Hydro-DFN fracture sets

Aggregated transport class
sets

Probability of fractures belonging to
the transport class

Set

DZ

FD

Or.

DZ

FD

Or.

Ca

Cy

Or

Ss

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

1
1
1
2
2
2
3
3
3
4
4
4
1
1
1
2
2
2
3
3
3
4
4
4
1
1
1
2
2
2
3
3
3
4
4
4
1
1
1
2
2
2
3

NHU
NHU
NHU
NHU
NHU
NHU
NHU
NHU
NHU
NHU
NHU
NHU
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUW
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
SHU
SHU
SHU
SHU
SHU
SHU
SHU

E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W
N-S
SH
E-W

1
1
1
2
2
2
3
3
3
4
4
4
1
1
1
2
2
2
3
3
3
4
4
4
1
1
1
2
2
2
3
3
3
4
4
4
1
1
1
2
2
2
3

nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
CHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE

SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV
SV
SH
SV

0.39
0.39
0.40
0.39
0.39
0.36
0.43
0.43
0.38
0.33
0.33
0.27
0.39
0.39
0.40
0.39
0.39
0.36
0.43
0.43
0.38
0.33
0.33
0.27
0.59
0.59
0.40
0.46
0.46
0.41
0.43
0.43
0.38
0.33
0.33
0.27
0.39
0.39
0.40
0.39
0.39
0.36
0.43

0.19
0.19
0.23
0.21
0.21
0.26
0.22
0.22
0.18
0.15
0.15
0.17
0.19
0.19
0.23
0.21
0.21
0.26
0.22
0.22
0.18
0.15
0.15
0.17
0.07
0.07
0.11
0.12
0.12
0.10
0.22
0.22
0.18
0.15
0.15
0.17
0.19
0.19
0.23
0.21
0.21
0.26
0.22

0.23
0.23
0.25
0.22
0.22
0.22
0.19
0.19
0.19
0.23
0.23
0.20
0.23
0.23
0.25
0.22
0.22
0.22
0.19
0.19
0.19
0.23
0.23
0.20
0.11
0.11
0.28
0.08
0.08
0.07
0.19
0.19
0.19
0.23
0.23
0.20
0.23
0.23
0.25
0.22
0.22
0.22
0.19

0.19
0.19
0.12
0.17
0.17
0.17
0.16
0.16
0.25
0.29
0.29
0.36
0.19
0.19
0.12
0.17
0.17
0.17
0.16
0.16
0.25
0.29
0.29
0.36
0.24
0.24
0.21
0.35
0.35
0.41
0.16
0.16
0.25
0.29
0.29
0.36
0.19
0.19
0.12
0.17
0.17
0.17
0.16
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Hydro-DFN fracture sets

Aggregated transport class
sets

Probability of fractures belonging to
the transport class

Set

DZ

FD

Or.

DZ

FD

Or.

Ca

Cy

Or

Ss

44
45
46
47
48

3
3
4
4
4

SHU
SHU
SHU
SHU
SHU

N-S
SH
E-W
N-S
SH

3
3
4
4
4

nonCHUE
nonCHUE
nonCHUE
nonCHUE
nonCHUE

SV
SH
SV
SV
SH

0.43
0.38
0.33
0.33
0.27

0.22
0.18
0.15
0.15
0.17

0.19
0.19
0.23
0.23
0.20

0.16
0.25
0.29
0.29
0.36

Deterministic HZs are also included within the site-scale Hydro-DFN model. Fractures
in the HZs are mainly clay-coated and slickensided fractures (see SR2008). The
probability of fractures in the HZs belonging to either the clay-coated or the
slickensided transport classes is taken to be equally likely (Cy=0.5 and Ss=0.5), as there
are no precise statistical data on the proportion of the clay-coated and slickensided
fractures in the HZs.
The application of the transport classes in the radionuclide transport modelling uses an
approach where the retention classes are applied to the release paths during a postprocessing step. The DFN flow solution is used to particle track the flow paths and the
flow path information includes DFN fracture set information for each segment of the
flow path. Flow path data are combined with the transport class information of Table 83 to assign each segment of the flow path a specific transport class, which is carried out
randomly, by using the probabilities given in Table 8-3. As a consequence of this
approach, there can be alternative realisations of the transport classes along a given flow
path. Another consequence is that the transport class may vary over an individual
fracture if there are several legs of the flow path in the same fracture plane. This is
illustrated in Figure 8-11 and the approach is considered to be a realistic representation
of the heterogeneity in the fractures (cf. also the generalised conceptual model of the
fractures in Figure 8-8). To some extent, the resulting retention along a flow path
depends on the realisation of the transport classes along the path. The influence of this
heterogeneity on the results is evaluated by repeating the migration analysis for a few
transport class realisations.
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Figure 8-11. Illustration for a short section of flow path. Transport classes are assigned
to each leg of the flow path, based on the probabilities of the different transport classes.
This means that the local transport class may vary in the fracture planes that make up
the release path.
8.3.2 Advective travel time

The fracture aperture distribution along the flow path determines the total volume of the
transport channel and, therefore, is also the primary influence on the advective travel
time. It is not possible to directly measure the whole aperture distribution along flow
paths, as they are composed of different kinds of fractures and, locally, the fracture
aperture along the transport path may vary significantly.
In addition to the volume of the transport path, the aperture distribution also determines
the friction for flow. Hydraulic testing of the flow paths measures the friction,
effectively in terms of the distribution of flow rates at individual fracture intercepts with
drillholes, which, in turn, is governed by the smallest apertures along the flow paths to
the drillholes. An extensive dataset is available on flow rates along different flow paths
at Olkiluoto, thus providing a good basis for assessing the flow rates along the flow
paths and also for parameterising the ECPM and DFN flow models.
It is possible that there is a correlation between the friction to flow and the volume of
the channel, but the relationship may vary between different fracture types and different
locations at the site. For example, the friction to flow will, to a large extent, depend on
the size of the constrictions, i.e. the smallest apertures, whereas the volume of the
channel will depend on the largest apertures. No robust way is available of deducing the
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volumes of the transport channels from the available transmissivity data, apart from
determining a minimum volume, assuming fractures to be parallel plates. In practice,
the volume of the individual transport paths needs to be determined by measuring
advective travel times, e.g. by tracer testing. Results from tracer test programmes
performed over the past few decades have been used to produce generic relationships
between the volume (transport) and frictional (hydraulic) apertures of the transport
paths. A common approach is to use a constant factor, usually in the range 5-20 (e.g.
Gelhar 1987, Table 1; Hjerne et al. 2010), to calculate the approximate transport
aperture from the known hydraulic aperture. The updated Hydro-DFN model estimates
the transport aperture for each fracture to be ten times the effective hydraulic aperture.
In many cases the fairly large uncertainties that are associated with the transport
aperture are not explicitly propagated to the simulated advective travel times. In this
chapter, advective travel times are assessed assuming that the mean transport aperture is
ten times larger than the effective hydraulic aperture. The uncertainty range for the
travel times is at least a factor of two or larger and it is better to view the presented
travel times as a relative comparison between different pathways, thus indicating an
order of magnitude for the travel times. The advective travel time is not significant for
the retention of radionuclides under typical performance assessment flow conditions
(e.g. Moreno and Crawford 2009) and thus the large uncertainty in the advective travel
time does not result in substantial uncertainty in the estimated retention properties. It
has also been noted in the palaeohydrogeological simulations that kinematic porosity is
not an important parameter for modelling natural tracers, relative to the transport
properties for matrix diffusion (cf. Section 6 and Hartley et al. 2012a).
8.3.3 Flow-related transport properties in the repository near-field model

Transport properties for the repository near-field are calculated by performing
freshwater flow calculations, followed by particle tracking within a 200 m block of rock
in Depth Zone 4 under a representative head gradient of 1%. The Hydro-DFN version
used in these simulations is the Elaborated Hydro-DFN determined by Hartley et al.
(2012a) (as part of Phase III of that work see also Chapter 6). The Elaborated HydroDFN uses the ONKALO pilot hole data to extend the fracture transmissivity distribution
to much smaller transmissivities than it is possible to achieve with the surface-based
drillholes. PFL measurements in the pilot holes are able to detect smaller
transmissivities, because the drawdowns in the pilot hole measurements have been
about 400 m, compared with typical drawdown of about 10 m in the surface drillholes.
Simulations are calculated to make following comparisons.


Different conceptual fracture intensity-size models (cf. Chapter 6): i) Power-law
relationship between fracture sizes and intensities based on open fractures (Case
A), ii) log-normal size distribution and intensity relationship based on PFL
fractures (Case B) and iii) heterogeneous fractures with a power-law fracture
sizes and intensity relationship based on all fractures (Case C).



Alternative fracture size and transmissivity correlation models (correlated,
uncorrelated, and semi-correlated).



Different flow directions.
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Different hydraulic domains. There are two potential fracture domains, NHU
and CHUW (cf. Chapter 6), within the repository target volume.



Different versions of Hydro-DFN models that have been interpreted based on
data updates (2008 Hydro-DFN; 2010 Hydro-DFN and Elaborated Hydro-DFN).

The calculation cases that are simulated to perform the comparisons given above are
summarised in Table 8-4. Simulations have been carried out for a 5 by 5 array of
starting locations by releasing 10 particles from each starting location, with simulations
being repeated for 40 different realisations for each of the calculation cases. More
detailed specifications of the calculation cases are given in Hartley et al. (2012a).
Table 8-4. Calculation cases and naming convention of the calculation cases (from
Hartley et al. 2012a).

Conceptual Transmissivity
model
model

Fracture
NHU

domain Fracture
CHUW

domain

Case A

Correlated

A-C-NHU-P-III-2010

A-C-CHUW-P-III-2010

Case A

Semi-correlated

A-SC-NHU-P_III2010

A-SC-CHUW-P-III2010

Case A

Uncorrelated

A-UC-NHU-P-III2010

A-UC-CHUW-P-III2010

Case B

Semi-Correlated

B-SC-NHU-P-III-2010

B-SC-CHUW-P-III2010

Case C

Semi-Correlated

C-SC-NHU-P-III-2010

C-SC-CHUW-P-III2010

Connectivity of the fracture network

The connectivity of the fracture network is reflected in the percentages of the simulated
deposition holes that are connected to the fracture network. Simulations have been
calculated for only 25 deposition holes (Figure 8-12), but using 40 different realisations
(Hartley et al. 2012a). The deposition hole cylinders are represented by 4 low
transmissivity fracture planes from which particles are released if they intersect any
connected fractures. The median percentages of the deposition holes connected to the
DFN varied from about 20% to about 30%.
Statistically, different flow directions give the same percentages of connected
deposition holes. There is a minor difference between the fracture domains, so that there
are about 19-28% connected deposition holes in CHUW, but approximately 22-33% in
NHU.
Different conceptual models (cases A, B, and C) and different transmissivity models
(semi-correlated, correlated and uncorrelated) all give similar percentages of deposition
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holes connected to the network within the same fracture domain. A clear exception is
the case B model (log-normal size distribution and intensity based on the PFL) in NHU,
which tends to give slightly lower percentage of connected deposition holes connected
to the network.

Figure 8-12. Model setup for block-scale transport calculations (from Hartley et al. in
2012a).

The calibration ensured that the connectivity, as seen in a linear drillhole, is very similar
in different models. The connectivity, as seen in a fairly dense group of only 25
cylindrical deposition holes varies considerably between realisations, due to the low
intensity of large stochastic fractures in Depth Zone 4. It should be noted that the Base
Case model, semi-correlated Case A (power-law size distribution and fracture intensity
based on the open fractures), gives consistent percentages of the connected deposition
holes in both fracture domains.
Transport resistance

The limited size of the modelling domain gives rise to variability between different
DFN realisations. Figure 8-14 shows 10% to 90% variability and median F factor values
for all 40 realisations and the corresponding ensemble statistics for one of the modelled
cases. Only 25 release locations are considered in each realisation, which is reflected in
the variation between realisations. In the site-scale model the number of release
locations is more than 100 times larger and the variation between realisations is
expected to be much lower. Therefore, only ensemble statistics over all realisations are
considered when the flow path-specific results are presented for the background
fracturing in the repository near-field.
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Figure 8-13. Ensemble statistics of the percentages of the deposition holes connected to
the DFN in different calculation cases and fracture domains NHU (top) and CNUW
(bottom). Vertical lines indicate 10% to 90% percentiles and horizontal lines the
median percentages of the connected deposition holes. Notations of the alternate
models are Case A correlated transmissivity (AC); Case A semi-correlated
transmissivity (AS); Case A uncorrelated transmissivity (AU); Case B semi-correlated
transmissivity (BS) and Case C semi-correlated transmissivity (CS).

Simulated distributions of the transport resistance over the ensemble of the 40
realisations are similar for all different alternative models, transmissivity correlations
and flow directions. The F factor values vary mainly from 105 a/m to 108 a/m and
median values of the F are around 106 a/m.
All simulated models give similar shapes and magnitudes of the simulated F factor
distributions. An example of the simulated distribution of the F values for the flow paths
from the connected deposition hole locations is shown in Figure 8-16. The distribution
is skewed, having a long tail toward large F. The slight differences between different
models include the following (for details cf. Hartley et al. in prep.):


A slightly longer tail toward the lowest F in CHUW, that is due to the slightly
higher total flow measured in CHUW relative to NHU.
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A small tail of the lowest F values for both NHU and CHUW in the uncorrelated
models, where small fractures can have large transmissivities, giving the
potential for higher flow-rates to cascade down to the often small fractures that
provide the connection between the deposition holes and the connected fracture
network.



A lack of the lowest F value tail in the correlated transmissivity model, where
smaller fractures have, by definition, smaller transmissivities and thus have a
reduced contribution to the overall flow.



Longer low end tail in F for the semi-correlated B model compared to the semicorrelated cases A and C models.

Overall ensemble statistics for the different models are presented in Figure 8-16, which
shows that the variability, e.g. in the median F factor values, is within about half an
order of magnitude for all simulated cases. These similarities between the domains are
to be expected, since the models are calibrated against very similar intensities of
flowing fractures and flow rate magnitudes, and therefore each has a similar
parameterisation.

Figure 8-14. Statistics of the simulated F factor values for flow in the x-direction in
different realisations and an ensemble over the realisations in the case A correlated
transmissivity model. The vertical line indicates 10% to 90% percentiles of the
distributions and the dots the median values.
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Figure 8-15. CDF plots of the F factor for flow paths, normalised according to the
release locations that are connected to the fracture network and are successfully
particle tracked to their discharge locations at the ground surface over all 40
realisations in Case A with semi-correlated transmissivity (only about 20-30% release
locations are connected to the network).

Figure 8-16. Ensemble statistics of the F factor values from 40 realisations for different
calculation cases and fracture domains. Vertical lines indicate the ranges of the 10% to
90% percentiles and horizontal lines indicate the medians of the F factor distributions.
Notations of the alternate models are Case A correlated transmissivity (AC); Case A
semi-correlated transmissivity (AS); Case A uncorrelated transmissivity (AU); Case B
semi-correlated transmissivity (BS) and Case C semi-correlated transmissivity (CS).
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Initial flow rate

The initial flow rates for each of the release locations that are connected to the fracture
network and are successfully particle tracked to their discharge locations at the ground
surface show similar characteristics to the transport resistance along the flow paths.
Alternative models create similar distributions of the initial flow rates and no distinct
differences occur between the models.
An example of the initial flow rate distribution for Case A with semi-correlated
transmissivity is presented in Figure 8-17. It shows a long tail toward low flow rates and
some variation between the fracture domains and flow directions at the lower end of the
flow rate distribution. The simulation results for the initial flow rates are very similar to
the simulation results for the transport resistance.
The statistics of the simulation results for the alternative models are compared in Figure
8-18. Again, different models show similar behaviour, where the median values are, for
example, within an half an order of magnitude between about 3·10-5 m2/a and 10-4 m2/a.

Figure 8-17. CDF plots of the initial flow rates, normalised according to those release
locations that are connected to the fracture network and are successfully particle
tracked to the discharge locations at the ground surface over all 40 realisations in Case
A with semi-correlated transmissivity (only about 20-30% release locations are
connected to the network).
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Figure 8-18. Ensemble statistics of the initial flow rate from 40 realisations for
different calculation cases and fracture domains. Vertical lines indicate the ranges of
the 10% to 90% percentiles and horizontal lines indicate the medians of the initial flow
rate distributions. Notations of the alternate models are Case A correlated
transmissivity (AC); Case A semi-correlated (transmissivity (AS); Case A uncorrelated
transmissivity (AU); Case B semi-correlated transmissivity (BS) and Case C semicorrelated transmissivity (CS).

Advective travel times

Advective travel times depend essentially on the flow porosity, i.e. the transport
apertures of the fractures. As discussed earlier in Section 8.3.2, there are considerable
uncertainties related to the transport apertures and, therefore, also to the corresponding
advective travel times. The simulations have been based on the assumption that fracture
transport apertures are ten times the corresponding hydraulic apertures. In the
simulation results this leads to a close relationship between distributions of the
advective travel times and the F factor values in terms of the shapes of the distributions.
Simulated advective travel times are mainly used to compare the performance of the
different alternative models. No significant differences between alternative models are
observed for this performance measure either, as is the case also for the transport
resistance and the initial flow rate. The advective travel time distributions are similar for
all simulated alternative models and flow directions, suggesting long tailing to low flow
rates. The median advective travel time is about a couple of hundred years for all cases.
Figure 8-19 shows advective travel time distributions for case A with semi-correlated
transmissivity and statistical measures of the alternative models are presented in Figure
8-20. Median advective travel times are within half an order of magnitude for all
calculated cases and the spreads of the travel times in the alternative models are also
similar.
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Figure 8-19. Normalised CDF plots of the travel times for particles from 40
realisations for Case A with semi-correlated transmissivity.
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Figure 8-20. Ensemble statistics of the travel times from 40 realisations for different
calculation cases and fracture domains. Vertical lines indicate the ranges of the 10% to
90% percentiles and horizontal lines indicate the medians of the travel time
distributions. Notations of the alternate models are Case A correlated transmissivity
(AC); Case A semi-correlated transmissivity (AS); Case A uncorrelated transmissivity
(AU); Case B semi-correlated transmissivity (BS) and Case C semi-correlated
transmissivity (CS).
8.3.4 Flow-related transport properties in the site-scale model

Site-scale transport properties are calculated by performing freshwater flow
calculations, followed by particle tracking on a site-scale version of the Hydro-DFN
model. Simulations are calculated using the Elaborated Hydro-DFN model, that makes
use of the ONKALO pilot hole data to extend the fracture transmissivity distributions in
the deepest Depth Zones to represent less transmissive fractures (for more details see
Chapter 6 and Hartley et al. in prep.). The goal is to compare transport properties for the
repository near-field paths with the corresponding properties for the complete site-scale
release paths to the ground surface. The same transport properties are of interest as in
the case of the repository near-field simulations in Section 8.3.3:


the average Darcy flow rate per unit width, Qr, (m2/a) in the first fracture the
particle encounters subsequent to release from the deposition hole,



the cumulative advective travel time, tr, and flow-related transport resistance, F,
until the particle exits the DFN model domain,



the percentage of release points (i.e. deposition holes) connected to the fracture
network.

720

The transport properties are calculated by performing a number of simulations based on
a base case (Case A, semi-correlated) and then assessing the sensitivity of different
fracture sizes, alternative transmissivity relationships and deterministic vs. stochastic
HZs against the base case, i.e.


different conceptual models (intensity-size models: Cases A, B and C),



transmissivity alternatives (correlated, semi-correlated, uncorrelated),



HZ alternatives (deterministic, stochastic).

The model runs performed cover the same alternative conceptual and transmissivity
models as the repository near-field simulations. For the Base Case, Case A semicorrelated, five model realisations were generated and for each of the other four model
cases two realisations were generated. There are no hydraulic data on lineaments.
BFZ214 (LIN1) is described by analogy with other sub-vertical HZs, while LIN2-5 has
a fixed transmissivity T=10-5 m2/s. HZs are represented in the DFN model both
deterministically and stochastically - deterministic HZs, apart from lineaments LIN2-5,
have a fixed, depth-dependent transmissivity, whereas stochastic HZs have a variable
depth-dependent transmissivity. The transmissivity is varied based on the variance of
the measured transmissivities, on HZ-specific transmissivities and by conditioning the
transmissivity field on the measured values in places where measurements have been
performed (more details in Chapter 6 and in Hartley et al. in prep.). Each calculation
case is simulated using one deterministic HZ model and applying the stochastic HZ
model for the remainder of the realisations. Alternative models used in the simulations
are shown in Table 8-5.
Table 8-5. Summary of the simulations performed, indicating the way in which model
realisations are matched with HZ realisations for the various model case and
transmissivity model combinations (from Hartley et al. in prep.).

Run ID

Fracture
size
model

Transmissivity
model

Model
realisation

HZ realisation

A-C-R1

Case A

Correlated

Realisation 1

Realisation 1: deterministic

A-C-R2

Case A

Correlated

Realisation 2

Realisation 2: stochastic

A-SC-R1

Case A

Semi-correlated

Realisation 1

Realisation 1: deterministic

A-SC-R2

Case A

Semi-correlated

Realisation 2

Realisation 2: stochastic

A-SC-R3

Case A

Semi-correlated

Realisation 3

Realisation 3: stochastic

A-SC-R4

Case A

Semi-correlated

Realisation 4

Realisation 4: stochastic

A-SC-R5

Case A

Semi-correlated

Realisation 5

Realisation 5: stochastic

A-UC-R1

Case A

Uncorrelated

Realisation 1

Realisation 1: deterministic

A-UC-R2

Case A

Uncorrelated

Realisation 2

Realisation 2: stochastic

B-SC-R1

Case B

Semi-correlated

Realisation 1

Realisation 1: deterministic

B-SC-R2

Case B

Semi-correlated

Realisation 2

Realisation 2: stochastic

C-SC-R1

Case C

Semi-correlated

Realisation 1

Realisation 1: deterministic

C-SC-R2

Case C

Semi-correlated

Realisation 2

Realisation 2: stochastic
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Stochastic fractures are generated over the modelled domain with a minimum fracture
radius of 8.26 m and maximum radius of 564 m (equivalent to fracture lengths of 15 m
to 1000 m) for all four hydraulic domains (NHU, CHUW, CHUE and SHU) and Depth
Zones. However, in the region surrounding the repository, the minimum radius of the
generated fractures is reduced to about 0.5 m. Other additional constraints are placed on
the model, in the form of a minimum transmissivity of 3.0·10-10 m2/s for the main
region fractures and a minimum transmissivity of 1.0·10-10 m2/s for fractures close to
the repository
The model has no tunnels or other engineered repository structures, but contains an
array of release points to represent the 9160 different deposition holes. Each release
point is modelled as a square prism of length 1.75 m and height of 7.8 m, as in the case
of the repository near-field simulations described in Section 8.3.3.
Flow simulations are calculated for the case where the boundary conditions are no-flow
on the bottom surface and all vertical sides of the model domain and a specified residual
pressure at the trace of fractures on the top boundary. The top boundary condition is
based on pressure values calculated in FEFTRA on the top surface of that model for
present-day conditions.
The modelling region and the hydraulic domains are visualised in Figure 8-21. The
objective of the present model is to demonstrate site-specific flow and transport
properties, in comparison with the corresponding repository near-field flow and
transport properties. In the performance assessment calculations the modelling region
will be optimised using the actual repository layout.

Figure 8-21. Plan view of the centre of the model area where the repository is located
at c. 420 m depth. Fractures are coloured by domain, where light blue fractures are in
the NHU domain; green fractures are in the CHUW domain; bright green are in the
CHUE domain; yellow fractures are in the SHU domain and orange fractures represent
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the additional smaller-scale fractures generated around the repository. Dark blue
fractures are the HZs and the outline of the island is shown in black (from Hartley et al.
in prep.).
Connectivity of the fracture network and flow paths

The percentages of starting locations that are connected to the fracture network are
consistent with the near-field simulations. For the Case A semi-correlated Base Case
site-scale simulation, the fractional release percentage values for the five realisations of
the Base Case simulations lie in the range 24% - 27%, Case B from 12% - 14% and
Case C from 25% - 29%. The corresponding percentages in the repository-scale model
for the NHU and CHUW domains are for Case A 22% - 28%, for Case B 19% - 23%
and for Case C 23% - 33%. From these figures, Case A and Case C are in good
agreement, but the Case B site-scale percentages are significantly lower. The percentage
of connected flow paths in Case B is reduced in the site-scale simulation, due to the
truncation of minimum transmissivity values of 1·10-10 m2/s and the consequent
reduction in connectivity. Such constraints are not applied initially in the repositoryscale model but, when similar truncation limits are applied for Case B in the repositoryscale model, a similar reduction in the number of connected flow paths is observed.
Figure 8-22 shows the starting locations of the flow paths under Olkiluoto Island at the
planned repository depth of about -420 m. It also shows a visualisation of particle tracks
from the Base Case realisation for the Case A model, with semi-correlated
transmissivity and deterministic HZs. The main discharge locations are grouped
offshore to the south and north of the Island. Many particles reach the lineaments that
bound the island to the south and north (Figure 8-23). Simulations have been performed
using freshwater conditions that reduce the effects of buoyancy and in some cases flow
paths descend to depths that are unrealistic. The flow paths and their retention properties
are not significantly altered by the presence of saline water at great depths, when the
paths are limited to the top few hundred metres. The mean number of release paths over
all models descending deeper than 800 m is about 19% and deeper than 1000 m is about
13%. This indicates that the simulation results are statistically reasonably representative
for the actual performance assessment simulations in which the salinity of the deep
groundwater will be considered.
Alternative Case A transmissivity models (semi-correlated, uncorrelated and correlated
simulations) and the deterministic versus stochastic HZ realisations also indicate very
similar discharge locations (Figure 8-23) and Figure 8-25 Again, the particle exit
locations from different models are grouped to the south and north of the Island. It
should be noted that the most eastern exit locations are probably affected by the limited
extent of the modelling region to the east, but this does not affect the representativeness
of the simulations in the assessment of the general site-scale properties.
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Figure 8-22. Plan view visualisations of particle tracks (green) generated from the base
case realisation for the Case A model with semi-correlated transmissivity and
deterministic HZs. Start locations are coloured in blue with final locations in red with
the outline of the island in black (from Hartley et al. in prep.).
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Figure 8-23. Plan view visualisation of particle exit points (red) generated from the
Base Case deterministic realisation with four influential HZs/lineaments (BFZ214,
HZ146, LIN3 and LIN4) depicted, with the outline of the island in black. The elliptical
outlines identify the exit points that are strongly influenced by the HZs and lineaments
(from Hartley et al. in prep.).
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Figure 8-24. A visualisation of particle exit points generated from Base Case
realisations for the Case A model with semi-correlated transmissivity for realisation 1
(dark blue), realisation 2 (lavender), realisation 3 (red), realisation 4 (cyan) and
realisation 5 (dark green) presented (from Hartley et al. in prep.).

Figure 8-25. A visualisation of particle exit points generated from the release points for
two realisations each of the Case A models with semi-correlated, correlated and
uncorrelated transmissivity size relationship. The different colours correspond to
different model variants.

Transport resistance

Transport resistances for the entire release paths in the site-scale simulations are similar
to the transport resistances through the 200 m scale repository near-field model (Figure
8-26). This implies that the majority of the transport resistance along the release paths is
accumulated in the background fracturing of the repository near-field. The repository
near-field simulations were performed using a generic 1% gradient in hydraulic head.
The water table smoothly follows the local topography and therefore the hydraulic head
gradient is limited by the differences in the elevations. The width of Olkiluoto Island is
about 2 km and the maximum difference in topographic elevations less than 20 m,
which indicates that the 1% gradient in hydraulic head is at the upper limit of the
potential hydraulic gradient at the repository-scale. The mean values of Log10(F) vary
from 6.5-6.9, compared with the corresponding range of Log10(F) in the repository-scale
simulations from 6.4-6.6, thus indicating good agreement between the simulations.
Figure 8-27 shows CDFs for the Case A semi-correlated Base Case, for one particle
released at each of the set of 9160 release locations that has a track that successfully
reaches the boundary. The distribution of the F values is very similar to the repositoryscale simulations, having a long tail of large F values. Alternative models of correlated,
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uncorrelated and semi-correlated transmissivities result in similar F values, i.e. within
half an order of magnitude. The same variability is also observed between different
realisations of the Case A semi-correlated model in Figure 8-27 and between Case A,
Case B and Case C models. The variability between different realisations for the same
model (Case A semi-correlated, S1 to S5 below) is at least of the same order of
magnitude as the variability between alternative conceptual cases (Case A, Case B and
Case C) or different transmissivity models. This means that differences between the
alternative models are not fully realized in the statistics of F values, implying that
conditioning of the models with the PFL measurements is able to constrain the
variability in the F value statistics between alternative models to reflect the natural
variability between different realisations.

Figure 8-26. Statistics of the F factor values for different site-scale calculation cases.
Vertical lines indicate the ranges of the 10th% to 90th% percentiles and horizontal lines
indicate medians of the F factor distributions. The statistics for Case A have been
calculated using five semi-correlated fracture size-transmissivity realisations (S1 to S5),
two correlated transmissivity realisations (C1 and C2) and two uncorrelated
transmissivity realisations (U1 and U2); Case B and Case C have been simulated using
two correlations for the semi-correlated transmissivity (S1 and S2) (see also Table 8-5).
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Figure 8-27. Normalised CDF plots of the F value for one particle released from each
of the 9160 release locations for the Case A model with semi-correlated transmissivity,
for each of the five realisations (realisation 1: deterministic HZs, realisation 2-5:
stochastic realisations) (from Hartley et al. in prep.).

Initial flow rate

Initial flow rates of the site-scale simulations are in reasonable agreement with the
repository near-field simulation results, both with regard to the shape of the flow rate
distribution and to the mean values of the flow rate. The mean values for Log10(Qr) in
the repository-scale Case A semi-correlated NHU and CHUW simulations range
between -4.1 and -4.3, whereas for the site-scale simulations the range is between -3.7
and -3.9.
The shape of the initial flow rate distribution (Figure 8-29) is similar to that in the
repository near-field calculations. The largest variability between different model
realisations is in the tail of the largest flow rates. This variability is about half an order
of magnitude and the same variability can also be observed between correlated,
uncorrelated and semi-correlated transmissivity models. Differences between Case A,
Case B and Case C models are slightly larger, showing almost an order of magnitude
variability in the tail of the largest flow rates between Case A, Case B and Case C semicorrelated models. In the Case B and Case C models, the flow rates were quite similar.
In the Case A model, flow rates were from half an order to an order of magnitude larger
than in the other models. The differences between the median flow rates for all the
models are slightly smaller (Figure 8-28).
The spatial pattern of the initial flow rates for the Base Case of the Case A semicorrelated model is presented in Figure 8-30. The high flow rates in this model are
concentrated in only a few locations, indicating the importance of the large and highlyconductive fractures in providing hydraulic connections with large flow rates
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Figure 8-28. Statistics of the initial flow rates for different site-scale calculation cases.
Vertical lines indicate the ranges of the 10th to 90th percentiles and horizontal lines
indicate medians of the flow rate distributions. The statistics for Case A have been
calculated using five semi-correlated fracture size-transmissivity realisations (S1 to S5),
two correlated transmissivity realisations (C1 and C2) and two uncorrelated
transmissivity realisations (U1 and U2); Case B and Case C have been simulated using
two different realisations for the semi-correlated transmissivity (S1 and S2) (see also
Table 8-5).
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Figure 8-29. Normalised CDF plots of the Qr for one particle released from each of the
9160 release locations for the Case A model with semi-correlated transmissivity, for
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each of the five realisations (realisation 1: deterministic HZs, realisation 2-5:
stochastic realisations) (from Hartley et al. in prep.).

Figure 8-30. The initial flow rate for the particles that eventually reach the site-scale
model boundary, for the Base Case, Case A, semi-correlated model with deterministic
HZs (from Hartley et al. in prep.).

Advective travel time

Advective travel times have been assessed by assuming the transport apertures of the
fractures to be ten times the corresponding hydraulic aperture, as in the case of the
repository near-field simulations. The variability between different alternative model
cases and realisations is larger for the travel time than for the F values and the initial
flow rates. Statistics for the estimated travel times are shown in Figure 8-31. They show
that the median travel times differ by almost half an order of magnitude between
different Case A semi-correlated transmissivity realisations. There is also a clear
difference between alternative calculation cases, so that Case B gives clearly longer
travel times than the others. The median travel times are around 1000 years.
The shapes of the travel time distributions are similar to the shapes of the F distributions
(Figure 8-32 and Figure 8-33). Figure 8-33 shows the largest difference between
alternative models observed in the simulations. The differences between model
alternatives in the site-scale simulations are clearly larger for the travel times than they
are for the other performance measures, i.e. for F values and initial flow rates. This
greater difference between alternatives for travel times was not the case in the
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repository near-field simulations. The reason for this has been investigated by
considering site-scale simulations, with and without HZs. Analysis of the Case A semicorrelated simulations, indicates that, on average, each particle is spending
approximately 36% of its time in HZs. Removing this travel time in HZs for the sitescale simulations gives much better agreement with the repository-scale simulations.
This demonstrates that the travel time in HZs is subject to great uncertainty, because the
flow porosity of the HZs is poorly known. The present simulations assume a kinematic
porosity of 10-3 for all HZs.

Figure 8-31. Statistics of the travel time for different site-scale calculation cases.
Vertical lines indicate ranges of the 10th to 90th percentiles and horizontal lines indicate
medians of the travel time distributions. The statistics for Case A have been calculated
using five semi-correlated fracture size-transmissivity realisations (S1 to S5), two
correlated transmissivity realisations (C1 and C2) and two uncorrelated transmissivity
realisations (U1 and U2); Case B and Case C have been simulated using two
realisations for the semi-correlated transmissivity (S1 and S2) (see also Table 8-5).
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Figure 8-32. Normalised CDF plots of the cumulative advective travel time (tr) for one
particle released from each of the 9160 release locations for the Case A model with
semi-correlated transmissivity, for each of the five realisations (realisation 1:
deterministic HZs, realisations 2-5: stochastic realisations) (from Hartley et al. in
prep.).
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Figure 8-33. Normalised CDF plots of the cumulative advective travel time (tr) for one
particle released from 9160 release points for the Case A model with semi-correlated,
correlated and uncorrelated transmissivity size relationship(from Hartley et al. in
prep.).
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8.4

Comparison with other Olkiluoto transport models

8.4.1 Other versions of the Hydro-DFN model

Comparisons are made with the previous version of the Hydro-DFN model. The first
site-scale Hydro-DFN model for Olkiluoto was included in SR2008 and applied to a
similar analysis of the transport properties for the background fracturing, representing
the repository near-field and the site-scale flow paths, as in the present Hydro-DFN
model. In addition, the present Hydro-DFN model includes two versions: a Phase I
model that is based on the data from the surface-based drillholes and a Phase III model
that makes use of the ONKALO pilot hole data to extend the fracture transmissivity
distributions to the deepest Depth Zones, i.e. towards less transmissive fractures (the
Elaborated Hydro-DFN model). The transport properties presented in Section 8.3.3 and
8.3.4 are based on the Phase III model.
Repository near-field model in the SR2008

The release method used in the 2008 analysis (Hartley et al. 2009) was rather simplistic,
being based on seeking connected fractures within a sphere of radius 2.5 m of each of
the start locations; whereas the present analysis is based on a more precise
representation of the deposition holes. The difference in the search volume between
these two models is about a factor of three and is likely to affect the fractions of start
locations connected to release locations. In order to place the transport properties
derived for the present updated Hydro-DFN model (using a cylindrical release) in the
context of those reported in Hartley et al. (2009) (using a spherical release) a
comparison is made for the following models.


Phase I 2008 – represents the 2008 Hydro-DFN (Hartley et al. 2009) using
Hydraulic domain FDb with release from cylindrical deposition holes. The 2008
Hydro-DFN model divided the rock mass to two fractures domains: FDa
represents the rock mass above HZ20 and FDb that below HZ20.



Phase I 2010 – represents Phase I of the 2010 Hydro-DFN with release from
cylindrical deposition holes.



Phase I 2010 spherical – represents Phase I of the 2010 Hydro-DFN with release
from a sphere of radius 2.5 m, as used in Hartley et al. (2009).



Phase III 2010 spherical – represents the Elaborated Hydro-DFN with release
from a sphere of radius 2.5 m, as used in Hartley et al. (2009).

The percentages of connected release locations for the 2008 Hydro-DFN are about 4%
to 5% for Depth Zone DZ4 and 16% to 22% for Depth Zone DZ3 (SR2008). The
percentage of releases at cylindrical deposition holes for the 2008 Hydro-DFN for
Depth Zone DZ4 is just over 2%. Comparing the 2010 Phase I and Phase III results, it is
seen that the percentage of deposition holes in contact with the connected network
increases from just over 1% to about 28%. Finally, applying the spherical release
method, instead of the cylindrical one, for the updated Hydro-DFN, increases the
percentage of particles starting (in the Z-direction) from 27.5% and 40.7% for the NHU
hydraulic domain and from 23.2% and 40.0% for the CHUW domain, because the
volume in which particles are released is three times larger for the spherical release
method than for the cylindrical release method. It can be concluded that there is an
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increase in the percentage of the connected release locations between the 2008 and 2010
models that is mainly attributed to the higher intensity of low transmissivity fractures
introduced in the Phase III of the updated 2010 model.
Despite the increase in the numbers of connected deposition holes, the F values are
about an order of magnitude higher for Phase III 2010 model than for the Phase I 2010
model (Figure 8-34). The Phase I 2010 Hydro-DFN only represents flowing fractures
with transmissivities greater than c. 10-9 m2/s and it should be compared with that
portion of the Phase III 2010 distribution for about the lowest 5-percentile of F values
through the fastest pathways. These are quite similar, apart from the lower minimum F
for Phase I. Similar observations can be made for hydraulic domain CHUW, although
the minimum F values are about the same for both model versions. The distributions of
F and initial flow rate in the 2008 model cover similar ranges to the 2010 updates,
although the 2008 Hydro-DFN gave a long tail of low F values that is no long present.
This difference between the 2008 and 2010 models can be attributed to the more careful
division of the high transmissivity PFL fractures between HZs and background
fracturing that resulted in tighter distributions of the fracture transmissivities in the
updated model (Figure 8-34).
Site-scale model in SR2008

The areal extent of flow path starting locations was much more limited in SR2008 than
is the case in the present modelling. However, it is apparent in both models that the
overall spread of the flow path discharge locations is governed by the topography and
the position of the shoreline. In addition, the 2011 model includes the bounding
lineaments close to the shoreline, that make the spatial pattern of the discharge locations
even more concentrated. In the 2008 model, large stochastic features played a
significant role in determining the exact discharge locations.
In the 2008 model, the spread in retention properties was large, over several orders of
magnitude. The F value distribution reached quite low values of around 103 a/m, with a
median value for Log10(F [a/m]) of approximately 5.9. The median values of Log10(F
[a/m]) in the 2011 model are somewhat larger, in the range from 6.5-6.9, and also the
minimum F is about an order of magnitude larger. Site-scale simulations show about an
order of magnitude higher F values in the 2011 model than in the 2008 model, as is also
seen in the repository near-field simulations. As in the case of the repository-scale
simulations, this can be explained by the updated HZ model that is able to connect more
highly transmissive PFL fractures to the HZs than the 2008 model.
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Figure 8-34. Normalised CDF plots comparing the F (top) and Qr (bottom) for flow in
the Z direction for Case A in the NHU hydraulic domain with the semi-correlated
transmissivity-size relationship with the 2010 transport approach for Phase III 2010
(blue, 40 realisations), Phase I 2010 (pink, 200 realisations), and 2008 Hydro-DFN
(cyan, 200 realisations) (from Hartley et al. in prep.).
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8.4.2 Palaeohydrogeological simulations using site scale ECPM model

Transport of salinity and palaeohydrogeological simulations are modelled by ECPM
modelling, by applying the dual-porosity (DP) concept (see Chapter 6 and Hartley et al.
in prep.). The DP concept was applied, both for the HZs and for the sparsely-fractured
background rock. In the DP concept, the bedrock is assumed to consist of two
coextensive continua: the fractures containing all the flowing water and the matrix
blocks representing the rest of the bedrock, with essentially stagnant water. Advection
and dispersion are the dominant transport processes within the mobile zones, i.e. waterbearing fractures, whereas in the matrix the solutes are transported only by diffusion.
An equivalence of the flow-related transport properties between the ECPM and DFN
approaches is expected to be limited, because the spatial averaging of the flow field is
made for different length scales, although the properties of the ECPM model are
upscaled from the corresponding DFN model. The estimation of the transport resistance
from the ECPM model is based on a conceptualisation of the rock as a grid of rock
matrix blocks, separated by fractures. The ECPM model represents the fractured rock
mass by the specific fracture surface area, which is the average surface area of the
matrix per unit volume,  . For smooth planar fractures,  is given by 2P32, where P32
is the flowing fracture intensity, measured as fracture area per unit volume.
An order of magnitude estimate of the transport resistance in the ECPM model is based
on an average flow path by using the Darcy velocity ( q ), the average fracture surface
area per volume of rock (  ) and the estimated length of the flow path (L).

F

L
q



2 P32 L
.
q
(8-4)

The average specific fracture surface area  is an input parameter in the
palaeohydrogeological simulations. The base case model is based on the ONKALO
pilot hole data giving  =0.7 1/m for Depth Zone DZ3 and  =0.4 1/m for Depth Zone
DZ4 (Table 8.6 in Hartley et al. in prep.). The variant case is based on the data from the
surface-based drillholes, giving  =0.2 1/m for Depth Zone DZ3 and  =0.03 1/m for
Depth Zone DZ4 (Table 8.7 in Hartley et al. in prep.).
A very straightforward approach is used to estimate the Darcy velocity in the
palaeohydrogeological simulations. Hartley et al. (in prep.) have calculated total vertical
flow rates upwards and downwards through horizontal planes at different depth levels
(Table 8.4 in Hartley et al. in prep.). The size of the flux calculation plane is 3100 m x
2200 m = 6.82·106 m2. The calculated fluxes at a depth level of -400 m for the upscaled
Case A Hydro-DFN model, with the HZs excluded from the model fluxes, are 63 m3/a
(upward) and 251 m3/a (downward). Assuming that the upward and downward flows
are divided evenly over the surface, an upward Darcy velocity of 63 m3/a / (6.82·106/2
m2) = 1.8·10-5 m/a and a downward velocity of 251 m3/a / (6.82·106/2 m2) = 7.4·10-5
m/a are obtained.
Taking the estimated length of the flow path as equal to the size of the model used in the
near-field transport property simulations, L=200 m, gives F values that for the Base
Case model vary from F=2·106 a/m to F=8·106 a/m in DZ3 and F=1·106 a/m to F=4·106
a/m in DZ4. In the variant case the F values vary from F=5·105 a/m to F=2·106 a/m in
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DZ3 and F=8·104 a/m to F=3·105 a/m in DZ4. The transport resistance values are in
agreement with the F values estimated for the particle tracked flow paths and cover the
range around the median F values of the DFN simulations.
8.5

Uncertainties

8.5.1

Flow related retention properties

Alternative Hydro-DFN models

The key input to the Hydro-DFN model is the intensity of the open fractures. However,
this intensity cannot be measured directly, and instead needs to be estimated from
fracture frequencies along the drillholes, adjusted by calibration against numerical
simulations. In addition, for a fracture to be hydraulically-significant requires it to be
both connected to the fracture network of the flowing fractures and to have a large
enough transmissivity. These twin requirements result in some uncertainty in how the
fracture size distribution and the fracture intensity of the potentially flowing fractures
are related.
The uncertainties associated with the construction of the DFN model have been studied
by an extensive set of alternative concepts and transmissivity models. Three different
fracture intensity-size distribution combinations are assumed: a model based on the
estimated intensity of Open fractures, using a power-law size model (Case A); a model
based on the intensity of PFL fractures, using a log-normal size model (Case B) and a
model based on the intensity of all fractures, using a global power-law size model
derived for the Geo-DFN, but closing parts of the surfaces for flow (Case C). These
definitions provide specifications for the intensity of potentially flowing fractures, that
can be obtained from the analysis of different portions of the total fracture intensity, and
correspond to approximately: Case A ~31%, Case B ~6%, and Case C ~100% of the
intensity of All fractures. In addition, three alternative relationships between fracture
transmissivity and size were also considered: fully-correlated, uncorrelated and a semicorrelated.
Simulation results for the alternative models have demonstrated that the model provides
good predictions of the frequency and the flow rate distribution of flowing fractures,
and there is less than half an order of magnitude variation between the alternative
modelled cases in the flow-related transport properties. The DFN model description is
also considered robust, in the sense that the model provides good predictions of the
frequency and flow rate distribution of flowing fractures, is consistent with the
evolution of natural tracers (see Chapter 6 and Hartley at al. in prep.), and is robust to
the assumptions about intensity-size-transmissivity relationships. This suggests that the
PFL data strongly constrain the uncertainties in transport properties, resulting from
uncertain assumptions in the Hydro-DFN model, even though quite different conceptual
models are considered. In fact, the variability in F values, for example, between the
alternative models is in the same order of magnitude as that as between different model
realisations. This indicates that calibrating the model to the PFL data constrains the
alternative models to behave similarly and within the range of the “natural” stochastic
variability of the DFN model.
The uncertainties in the transport properties are also reflected in the differences between
the 2008 Hydro-DFN and the 2010 Hydro-DFN models, although there is no significant
change in understanding of the hydraulic fractures between these two model versions.
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The effective hydraulic conductivity of the bedrock between HZs is reduced in the 2010
model relative to the 2008 model, due to the assignment of more high transmissivity
features to the hydro-structural model, which can be seen as a tighter distribution of F
and Q values. There are some differences in the percentages of the connected deposition
holes between the 2008 and 2010 models, that are not linked to the uncertainty of the
DFN parameterisation as such, but follow from the application of the pilot hole PFL
data in the 2010 model and the corresponding extension of the fracture transmissivity
distributions towards less conductive fractures.
Channelling

Channelling manifests itself as an uneven distribution of groundwater flow caused by
variable hydraulic properties in the fracture planes, along fracture intersections and
between different fractures. Some of the main attributes of the flow channelling are
directly represented in the Hydro-DFN flow model. These attributes include the
formation of preferential flow paths, created by the variability of the effective
transmissivity between different fractures and the pattern of fracture intersections. Flow
channelling in the fracture planes, caused by the heterogeneous distribution of apertures
in the plane of the fractures, is usually not explicitly considered in the Hydro-DFN
modelling. However, it is noted that flow channelling in the fracture planes is also
created by the pattern of fracture intersections on fracture planes, something that is
included in the DFN flow model.
Flow channelling in fractured rock and in fracture planes has been studied by Crawford
(2008), from the point of view of both site descriptive modelling and also transport
properties. Simulations indicate that the fractures need to have a certain level of in-plane
connectivity in order for any flow to take place in a sparsely-fractured rock. Pipe-like
flow channels of limited extent, such as fracture intersection zones, have a low
intersection probability, causing them to be poorly connected; and thus it is very
unlikely that they could form continuous flow paths. Scoping calculations indicate that
for fracture surface area contact fractions up to 30%, the hydraulic connectivity of the
fracture plane is sufficient for the detection of in-plane flow channels and for the
estimation of fracture transmissivity in a drillhole test, provided that the drillhole
intersects an open region of the fracture. The fracture is very likely non-conductive if
the fracture contact surface area fraction is over 50%. For fracture surface area contact
fractions of 30% - 50% the degree of flow channelling increases and flow
compartmentalisation may occur as the percolation limit is approached. However, small
deviations from radial flow, caused by the channelling, do not have a marked affect on
the estimated fracture transmissivity. Extreme channelling close to the percolation limit
will result in apparent transmissivities that underestimate the true flow channel
transmissivity (Crawford 2008).
The distribution of flow in the bedrock at Olkiluoto has been analysed by generalised
radial flow analyses of selected hydraulic HTU tests. Analyses have been carried out for
60 transient hydraulic tests that have been performed in OL-KR1, OL-KR2, OL-KR4,
OL-KR8 and OL-KR10 drillholes over the depth range of 300 m to 900 m (Ahokas,
Kuusela-Lahtinen et al. in prep.). The flow dimensions associated with the hydraulic
test data indicated only moderate flow channelling in the fracture planes, with the flow
dimension being 1.5 or greater in over 85% of the interpreted tests. Preliminary analysis
of the flow rates measured in three grouting drill holes of the ONKALO inlet Air Shaft
also suggests that extreme channelling, that would lead to concentration of the flow in a
very few narrow flow channels on the fracture planes, would appear improbable. The
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measured flow rates in different drill holes vary less than an order of magnitude for a
fracture that is believed to intersect all the drill holes (Pekkanen 2009); however, further
analysis of these flow measurements is still needed.
In practice, this indicates that there is some uncertainty in the flowing fracture
frequency, due to in-plane heterogeneity, but that the fracture transmissivity
distributions are not likely to be significantly biased. In the Hydro-DFN modelling this
is taken into account by applying alternative models for the potentially waterconducting fractures. An alternative model has also been developed that explicitly takes
into account the fracture contact surface fraction, by removing part of the fracture
surface area (more details in Chapter 6).
The channelling of flow on fracture planes may affect the transport resistance of the
flow paths. The groundwater flux adjacent to the main channels is smaller than if
channelling were not present, creating zones of very low flow rate compared with the
flow channels. Solute molecules can reach the regions of low flow rate by molecular
diffusion and via these regions molecular diffusion can take place to the rock matrix. If
the total flow rate through the fracture is low, then regions of low flow rate in fracture
planes become fully saturated by the solute and the total transport resistance is similar to
the case of non-channelled flow. Simulations performed by Crawford (2008, p.171)
suggest that, at least in the post-saturation phase, the flow rates are low and the resulting
transport resistance (WL/Q ~ 106 a/m) is high. Diffusion within the stagnant zone
occurs sufficiently rapidly relative to the transport time that concentration equilibrium
can be assumed between the main flow channel and the stagnant zone for most
conceivable widths of flow channels and stagnant zones.
It can be concluded that heterogeneity in the fracture planes is not likely to cause
significant bias in the Hydro-DFN description of the flow field and thus to the
estimation of the transport resistance. The most significant types of flow channelling the formation of preferential flow paths and the great variability in the effective
transmissivities of different fractures - are embedded in the DFN description of the
bedrock. The influence of in-plane channelling on the transport resistance is not likely
to be significant under the assessment flow conditions.
8.5.2 Rock matrix properties

Connected matrix porosity

Porosity measurements next to the flowing fractures (for example Figure 8-4) show a
clear decreasing trend in matrix porosity, so that the porosities further away from the
fracture surface are smaller. Similar trends have been observed elsewhere in other
crystalline rocks (e.g. Andersson et. al. 2004). This trend in porosity can be explained
by the presence of a gouge-filled, brecciated centre to a water-conducting structure and
by the alteration of the wall rock close to the fracture. However, this raises the question
as to whether the connected porosity of the fresh, unaltered bedrock also follows such a
decreasing trend, so that the depth of the rock matrix that can be reached by molecular
diffusion is limited.
There is evidence from research programmes carried out in Swiss and Japanese
underground research laboratories, that an interconnected pore network is present in the
matrix of a crystalline rock to a distance of at least several metres from a waterconducting fracture (Ota et al. 2003). There is no clear site-specific data on the
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connected porosity at Olkiluoto; therefore, specification of the immobile layer in the
present SDM does not explicitly include a thickness of unaltered host rock (Table 8-2).
Posiva has initiated a research programme in the ONKALO that, among other things, is
investigating the connected in situ porosity of the rock matrix (Aalto et al. 2009).
Uncertainty in the interconnectivity of the rock matrix pores is taken into account in the
performance assessment by considering this uncertainty from the radionuclide transport
standpoint.
Transport classes

Rock matrix retention properties depend on the diffusivity and porosity next to the
flowing fractures. The natural heterogeneity of the rock mass needs to be reduced to a
few conceptual classes, in order to support radionuclide transport modelling. This
simplification is subject to a number of uncertainties.
There is some variability in the retention properties between different rock types, but the
most consistent way of conceptualising contrasts in the porosity and diffusion properties
is related to the possible alteration of the rock. Hydrothermal alteration is the most
distinct type of alteration at Olkiluoto and hydrothermal processes are considered to
have the greatest influence on the properties of the bedrock at potential repository
depths (Chapter 4). Three main hydrothermal alteration types can be identified: clay
mineral formation, sulphidisation and carbonatisation; and these are also used as a basis
for the conceptualised transport classes. However, geochemical alteration signatures are
not always unambiguous. In general, the porosity of altered rocks is higher than that of
fresh samples (Öhman et al. 2009), but in many cases the altered rock compositions do
not deviate substantially from the expected compositional variation of the parent rock
itself.
The uncertainties in the rock matrix retention properties are not, in the main, related to
the conceptualisation of the different fracture types, but to the representation of the
transport classes by appropriate effective parameters. The different conceptual models
for the different transport classes follow the identified alteration types and are presented
earlier in this Chapter. The parameterisation of the transport classes is based on PMMA
and X-ray tomography studies of the selected drillhole core samples.
PMMA autoradiograms indicate that pegmatitic granites are dominated by intra- and
intergranular microfractures. Alteration increases the complexity of the pore structure of
the rock: a common feature in altered samples is that the highly porous minerals (altered
cordierite, chlorite, sericite etc.) exist adjacent to the fractures. However, only 12
samples have been used in the PMMA studies and, inevitably, do not cover the
variability and diversity of the rock matrix alteration next to the flowing fractures. It is
not reasonable to attempt to quantify the uncertainty in the parameterisation of, for
example, the thicknesses of the immobile zones in the different transport classes based
on the few measured samples. Instead, the overall variability and uncertainty that is
related to the heterogeneity and diversity of the fractures is captured by the differences
between the transport classes.
Another level of uncertainty is related to the statistical division of the water conducting
fractures into different transport classes. Fracture transport class is an aggregate
property that describes the assemblage of mineral infillings recorded along a given
fracture and, in practice, there are differences between how the Geo-DFN and HydroDFN have chosen to count a fracture as open for flow. The modifications in the Hydro-
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DFN were necessary to account for data gaps in the Geo-DFN definitions of the latest
drillholes. The Geo-DFN Open and Closed fractures were used to estimate a suitable
ratio of Open fractures to all fractures, thought likely to capture all PFL fractures, which
can then be applied across all drillholes and in each Depth Zone. The identification of
the fractures with different transport classes is based only on the most abundant
minerals found inside fractures mapped in drillcore. Quantification of the uncertainty
associated with the classification of the fractures is not considered to be an important
issue, because the four transport classes by themselves cover the variability and
uncertainty of the intra-fracture retention properties. The overall variability in the rock
mass that is captured by the different transport classes is presumed to dominate over the
uncertainties related to the fracture classification process.
Pore water composition

In the shallow parts of the Olkiluoto bedrock (0-150 m depth), which has abundant
transmissive fractures, matrix pore water appears to be in equilibrium with the adjacent
fracture groundwater. The salinity of the matrix pore water as such is not a long-term
safety issue nor of interest with regard to the geosphere transport properties.
Matrix pore water in the bedrock between about 150-420 m depth, which has a
restricted number of transmissive fractures, has lower chloride concentrations than the
samples of fracture groundwaters from this depth interval. This may indicate a possible
transient state in the deep groundwater system, but the measured disequilibrium can, at
least in part, be explained by anion exclusion of the Cl ions in the pore space of the rock
matrix. This will affect anion diffusion properties in the rock matrix also along the
geosphere release paths. In practice, the influence of this anion exclusion will be taken
into account in the radionuclide migration analysis by, for example, decreasing rock
matrix diffusion coefficients for anions.
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9

PREDICTION OF PROPERTIES IN THE ONKALO AND THE IMPACT
ON CONSTRUCTION

9.1

Geological prediction/outcome studies

9.1.1 Introduction

A first set of comparisons of the geological prediction/outcome (P/O) studies from
chainage 0–140 m of the ONKALO tunnel was presented in SR2006 (Anderson et al.
2007), chainage 140–990 m was presented in SR2008 (Posiva 2009) and this section
presents a comparison of studies performed in tunnel chainage 990–3116 m. Three
separate predictions for each tunnel section have been made, based on the following
data: 1) Prediction A: The latest site-scale geological model, 2) Prediction B without
pilot hole data: The latest site-scale geological model and all other new data available,
and 3) Prediction B with pilot hole data: All data available, including the pilot drillhole
for the tunnel section in question. The reader is referred to the SR2004 (Posiva 2005)
for the nomenclature of the predictions, SR2006 contains the objectives and scope of the
prediction/outcome studies and SR2008 contains an evaluation of the data and
prediction/outcome methodologies. Currently, there are 18 A predictions, 12 B
predictions without pilot hole data (BwithoutPH), 8 B predictions with pilot hole data
and two separate drillhole interpretations that replace the B predictions with pilot hole
data (BPH) (Table 9-1). Predictions for chainage 0–140 m can be found in SR2006
(Andersson et al. 2007) and for 135–990 m in SR2008 (Posiva 2009). The conclusions
and suggestions made in SR2008 regarding the results of prediction/outcome studies
have been taken into account in areas such as mapping of the drillcore from pilot holes.
The excavation of the ONKALO started in September 2004, and in January 2011 the
access tunnel had reached a length of 4580 m (corresponding to a depth of
approximately 434 m). Geological mapping of the ONKALO tunnel has been performed
systematically in increments of 5 m, corresponding to the length of one excavation
round. The mapping includes the determination of rock types, the measurement of
structural features (foliation, lineation, fold axis, axial planes, slip lineation and slip
sense of brittle deformation features), recording of alteration, and the detailed mapping
of fractures. Sections of rock types, as well as increased fracturing or ductile shear
indicators in the ONKALO tunnel, were mapped and subdivided in the same way as in
lithological logging and in the logging of deformation products from the drill cores. The
results of the geological mapping of the ONKALO tunnel are reported as geological
"outcomes".
The outcomes were originally (0–990 m) documented separately for each predicted
section and in chainage 0–990 m 5 separate outcomes were initially reported as
memoranda In 2008, the data from the first 990 m of the tunnel were gathered into a
working report (Nordbäck et al. 2008). The second outcome report (Nordbäck &
Engström 2010) presents the mapping results from chainage 990 to 1980 m, i.e. the
second loop of ONKALO. The outcome for chainage 1980 to 3116 m is reported by
Nordbäck (2010).
As the outcomes so far exist only for tunnel chainage 0–3116 m, this is also the focus of
this comparison, excluding chainage 0–990 m, which has already been reported in
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SR2006 and SR2008 However, some the important findings from the P/O comparison
of chainage 0–990 m are discussed here:
A and B predictions, without the use of pilot hole data, are appropriate for evaluating
site-scale lithological properties of the bedrock, but the scale of these predictions is not
adequate for predicting small-scale phenomena in the tunnel. Predictions based on pilot
hole data are, in contrast, more suited for predicting more detailed conditions.
Predictions of alteration of the bedrock seem to correspond well with the outcome at the
scales considered. It is suggested, however, that the pilot hole and tunnel data should be
compared in a more detailed manner. It was noted that all the predictions seem to give a
reasonable idea of the general frequency of deformation zones within each predicted
tunnel section, as the number of zone intersections in each prediction is similar to their
number in the outcome. In addition, it seems that predictions that make use of additional
geological, geophysical and pilot hole data are, in general, slightly more successful in
predicting the location of deformation zone intersections than the predictions based
solely on existing models. Major differences exist between the fracture data obtained
from the pilot holes and that obtained from the tunnel, with the difference being most
pronounced in fracture frequency data – the frequencies in the tunnel data being more
than 50% lower than that from the pilot holes. There may be several reasons for these
results, but, in general, two levels of incoherence can be found in the pilot hole and
mapped tunnel fracture data: (1) fracture attributes may be mapped differently in the
core and on the tunnel walls, which will depend on the conditions under which the
mapping is carried out, the different mapping scales and sometimes even the different
opinions of the geologists; and (2) unavoidable differences, such as the large number of
single mineral fillings in pilot hole data and the biases in orientation distributions,
which will depend on the geometry of the mapped features and the biases caused by the
different sizes of the sampling volumes (Posiva 2009).
9.1.2 Lithology
Predictions and outcome

The outcome and predictions of lithology for tunnel chainage 990–3116 m are shown in
Figure 9-1 with respect to tunnel length.
In the A predictions, the tunnel chainage from 990–3116 m was predicted to consist
mainly of diatexitic and veined gneiss. Over chainage 990–1405 m, separate predictions
of the diatexitic gneiss and veined gneiss could not be made. After chainage 1405 the
two main rock types were predicted separately and most of these parts were predicted to
be diatexitic gneiss, except for 1405–1445 m and 2110–2363 m, that were predicted to
be veined gneiss. Pegmatite granite was predicted over chainages 1415–1425 m and
2238–2327 m. Other narrow (less than 10 m) pegmatite dykes and small inclusions of
mica gneiss were also expected in the section, but their exact positions could not be
predicted.
In the BwithoutPH predictions for tunnel chainage 990–3116 m, diatexitic gneiss and
veined gneiss were predicted to be the main rock types. The rock types were separately
predicted for the whole section, but it was noted that diatexitic gneiss probably contains
small sections of veined gneiss (less than 10 m in width) and vice versa. Chainage 990–
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1145 m was predicted to be dominated by veined gneiss, with a diatexitic gneiss section
at 1066.8–1190 m. Chainage 1445–3116 m was predicted to be dominated by diatexitic
gneiss, with veined gneiss occurring at 1904–1916, 2112–2148, 2168–2367 and 2471–
2503 m. Pegmatite granite was predicted at 1305–1315, 1415–1425, 1922–1959 and
2239–2326 m and mica gneiss in section 2049–2060 m. Other narrow (less than 10 m)
pegmatite dykes and small inclusions of mica gneiss were also expected in the entire
section, but their exact positions could not be predicted.
Table 9-1. Current status of predictions, outcomes and pilot holes. The focus of this
study is highlighted in grey. B predictions with pilot hole hole data are referred to BPH
predictions and B predictions without pilot hole data as BwithoutPH predictions.

Prediction
Number

Tunnel
chainage,
m

A
Predictio
n

B
Predictio
n without
pilot hole

1

0–140

o

-

B
Predictio
n
with
pilot hole
o

2

135–310

o

-

3

310–700

o

4

700–850

5

Pilot Hole
ID

Outcom
e

OL-PH1

o

o

ONK-PH2

o

-

-

-

o

o

-

o

ONK-PH3

o

840–990

o

o

o

ONK-PH4

o

6

990–1190

o

o

o

ONK-PH5

o

7

1190–
1405

o

o

-

-

o

8

1405–
1560

o

o

o

ONK-PH6

o

9

1560–
1880

o

o

-

-

o

10

1880–
1980

o

o

o

ONK-PH7

o

11

1980–
3100

o

o

-

-

o

12

3100–
3200

o

-

-

ONK-PH8

-

13

3200–
3400

o

-

-

ONK-PH9

-

14

3400–
3840

o

o

o

ONKPH10

-

15

3840–
4093

o

o

x

ONKPH11

-
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16

4093–
4217

o

o

x

ONKPH12

-

17

4217–
4450

o

o

-

-

-

18

4450–
4600

o

o

-

-

-

o = documented
- = prediction is not applicable to this tunnel section or outcome is not yet documented
x = a separate drill hole interpretation is available that replaces the B (PH) prediction
Only parts of the examined section were drilled with pilot holes, therefore BPH
predictions are only available from those tunnel sections. ONK-PH5 was drilled over
chainage 990–1190 m and its drill core is mainly composed of diatexitic gneiss with
minor sections of veined gneiss. Several rather narrow veins of granite pegmatite also
occur. The predicted lithology for chainage 1405–1560 m in the access tunnel is based
on pilot hole ONK-PH6. The bedrock is mostly composed of diatexitic gneiss and
veined gneiss. The diatexitic gneiss dominates all other tunnel sections, except 1468.5–
1508.10 m, which mainly consists of the veined gneiss. Several rather narrow (2–5 m)
veins of pegmatitic granite also occur, as well as narrow mica gneiss sections, which are
probably inclusions within the migmatitic gneiss and pegmatitic granite. The predicted
lithology for chainage 1880–1980 m in the access tunnel is based on pilot drillhole
ONK-PH7. The drill core is composed almost completely of diatexitic gneiss.
The outcome of the geological mapping shows that the rock type in chainage 990–3116
m of the ONKALO tunnel is mainly veined gneiss (VGN) or diatexitic gneiss (DGN),
but many dykes and sections of pegmatitic granite (PGR) also occur. In addition, small
sections of stromatic gneiss (SGN) and K-feldspar porphyry (KFP) are present. There
are also numerous inclusions of mica gneiss (MGN), quartz gneiss (QGN) and skarn.
The veined gneiss usually shows a gradual transformation into diatexitic gneiss, which
makes it hard to define the contacts between the two rock types. Also, some sections
contain large, angular blocks of mica gneiss surrounded by pegmatitic granite; these
sections can be defined as schollen-type migmatites, but have been predominantly
mapped as mica gneiss or diatexitic gneiss. For more detailed descriptions of the
lithology the reader is referred to the Outcome reports: Nordbäck & Engström (2010)
(990–1980 m) and Nordbäck (2010) (1980–3116 m).
Conclusions and suggestions

The predictions of the lithology and the results of the tunnel mapping correspond to a
certain degree, but the SGN, KFP and MGN coud not be predicted. A clear discrepancy
also exists between the resolution of the data presented in the predictions and in the
outcome. The A and BwithoutPH predictions focus on presenting major lithological
units or domains, i.e. units with lengths (along the tunnel) of over 10 m. The resolution
in the outcome is 5 m, matching the length of one blast round. The BPH predictions
provides a very detailed description of the drill core, with some lithological units having

745

a length of less than 1 m (Figure 9-1). This difference in the applied resolution makes
reliable comparisons of the predictions and the outcome very difficult. The presentation
of tunnel data in the outcomes is an oversimplification with respect to the attainable
resolution of the lithology. The mapping data are gathered in increments of 5 m with
only a limited time being available for the collection of these data, but the lithology is
digitised with an accuracy of 10 cm. Rock units less than 1 m in width (inclusions and
veins) are, however, commonly seen as parts of the migmatites’ normal variation and
are usually not digitised. Conversely, in the core logging, inclusions and even thin veins
can be mapped as separate lithological units, depending on their relative orientation
with the drillhole, i.e. if such inclusions and veins are at low angles to the trace of the
drillhole, they could be mapped as separate units, but only if their lengths are greater
than 1 m. This can also result in the same rock being designated differently, depending
on whether it is mapped on the tunnel wall or in a drillhole, i.e. the rock may be mapped
as a foliated and veined gneiss, when seen in the tunnel wall, but as a diatexitic gneiss in
the drill core, if the foliation is almost parallel to the the trace of the drillhole (as only a
portion of the gneiss is visible in the core). See, for example, BPH predictions and
outcomes in Figure 9-1.
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Figure 9-1. Predictions and outcome of lithology for chainage 990–3116 m of the ONKALO tunnel.
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The resolution applied in the handling of lithological data needs to be checked against
the requirements of the project and the data presented accordingly. Based on this
comparison, a more detailed resolution is suggested for the presentation of lithological
data in predictions and outcome. In the latest studies, carried out with single-hole
interpretations of pilot holes, the resolution of the data is considered on a more casespecific basis and the significance of specific rock units is estimated by a multidisciplinary working group. Some discrepancy and method-specific variation seems to
exist in the classification and distribution of the migmatitic gneiss types which is
presumably due to the current lithological classification system, which is based on
migmatitic structures and is, hence, sensitive to the geometry and orientation of the
observations, i.e. virtually 1-D observation from core mapping versus the mapping of
large surfaces in the tunnel. The mapping results from different geologists show that the
unambiguous determination of various migmatitic subtypes is quite difficult and that the
schollen-type rock does not fit in the classification used. The classification of
migmatitic structures described in the literature and their relation to the rock types
applied at Olkiluoto is under discussion. More detailed mapping of migmatites is,
however, thought to be unimportant from a construction point of view.
9.1.3 Ductile deformation

Predictions and outcome

According to the A predictions, the foliation is expected to dip approximately SE in
tunnel chainage 990–3116 m and the dip is predicted to vary in the range 15–62º (Table
9-2). The foliation is predicted to be weakly to moderately banded (see Milnes et. al
2006). According to the BwithoutPH predictions, the foliation is expected to dip
approximately SE in tunnel chainage 990–3116 m and the dip is predicted to lie in the
range 12–55º (Table 9-3). Some zonal indications of foliations dipping east were also
recorded in chainage 1350–1365 m, 1800–2220 m and 2720–3116 m. The foliation is
predicted to be irregular or weakly to moderately banded.
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Table 9-2. The A prediction of the foliation direction for tunnel chainage 990–3116 m.
Chainage (m)

Dip Direction

Dip

990–1190

131

62

1190–1405

150

31

1405–1560

147

35

1560–1660

153

30

1660–1850

160

60

1850–1885

123

40

1880–1980

122

40

1980–2220

120

40

2220–2400

150

45

2400–2730

150

30

2730–2950

140

15

2950–3116

100

40

Table 9-3. BwithoutPH prediction for the foliation for tunnel chainage 990–3116 m.
Chainage (m)

Dip Direction

Dip

990–1020

210

40

1020–1090

137

40

1190–1350

132

45

1350–1365

99

45

1365–1405

132

45

1405–1560

125

45

1560–1660

137

37

1660–1800

165

55

1800–1880

130

35

1880–1900

152

37

1900–2220

120

40

2220–2440

140

45

2440–2720

150

30

2720–2940

138

12

2940–3116

100

42
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According to the BPH predictions, the foliation in chainage 990–1190 m (ONK-PH5)
exhibits moderate dips towards SE or SSE. The type and intensity is mostly weakly
banded. The mean orientation of the foliation in chainage 1405–1560 m is based on
ONK-PH6, 136/49° dip direction/dip. The type of the foliation in the veined gneiss
sections is usually banded and the intensity is weak to moderate, whereas in the
diatexitic gneisses the type is irregular and the intensity is 022. Based on ONK-PH7, the
mean orientation in chainage 1880–1980 m is 115º/40º. The foliation is irregular to
weakly banded.
The tunnel mapping shows that the dip of the foliation in chainage 990–3116 m is
predominantly around 40°, but varies between 10–81º. The direction of the foliation
varies gradually in different sections of the tunnel, dipping between SE to ESE. Some
reoriented NNE-SSW-trending and steeply SSE-dipping zones also occur, interpreted as
being D4 in age (Paananen et al. 2006). The foliation in chainage 990–3116 m, based on
its mean direction, can be divided into 4 sections: chainage 990–1500 m (43/134°),
chainage 1500–1980 m (38/128°), chainage 1980–2550 m (52/137°) and chainage
2550–3116 m (29/122°) (Figure 9 2 and Figure 9 3). The foliation is mostly weakly to
moderately banded and the intensity of the foliation is generally lower in diatexitic
gneiss than in veined gneiss.
36 fold axes and 36 axial planes were measured in the ONKALO tunnel at chainage
990–3116 m and, all except one, have been interpreted as belonging to deformation
phase D3. The measured fold axes have various orientations, but they mostly plunge
moderately towards the ENE or WSW, with the majority of axial planes dipping
moderately to the SE. Two sub-vertical, NE-trending lineations were also measured
from mica gneiss at chainage 1980 m and 1995 m.
Conclusions and suggestions

As the mean orientation of the foliation is known to be relatively constant at Olkiluoto,
it is no surprise that the data in the predictions and outcome agree very well. The small
deviations in the data sets may be related to local deformation effects, such as folding.
Such effects are difficult to interpret from drillhole data and are filtered from the tunnel
data, as the foliation measured in the tunnel describes the general or mean orientation of
the foliation in a specific tunnel section.
The recommendations for the development of the predictions and outcome are
essentially the same as presented in the earlier site descriptions. The predictions need to
be more detailed and foliation domains with specific orientation, type and intensity
should be established, both for the predictions and the outcome, as this would yield
important information for the end-users of the geological data. Although data from other
ductile features, such as fold axes and axial planes, are mainly lacking from the
predictions, these data only provide constraints on geological models, and the effect of
these on the rock properties is given in the form of the intensity and type of the
foliation.

22

This relates to the Rock Mechanics Foliation classification, where 0 is ‘none’ - see Section 5.2.
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Figure 9-2. Map displaying observations on the direction of the foliation in the ONKALO tunnel at chainage 990–1980.

Figure 9-3. Map displaying observations on the direction of the foliation in the ONKALO tunnel at chainage 1980–3120
.
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9.1.4 Alteration

Predictions and outcome

In the A prediction, the occurrence of alteration was not predicted for the tunnel
chainage 990–1405 m, pervasive kaolinisation was, however, expected locally in
chainage 1405–1880 m. Fracture-controlled kaolinisation was expected in chainage
1405–1880 m and as sporadic fracture fillings in chainage 1880–3116 m. Sulphidisation
was predicted between 1560–2180 m with strong sulphidisation at chainage 1880–1980
m. Illite was expected to be present only sporadically.
In the BwithoutPH predictions, pervasive kaolinisation was expected locally in sections
1190–1405 m and 1560–1880 m. Fracture-controlled kaolinisation was expected in
chainage 990–1880 m and sporadic fracture fillings in chainage 1880–3116 m.
Pervasive sulphidisation was predicted between 1405–2180 m. Fracture-controlled
sulphidisation was expected in chainage 990–2180 m and as sporadic fracture fillings in
chainage 2180–3116 m. Illite was expected to be present only sporadically.
In the BPH prediction for chainage 990–1190 m, weak kaolinisation was predicted.
Sulphidisation, and in particular pyrite, was expected to be present and to occur both
pervasively and in thin bands. Illite was expected to be met only sporadically. In the
BPH prediction for chainage 1405–1560 m, mainly weak kaolinisation and no
sulphidisation or illitisation was predicted, except for chainage 1495–1508 m that was
expected to be strongly kaolinitised and illitised. According to the BPH prediction for
chainage 1880–1980 m, kaolinisation was expected to exist as sporadic fracture fillings.
Sulphides, and in particular pyrite, were expecte to be present in the tunnel section. Illite
was expected to be present only sporadically
According to the tunnel mapping, kaolinisation is greatest at the beginning of this
section (990–3116 m) and steadily decreases towards the end - only some local
substitutions of feldspar by kaolinite were observed in chainage 1980–3116 m. Fracturecontrolled kaolinisation is greatest in chainages 990–1980 m and 2460–2480 m, other
parts only have sporadic fracture fillings. No pervasive sulphidisation is reported in the
outcome, the fracture-controlled sulphidisation is reported to be greatest at the
beginning of the section and steadily decreases towards chainage 1980 m, after which it
again increases and becomes abundant at chainage 2160–2520 m, to again gradually
decline towards the end. In contrast to kaolinisation, the level of carbonatisation steadily
increases in the second loop of the ONKALO tunnel (990–1980 m) and remains high in
the third loop (1980–3116 m). Epidotisation is pronounced in the latter parts of both
tunnel loops. Illite and clay are only present in association with deformation zones and
the amounts are usually very small. The distributions of various fracture minerals are
shown in Figure 9-4 and Figure 9-5.
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Figure 9-4. The alteration mineral distributions of all fracture minerals occurring in fractures,
in the ONKALO chainage 990–1980 m. Calcite (CC), illite (IL), kaolinite (KA), pyrite (SK),
unidentified clay minerals (SV) and epidote (EP).
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Figure 9-5. The fracture filling data for different sections in respect to the alteration minerals
occurring in fractures, in the ONKALO chainage 1980-3116 m. Calcite (CC), illite (IL),
kaolinite (KA), pyrite (SK), unidentified clay minerals (SV) and epidote (EP).

756

Conclusions and suggestions

The predictions and the outcomes seem to correspond only to some extent with regard
to the alteration in chainage 990–3116 m. In addition to the difficulties in predicting
highly heterogeneous alteration phenomena, there are differences as discussed above,
between the mapping data from different tunnel sections and between the data presented
in the predictions and in the outcomes. The occurrence of alteration minerals: epidote,
calcite and the unidentified varieties of clay was not reported in the predictions. An
important issue is that systematic alteration mapping has not been carried out in a
scientifically rigorous manner or reported in the outcomes. The alteration reported in the
outcomes is principally based on information from the lithological descriptions and
fracture filling data. As a consequence of these discrepancies, the comparison of
predictions and outcome can only be of a qualitative nature.
In order to increase the potential for a more quantitative comparison, the level of detail
needs to be increased for both the outcomes and the predictions. The predictions should
strive to be more precise and a common resolution for the predictions and outcomes
should be established (for example 1 m). The predictions should also take into account
the occurrence of carbonatisation, epidotisation and clay other than illite and kaolinite.
The data for the outcomes should be gathered more systematically and provide more
detailed descriptions of both fracture-controlled and pervasive alterations. The
predictions could also possibly include a more detailed analysis of the possible
correlation between fracturing and alteration; for example, do certain fracture
orientations/types correspond to certain types of alteration? Similarly, the possibility
that alteration is related to observed or predicted deformation zones needs further
investigation.
The importance of assessing whether there are specific structural controls on the
occurrence of alteration (i.e. certain types of fractures, high-grade zones, lithology or
fault zones) is emphasized, as this would improve the predictive capability of the
models. In addition, it is suggested that more detailed comparisons of pilot hole and
tunnel data should be conducted, in order to assess the resolution that is both attainable
and practical from the existing data sets. In the current predictions and outcomes the
resolution of the data is quite low. In the future, a unique field for alteration will be
added to the spreadsheets used in gathering the tunnel data, which will make general
comparisons easier. Also, in the iterative detailed-scale modelling work, which is partly
replacing the P/O work in, for example, the demonstration facilities and also in future
disposal tunnels, there is more focus on fracture properties and on the alteration
characteristics of fault zones. The alteration phenomena are, however, very
heterogeneous at Olkiluoto and more detailed mapping and, in particular, P/O
comparisons could prove to be impractical.
9.1.5 Brittle deformation – zone intersections

Predictions and outcomes

The A predictions for tunnel chainage 990–3116 m include the occurrence of 7
deformation zone intersections; one crushed zone and 6 fault zone intersections. A total
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of 48 deformation zones was observed and reported in the outcome, 40 brittle
deformation zones and 8 high-grade ductile zones. Four of the observed zones intersect
only a shaft access tunnel or niche and are therefore excluded, as only the access tunnel
is processed in the predictions. Only 4 of the 44 intersections can, more or less, be
correlated with three of the deformation zone intersections suggested by the A
prediction. 4 of the predicted intersections were not observed in the tunnel. The
predicted and observed intersections are listed in Table 9-4 and the correlating
intersections are highlighted in grey.
Table 9-4. Predicted (A) and observed deformation zones for tunnel chainage 990–3116 m.
A Predictions

Outcome

Location in
the tunnel
(m)

Zone ID

Dip/dip
direction

Description

1030–1050

RH19B

23/180

Crushed
zone

1425–1430

BFZ081 &
BFZ088

47/121

1480–1550

BFZ034

07/113

Fault zone

1680–1730

BFZ034

07/113

Fault zone

2245-2246

BFZ043

78/115

Fault zone

2852–2869

BFZ016

23/205

Fault zone

2944–2948

BFZ016

23/205

Fault zone

Intersection ID

Location in the
tunnel (m)

Dip/dip
direction

Class

RiIII-IV

ONK-BFI-104500-110850

1045–1108.50

01/000

ONK-HGI-113800-114350
ONK-BFI-115930-115980
ONK-HGI-115930-116000
ONK-HGI-122950-123000
ONK-BFI-126900-129400
ONK-BFI-131200-131480
ONK-BFI-132240-132850
ONK-BFI-136480-136600

1138–1143.50
1159.30–1159.80
1159.30–1160
1229.50–1230
1269–1294
1312–1314.80
1322.40–1328.50
1364.80–1366

16/237
14/098
14/098
40/250
60/352
85/347
74/124
84/255

ONK-BFI-148100-149600
ONK-BJI-150860-152100
ONK-BFI-159290-159500
ONK-BJI-160800-161300
ONK-BFI-165060-165070
ONK-HGI-165810-165880

1481–1496
1508.60–1521
1592.90–1595
1608–1613
1650.60–1650.70
1658.10–1658.80

32/131
32/115
65/090
81/082
83/279
21/006

RiII
RiIII
RiI-IV
RiI
RiI

ONK-BFI-176450-176650
ONK-BFI-178200-178240
ONK-BFI-179700-180900
ONK-BFI-181900-183100
ONK-BFI-188600-189100
ONK-HGI-199460-199550
ONK-BFI-218500-218900
ONK-BFI-223290-223450
ONK-BFI-226600-226800
ONK-BFI-232700-232810
ONK-BFI-232400-232550
ONK-HGI-236520-237200
ONK-HGI-238400-239600
ONK-BJI-239000-242200
ONK-BFI-248150-248200
ONK-BJI-249900-250350
ONK-BFI-251500-251700
ONK-BFI-258220-258290
ONK-BFI-261900-262000
ONK-BFI-262580-262610
ONK-BFI-267060-267190
ONK-BFI-271860-272290
ONK-BFI-274620-274800
ONK-BFI-275900-276150

1764.50–1766.50
1782–1782.40
1797–1809
1819–1831
1886–1891
1994.60–1995.50
2185–2189
2232.90–2234.50
2266–2268
2327–2328.10
2324–2325.50
2365.20–2372
2384–2396
2390–2422
2481.50–2482
2499–2503.50
2515–2517
2582.20–2582.90
2619–2620
2625.80–2626.10
2670.60–2671.90
2718.60–2722.90
2746.20–2748
2759–2761.50

49/007
75/078
62/089
67/099
86/068
61/132
85/055
81/080
69/161
75/189
88/080
43/137
50/154
20/024
70/091
75/163
70/099
83/115
72/085
85/080
83/085
88/096
89/107
75/091

RiI
RiI
RiI
RiIII
RiI

RiI
RiII-III
RiII
RiII
RiI
RiI
RiI
RiI
RiI
RiI
RiI

ONK-BFI-293150-293750

2931.50–2937.50

86/081

RiII-IV

ONK-HGI-296350-296400
ONK-HGI-301850-302000
ONK-BFI-302750-303500
ONK-BFI-311300-311950

2963.50–2964
3018.5–3020
3027.5–3035
3113–3119.5

30/299
59/307
20/115
45/110

RiII
RiII

RiIV

RiII-IV
RiII-IV
RiII
RiII-IV

RiII
RiI
RiI
RiI
RiI-III
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In the B predictions for chainage 990–3116 m, 12 fault zone intersections were
expected. Only 5 of the predicted intersections correlate with observed intersections.
The predicted and observed intersections are listed in Table 9-5 and the correlating
intersections are highlighted in grey.
Table 9-5. Predicted (B) and observed deformation zones for tunnel chainage 990–3116
m.
B Predictions
Location in
the tunnel
(m)

Zone ID

Dip/dip
direction

Outcome
Description

1420–1430

BFZ081 &
BFZ088

47/121

Fault zone

1480–1550

BFZ034

07/113

Fault zone

1600–1610

BFZ100

70/105

RiIII-IV

1680–1710
1685–1695
1710–1730

BFZ034
BFZ060
BFZ034

07/113
34/130
15/049

Fault zone
Fault zone
Fault zone

1820–1830

BFZ100

70/110

RiI-III

1955–1956

BFZ034

85/80

Fault zone

2241–2247

2852–2869
2913–2915
2944–2968

BFZ043

BFZ016
BFZ100
BFZ016

78/115

23/205
68/105
23/205

Fault zone

Fault zone
Fault zone
Fault zone

Intersection ID

Location in the
tunnel (m)

Dip/dip
direction

ONK-BFI-104500-110850
ONK-HGI-113800-114350
ONK-BFI-115930-115980
ONK-HGI-115930-116000
ONK-HGI-122950-123000
ONK-BFI-126900-129400
ONK-BFI-131200-131480
ONK-BFI-132240-132850
ONK-BFI-136480-136600

1045–1108.50
1138–1143.50
1159.30–1159.80
1159.30–1160
1229.50–1230
1269–1294
1312–1314.80
1322.40–1328.50
1364.80–1366

01/000
16/237
14/098
14/098
40/250
60/352
85/347
74/124
84/255

RiIII-IV

ONK-BFI-148100-149600
ONK-BJI-150860-152100
ONK-BFI-159290-159500
ONK-BJI-160800-161300
ONK-BFI-165060-165070
ONK-HGI-165810-165880

1481–1496
1508.60–1521
1592.90–1595
1608–1613
1650.60–1650.70
1658.10–1658.80

32/131
32/115
65/090
81/082
83/279
21/006

RiII
RiIII
RiI-IV
RiI
RiI

ONK-BFI-176450-176650
ONK-BFI-178200-178240
ONK-BFI-179700-180900
ONK-BFI-181900-183100
ONK-BFI-188600-189100

1764.50–1766.50
1782–1782.40
1797–1809
1819–1831
1886–1891

49/007
75/078
62/089
67/099
86/068

RiI
RiI
RiI
RiIII
RiI

ONK-HGI-199460-199550
ONK-BFI-218500-218900
ONK-BFI-223290-223450
ONK-BFI-226600-226800
ONK-BFI-232700-232810
ONK-BFI-232400-232550
ONK-HGI-236520-237200
ONK-HGI-238400-239600
ONK-BJI-239000-242200
ONK-BFI-248150-248200
ONK-BJI-249900-250350
ONK-BFI-251500-251700
ONK-BFI-258220-258290
ONK-BFI-261900-262000
ONK-BFI-262580-262610
ONK-BFI-267060-267190
ONK-BFI-271860-272290
ONK-BFI-274620-274800
ONK-BFI-275900-276150

1994.60–1995.50
2185–2189
2232.90–2234.50
2266–2268
2327–2328.10
2324–2325.50
2365.20–2372
2384–2396
2390–2422
2481.50–2482
2499–2503.50
2515–2517
2582.20–2582.90
2619–2620
2625.80–2626.10
2670.60–2671.90
2718.60–2722.90
2746.20–2748
2759–2761.50

61/132
85/055
81/080
69/161
75/189
88/080
43/137
50/154
20/024
70/091
75/163
70/099
83/115
72/085
85/080
83/085
88/096
89/107
75/091

RiI
RiII-III
RiII
RiII
RiI
RiI
RiI
RiI
RiI
RiI
RiI

ONK-BFI-293150-293750

2931.50–2937.50

86/081

RiII-IV

ONK-HGI-296350-296400
ONK-HGI-301850-302000
ONK-BFI-302750-303500
ONK-BFI-311300-311950

2963.50–2964
3018.5–3020
3027.5–3035
3113–3119.5

30/299
59/307
20/115
45/110

RiII
RiII

Class

RiIV

RiII-IV
RiII-IV
RiII
RiII-IV

RiII
RiI
RiI
RiI
RiI-III
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In the BPH predictions for chainage 990–3116 m, 6 fault zone intersections were
expected, but only one of the predicted intersections correlate with observed
intersections. The predicted and observed intersections for the pilot hole sections are
listed in Table 9-6 and the correlating intersection is highlighted in grey.
Table 9-6. Predicted (BPH) and observed deformation zones for the pilot hole sections
in tunnel chainage 990–3116 m.

Location in the
tunnel (m)

1046.5–1046.61

BPH Predictions
Dip/dip
direction

47/164

1100.43–1100.75

-

1143.95–1146.93

-

1189.2–1189.55

54/136

Outcome
Location in the
tunnel (m)

Dip/dip
direction

Class

ONK-BFI-104500-110850

1045–1108.50

01/000

RiIIIIV

ONK-HGI-113800-114350

1138–1143.50

16/237

ONK-BFI-115930-115980

1159.30–1159.80

14/098

ONK-HGI-115930-116000

1159.30–1160

14/098

ONK-BFI-148100-149600

1481–1496

32/131

RiII

ONK-BJI-150860-152100

1508.60–1521

32/115

RiIII

ONK-BFI-188600-189100

1886–1891

86/068

RiI

ONK-HGI-199460-199550

1994.60–1995.50

61/132

Description

Intersection ID

0.11 m of lacking
drillcore, no
indications of core
loss, uncertain

RiIII

0.1 m of core loss

RiIII

1512.1–1512.4

-

RiII

1886.5–1889.1

40/125

RiII

Conclusions and suggestions
A total of 44 intersections were mapped in chainage 990–3116 m, but corresponding
predictions were only made for a few of these and no high-grade ductile zones were
predicted. In the A and B predictions about half of the predicted intersections do not
have a “real-life” counterpart and in the BPH predictions only one out of 6
corresponded with an observed intersection. The numbers of predicted and observed
deformation zone intersections are listed in Table 9-7.
Table 9-7. Predicted and observed deformation zones in tunnel chainage 990–3116 m.

Prediction
type

RiIV

Intersections

Successful
predictions

Prediction (%)

Prediction

Outcome

A

7

44

3

6.8

B

12

44

5

11.4

BPH

6

8

1

12.5

A large number of the intersections presented in the outcome are RiI class zones, which
are usually long tunnel crosscutting single fractures (referred to as Tunnel Crosscutting
Fractures - TCFs). It is extremely difficult, if not impossible, to identify a single TCF
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fracture from drillhole data, because they may not look any different from an ordinary
slickensided fracture. The predictions seem to focus on larger, site-scale structures and
only one of the RiI zones was predicted. The mapping practice seems to be that TCFs
with fillings of more than a few millimetres in thickness (often containing clay) are
classified as intersections. However, there is not at present a clear definition of when a
TCF should be regarded as a deformation zone. To avoid disagreement, the definition of
a deformation zone intersection needs to be made unambiguous for the mapping
geologists and the modelling team. At the moment it also seems that the HGI zones are
not included in the predictions and should in the future either be included, or
alternatively, excluded from the outcome data. If the HGI and RiI zones were excluded
the predictive capability would be higher (Table 9-8).
Table 9-8. Predicted and observed deformation zones in tunnel chainage 990–3116 m,
excluding RiI and HGI zones.

Prediction
type

Intersections

Successful
predictions

Prediction (%)

Prediction

Outcome

A

7

20

2

10

B

12

20

4

20

BPH

6

4

1

25

Based on the review of data from predictions and outcomes, it seems that predictions
utilizing more geological, geophysical and pilot hole data are, in general, slightly more
successful in predicting the locations of deformation zone intersections than predictions
based solely on geological models. Due to tunnel mapping procedures, the identified
intersections of small deformation zones are especially numerous. The density of these
zones is significantly underestimated in deterministic modelling, and in DFN modelling
it is shown that the deterministic model of deformation zones at Olkiluoto is
representative only for zones larger than 1 km. Hence, it is natural that large zones,
which are better described in the model, also are much more predictable. This has also
been seen in recent results from the so-called demonstration facilities in the ONKALO,
where two site-scale deformation zones were intersected precisely in their predicted
locations (Reports in preparation).
Comparison of the prediction and outcome data is difficult, because the predictions do
not always present all the essential information regarding deformation zone
intersections. Moreover, information on possible deformation zones is not always
presented using a clear, tabular format. Some tables exist, but in some cases only text
and various figures are provided. In the future, a table summarizing the information on
deformation zone intersections should be included. Such a table should provide at least
the location, character (BJI, BFI or HGI), orientation and class (RiI-V) of each zone23.
9.1.6 Brittle deformation – fractures

A predictions - Orientation
23

The classification scheme for deformation zone intersections is presented in SR2008 (Posiva 2009) and
also in Aaltonen et al. (2010), see also Section 4.9 of this report.
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The orientation of the fracturing in the A predictions and outcome for chainage 990–
3116 m is shown in Table 9-9. According to the A predictions, the main fracture
orientation is subhorizontal, with slight local variations in dip and dip direction.
Between chainage 990–1560 m only subhorizontal fractures were expected, but between
1560–1980 m two sets of vertical E-W and N-S trending fractures were also predicted.
In chainage 1980–3116 m some random fracture orientations were expected and also
some vertical fracturing.
Table 9-9. Predicted and observed main fracture orientations in tunnel chainage 990–
3116 m.

Chainage
(m)

A prediction

Set1: Gently SE dipping.
990–1190

Set 2: Gently NE dipping.

Outcome

Set1: Subhorizontal.
Set2: Vertical ENE-WSW trending.
Set3: Vertical N-S trending.
Set1: Subhorizontal.

1190–
1405

Set1: Subhorizontal.

Set2: Vertical E-W trending.
Set3: Vertical N-S trending.
Set1: Subhorizontal.

1405–
1560

Set1: Gently S dipping.

Set2: Subvertical E-W trending.
Set3: Vertical NWN-SES trending.

1560–
1880

1880–
1980

1980–
3100

Set1: Subhorizontal.

Set1: Subhorizontal.

Set2: Vertical E-W trending.

Set2: Subvertical E-W trending.

Set3: Vertical N-S trending.

Set3: Vertical NNW-SSE trending.

Set1: Subhorizontal.

Set1: Subhorizontal.

Set2: Vertical E-W trending.

Set2: Vertical E-W trending.

Set3: Vertical N-S trending.

Set3: Vertical N-S trending.

Set1: Subhorizontal.

Set1: Vertical N-S-striking.

Set2. Vertical with unknown trend.

Set2: Horizontal.
Set3: Vertical ENE-WSW-striking.

B predictions - Orientation

The orientation of the fracturing in the B predictions and the outcome for chainage 990–
3116 m is shown in Table 9-10. According to the B predictions, the main fracture
orientation in chainage 990–3116 m is subhorizontal, with slight local variations in dip
and dip direction. Between chainage 990–1190 m vertical N-S trending fractures were
also predicted and in section 1405–1560 m a set of NWN-SSE trending fractures were
expected. In section 1560–1980 m two sets of vertical N-S and E-W trending fractures
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were predicted. Chainage 1980–3116 m was expected to contain random fracturing and
at least one set of vertical fractures of unknown trend.
Table 9-10. Predicted and observed main fracture orientations in tunnel chainage 990–
3116 m.

Chainage
(m)

B prediction

Set1: Subhorizontal SE dipping.
990–1190

Set 2: Vertical N-S trending.

Outcome

Set1: Subhorizontal.
Set2: Vertical ENE-WSW trending.
Set3: Vertical N-S trending.
Set1: Subhorizontal.

1190–
1405

Set1: Subhorizontal.

Set2: Vertical E-W trending.
Set3: Vertical N-S trending.

Set 1: Subhorizontal S dipping.
1405–
1560

1560–
1880

1880–
1980

1980–
3100

Set 2: Vertical NWN-SES trending

Set1: Subhorizontal.
Set2: Subvertical E-W trending.
Set3: Vertical NNW-SSE trending.

Set1: Subhorizontal.

Set1: Subhorizontal.

Set2: Vertical E-W trending.

Set2: Subvertical E-W trending.

Set3: Vertical N-S trending.

Set3: Vertical NNW-SSE trending.

Set1: Subhorizontal.

Set1: Subhorizontal.

Set2: Vertical E-W trending.

Set2: Vertical E-W trending.

Set3: Vertical N-S trending.

Set3: Vertical N-S trending.

Set1: Subhorizontal.

Set1: Vertical NNW-SSE-striking.

Set2: Vertical with unknown trend.

Set2: Horizontal.
Set3: Vertical EEN-WWS-striking.

BPH predictions - Orientation
The orientation of the fracturing in the BPH predictions and the outcome is shown in
Table 9-11. According to the BPH predictions, the main fracture orientation is
subhorizontal with slight local variations in dip and dip direction. Steeper fracture sets
were also predicted in some sections.
Outcome - Orientation

From the tunnel mapping data in chainage 990–3116 m three main sets can be
distinguished: Set 1 fractures are horizontal or subhorizontal; set 2 fractures are vertical
and strike N-S to NNW-SSE; Set 3 fractures are vertical and strike E-W to ENE-WSW.
Some other sets do also occur locally. The fracture sets of the predictions and outcomes
are listed in Table 9-9, Table 9-10 and Table 9-11. Figure 9-6 displays the distributions

763

of mapped fracture orientations in chainage 990–3116 m and separately for all the
predictd sections in chainage 990–3116 m.
Table 9-11. Predicted and observed main fracture orientations in pilot hole sections of
tunnel chainage 990–3116.

Chainage

BPH prediction

Set 1: Vertical ENE-WSW trending.
990–1190

Set 2: Horizontal.
Set 1: Horizontal.

1405–
1560

Set 2: Subvertical NE-SW trending

Outcome

Set1: Subhorizontal.
Set2: Vertical ENE-WSW trending.
Set3: Vertical N-S trending.
Set1: Subhorizontal.
Set2: Subvertical E-W trending.
Set3: Vertical NNW-SSE trending.
Set1: Subhorizontal.

1880–
1980

Set1: Subhorizontal SE dipping.

Set2: Vertical E-W trending.
Set3: Vertical N-S trending.

Conclusions and suggestions

The horizontal to subhorizontal fracture set was successfully anticipated in all
predictions, but the two (sub)vertical fracture sets were not always predicted. The A
predictions predicted only subhorizontal fracturing between 990–1560 m, in chainage
1560–1980 m the A prediction predicted all three sets and in chainage 1980–3116 m
subhorizontal fracturing was expected and also some vertical fracturing; orientations for
the vertical fractures could, however, not be defined.
The B predictions predicted, in addition to horizontal fractures, a set of vertical N-S
trending fractures between 990–1190 m. Between chainage 1190–1405 m only
subhorizontal fractures were expected and in chainage 1405–1560 vertical NNW-SSE
trending fractures were predicted. In chainage 1560–1980 m the B prediction was for all
three sets. In chainage 1980–3116 m horizontal fracturing was expected and also some
vertical fracturing; clear orientations for the vertical fractures could not be defined.
In chainage 990–1190 m the BPH prediction successfully predicted NE-SW trending
vertical fractures and subhorizontal fractures. The NNW-SSE trending vertical set is
approximately parallel to the pilot hole and, thus, was not included in the prediction. In
chainage 1405–1560 m the BPH correctly predicted horizontal fracturing and
subvertical NE-SW trending fracturing. The two other main vertical sets were not
predicted. In chainage 1880–1980 m the BPH successfully predicted subhorizontal
fracturing, but the vertical fracturing seen in the outcome data was not expected.
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Figure 9-6. A) Distribution of poles to all fractures in chainage
990–3116 m. B) Distribution of all fractures in chainage 1190–1405
m. C) Distribution of all fractures in chainage 1405–1560 m. D)
Distribution of all fractures in chainage 1560–1880 m. E)
Distribution of all fractures in chainage 1880–1990 m. F)
Distribution of all fractures in chainage 1880–1990. G) Distribution
of all fractures in chainage 1990–3116 m. The declination has not
been added to the stereograms (Equal area, lower hemisphere
projection).
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The predictions are often based on one or only a few drillholes, which may cause some
directional bias to the fracture statistics. In these cases it is important to apply a
Terzaghi-type correction factor to the fracture statistics to give more weight to fractures
approximately parallel to the drillholes; however, from the evidence of the predictions it
seems as if this was not always done24. To make comparisons easier, the data should be
presented in analogous formats, with regard both to predictions and outcome. Tables
and stereo nets are used to a varying degree, but sometimes only text is available. At
present, only the fracture orientation is treated in the predictions, although fracture
filling (mineral and width), type (roughness, undulation), trace length and frequency are
reported in the outcome and it should be possible to provide predictions for these
attributes based on fracture data and DFN modelling. Only a few DFN simulations are
carried out to compare the predicted statistics with outcomes, because of delays in the
modelling work and due to the fact that the progress of the DFN modelling is
determined by the availability of the fracture mapping data from the tunnel. The existing
simulations are included in geological DFN model reports (Buoro et al. 2009, Fox et al.
(in prep.)) mainly for DFN modelling verification and validation purposes, but can also
be used for domain-spacific intensity, fracture orientation and size comparisons.
9.2

Rock mechanics

9.2.1 Introduction

The rock mechanics prediction-outcome studies have been mostly orientated towards
calibrating the predictions of rock stability (spalling/damage) in the ONKALO ramp
and in the POSE niche and in developing a better understanding of the stress-strength
conditions.
9.2.2 Rock mechanics P-O work
Spalling/stability

The rock mechanics prediction-outcome work has concentrated on predictions of rock
spalling in the ONKALO ramp and in the POSE niche and on comparisons with the
observations. The predictions involve a knowledge of the rock stress and the rock
strength and will vary according to the orientation of the ONKALO tunnel sections and
their depth.

Figure 9-6 illustrates the spalling prediction and observed rock damage/falls for the
ONKALO ramp at depths from 295 to 416 m (chainage 3117 – 4340 m) and Figure 9-7
spalling predictions and observed rock falls/damage at tunnel chainage 4340 – 4550 m.
The spalling potential was based on the stress orientation (N-E) that was assumed at the
time that the prediction was made, on the maximum tangential stress criterion and on
the use of the spalling strength as a proportion of the unconfined compressive strength;
for the spalling potential estimate a spalling strength of 0.57 UCS strength was used
(Hakala et al. 2008). The ONKALO tunnel was divided to several sections, based on its
profile, orientation and depth. Within each stress region, the stress has a triangular
shaped probability distribution, where the maximum and minimum values are as for the
24

Such Terzaghi-type corrections are now applied to all such fracture statistics.
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generic assessments. The maximum and minimum concentrated stresses for each tunnel
section were calculated using Examine3D, a three dimensional boundary element code.
At these depths, the spalling predictions suggest that there is a 0% and 22% probability
of spalling in the regions highlighted by different colours, noting that this leg of the
ONKALO ramp is mostly orientated NW-SE, i.e. 45 to the assumed direction of the
maximum in situ horizontal stress. The percentage probability of failure incorporates
both the probability of failure itself, plus the amount of spalling that will be experienced
in a particular location.
Stars and circles in
Figure 9-6 indicate the observed rock damage/block falls/rock noises – which do not
seem to fit with the spalling prediction, however, no clear spalling or unstable keyblock
type behaviour has been observed. The observed damage is more a combination of
Spalling prediction for chainages 3117 – 4340
- spalling strength = 0.57 UCS
- in situ stress: SR2008
Mean Factor of safety < 1.0
-> Extensive Spalling
Severity estimated based on spalling depth

Mean Factor of safety 1.0 -1.25
-> Minor or No Spalling
Probability of spalling 14% - 22%
Mean spalling depth 12 cm - 13 cm

z = -363 m

Mean Factor of safety >1.25
-> No Spalling
Probability of spalling 2% - 8%

H

Orientation for major in situ horizontal stress
- E-W

ch 4340
z = -416 m

Foliation:
Mean orientation
dip/dd = 43/127
ch 3117
z = -295 m

several factors, as discussed in Section 5.2.8
Figure 9-6. Predicted locations where the spalling may occur in the ONKALO ramp
(fourth loop) are highlighted by different colours and observed rock damage/falls
marked as stars and observed rock noises as red dotted circles.
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Excavation
7.1.2011

Excavation
7.1.2011

Figure 9-7. Predicted locations where the spalling may occur in the ONKALO ramp
(fifth loop) are highlighted by different colours and observed rock damage/falls marked
as stars and observed rock noises as red dotted circles. Shafts are located in red areas.
Modified after Siren et al. (2011).

Spalling predictions were also made for the two large holes drilled in the POSE niche at
a depth of 345 m (chainage 3620 m; see Figure 2-5). Predictions were made using two
different approaches: one based on fracture mechanics (Siren 2011) the other based on
traditional continuum thermomechanics. Based on both predictions. damage or spalling
should occur in the pillar between the two adjacent holes after drilling the second hole.
Fracture mechanics prediction performed with the Fracod2D code shows the cracks to
form only ‘crevices’ in one model but, in the rest of the models, the fractures form
wedges—or, in other words, spalling (Figure 9-8). The fracture growth starts when the
rock stress is in the range 63–73% of the uniaxial compressive strength, depending on
the orientation of the anisotropy.
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Damage/spalling at depth of 1 metre
σYY=25.1 MPa

1m
85 mm

σXX=19.0 MPa

98 mm

No damage

Damage/spalling at depth of 3 metre
σYY=25.1 MPa

σXX=21.5 MPa

1m
109 mm

94 mm

No damage

Figure 9-8. Anisotropic model results showing the spalling and crevice prediction at a
depth of 1 metre (up) and 3 metres (down). Hole 1 is excavated first (left,) and hole 2 in
the next stage (right) (Siren 2011).

A continuum mechanics prediction performed with the 3DEC code also shows spalling
on the pillar walls with a maximum depth of 80 mm after drilling the second hole
(Figure 9-9). The maximum principal stress in the rock pillar between the holes is
around 75-80 MPa. In the 3DEC analyses, the effect of the heating was also studied:
after two weeks heating in the pillar area, the stresses will be increased to the level of
130 MPa. The effect of heating to the rock damage level is shown in Figure 9-10.
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Spalling volume after excavation,
first 2 cm layer

Spalling volume after excavation,
layer from 4 cm to 8 cm

Figure 9-9. 3DEC modelling shows damage/spalling (red/yellow) in the pillar
sidewalls. The first 2 cm depth of the rock is shown (left) and the rock from 4 to 8 cm
depth (right).

The POSE test is still in operation at the time of writing this report, but the drilling of
the two holes did not induce any spalling in the pillar side walls. This is an indication
that the spalling strength is higher than anticipated, or that the stress state is different
from that estimated, or that the effect is due to a combination of both of these. The only
damage that was observed was two sub-vertical fractures that were formed on the wall
of hole 1 and one sub-vertical fracture on the wall of hole 2 after drilling had been
completed (Figure 9-11).
Around the two holes and between the holes, there is a complex state .of stress caused
by the concentrations of the far-field stress. In particular, there is a zone of increased
shear stress at the boundaries of the holes, which is applied down the hole boundaries.
Thus, the most likely fracturing to occur is a vertical fracture at a location where there is
a weak zone. The fracture is located in a mica layer, which typically indicates a low
strength (Figure 9-12). The fractures did not propagate further during the drilling of hole
2; also, microseismic monitoring did not record any events during the drilling. In the
next phase of POSE, the rock in the pillar area between the holes will be heated to
increase the stresses, in order to induce spalling.
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Figure 9-10. Predicted effect of heating for the POSE test.
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Hole 2

Hole 1

Figure 9-11. Location of three excavation induced fractures (red) in the POSE holes.

Figure 9-12. New, open, shear type fracture seen (marked with yellow points in the
right picture) at a mica layer in the 1st POSE hole wall. Displacement is about 4 mm
(immediately to the left of the number 2 in the pictures).
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The prediction for the next tunnel loop (end of ramp and technical rooms of the
ONKALO) under construction (chainages 4340-4600 m), assuming an east-west in situ
stress orientation, is presented in Figure 9-7, the east-west horizontal major principal
stress orientation reflecting the current understanding of the in situ stress at that depth
(see Section 5.2.1). The analyses were made using the MIDAS/GTS finite element code
and Examine3D, a three dimensional boundary element code (Siren et al. 2010).
Displacement measurements (rock responses)

During the POSE niche excavation, extensometer and convergence measurements were
performed. A three point rod extensometer was installed in the access tunnel at chainage
3660 m, orientated towards the POSE niche, and readings were taken automatically by a
datalogger. Six convergence pins were installed in the POSE niche <1 m from the niche
face and displacements were measured after each excavation round. Based on the
outcome, the convergence results—wall to wall—matched well with the predicted ones
but not the–wall to roof– results (Figure 9-13). The extensometer values were about
half the values of those predicted (Figure 9-14). The reasons for the disagreements are
not yet known.
Strain gauges were glued at eight different depths on the pillar side wall of hole 1 to
measure rock responses and to make spalling observations during the drilling of hole 2.
The elastic behaviour for all strain gauges at different depths corresponded well with the
modelled responses ((Figure 9-15).
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‐0,75

Meas. 1,2 ‐ 3,4

Top H. Cut 1
‐1

Meas. 5,6 ‐ 3,4

Top H. Cut 2
Top H. Last Cut

Big holes 1&2

‐1,25

Figure 9-13. Predicted (solid line) and measured (dashed line) convergences during the
POSE niche excavation.
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Top heading, +2
Top heading, +1

-0.4

Holes 1&2
Bench, all

Full round, 0
Full Round, -1
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Top heading, all

ET1 -14.8

Meas. 14.8m

ET1 -26.2

Meas. 26.2m

ET1 -29.7

Meas. 29.7m

Excavation phases

Figure 9-14. Predicted (solid line) and measured (dashed line) extensometer
displacements during the POSE niche excavation.
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Figure 9-15. Predicted (dashed lines) and measured (solid lines) strains in POSE hole
1 due to the response of drilling POSE hole 2. Depth location of strain rosette is 1.38 m.
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Thermal rock response

Before the drilling of the POSE holes, the pilot hole (101 mm) for hole 3 was heated
with SKB’s heater (Glamheden et al. 2010) with the objective of initiating damage at
the hole wall, and thus having some preliminary indication of the stress orientation in
the POSE niche. However, the outcome was that no visual signs of hole wall damage
were seen, although the predicted stresses were close to the UCS. Acoustic televiewer
measurements indicated some possible damage but, due to the hole size, this was hard to
identify. During the heating period, the rock temperatures were monitored around the
hole and the predicted temperatures in the monitoring holes matched well with those
measured (Figure 9-16).
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Calc: T_0

UCS_gneissic rock types

Temperature change (C) or Stress (MPa)

UCS_pegmatite

Calc: T_0.5m
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UCS_gneissic
rock types

26.0 C after 8h
power break

20

UCS_pegmatite
31.5.
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25.5.

22.5.

19.5.

16.5.

13.5.

10.5.

7.5.

0

Date

Figure 9-16. Predicted (solid lines) and measured (circles) temperatures around the
pilot hole of the POSE hole 3. The black line represents the calculated maximum
thermal stress at the hole wall.
Rock quality

The differences between drill core data and tunnel mapping data were studied to
determine whether the drill core data could be adjusted to be compatible with the tunnel
mapping data. This was done by comparing data from the pilot holes (OL-PH1, ONKPH2 to ONK-PH14) with the tunnel mapping data. For tunnel mapping data, the median
values of the mapped section are used for comparison.
The GSI values from tunnel mapping data and pilot hole data were compared using the
original logging sections (Figure 9-17). In this comparison, it is clearly seen that the
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observed GSI values vary more in the pilot holes. This is because the drill core logging
sections are defined based on changes of rock type, fracture frequency, deformation
zones etc. and tunnel mapping is undertaken in 5 m or longer sections. The comparison
between GSI values estimated from the pilot holes and tunnel mapping for the
ONKALO ramp’s fourth loop is presented in Figure 9-18.
The heterogeneity and different mapping window may explain the differences. No
single trend was found, so it is not possible to establish any ‘correction’ factors to adjust
the drillhole data to match the tunnel mapping data. Also, it needs to be remembered, as
discussed in Chapter 5, that the accuracy of the drillhole estimate can be considered to
be ± one Q class.

100

GSI

80

60

ONK-VT1
ONK-PH10

OL-BFZ84
40
3450

3470

3490

3510

3530

3550

chainage

3570

3590

3610

3630

Figure 9-17. Example of the GSI values estimated from pilot hole ONK-PH10 (red) vs.
GSI values obtained from the mapping of the ONKALO tunnel (blue). The orange
region (left) indicates the intersection of a fracture zone. In this case, pilot hole data
seem to predict the fracture zone well.
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Figure 9-18. Estimated GSI values from drill hole data (top) compared to the originally
mapped rock mass quality in the tunnel section (bottom) at chainages 3380-4380 m
(ONKALO fourth loop). The grey area represents areas where no sufficiently reliable
geostatistical prediction could be made.
9.2.3 Conclusions

As is illustrated in
Figure 9-6 to Figure 9-18, the prediction-outcome exercises are most useful in
calibrating the utility and accuracy of both the estimation of rock behaviour, rock
properties and the output from numerical analyses, using the rock property data. The
following conclusions can be drawn:
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No systematic block fallouts have been observed in the ONKALO as predicted
after 1200 m chainage. Occasional block fallouts have been observed, but they
are usually related to blasting and locations that are often controlled by slightly
altered, mica-rich foliation surfaces.



Observations in the ONKALO have indicated that the rock is more resistant to
spalling than anticipated. Rock noises have been occasionally recorded, but no
clear spalling. The observed damage is more a combination of several factors, as
discussed in Section 5.2.8. Also, the complete stress state is not fully determined
and there cannot be precise spatial predictability of the intact rock parameters, as
discussed in Sections 5.2.1 and 5.2.2.



After the POSE holes were drilled, the hole surfaces did not show spalling,
although three fractures (’crevices’) were formed in the holes at the stress level
that was expected to be spalling/damage strength. The outcomes from the POSE
heating phase are not yet known.



The rock response (displacement) measurements in the POSE niche have not
produced consistent results: strain measurements at different depths in the POSE
holes corresponded well with the predicted ones; convergence results—wall to
wall—matched well with the predicted ones; but the–wall to roof– results did
not. Also, the extensometer displacements were about half of those predicted.
This is an indication that our understanding of the site conditions is not yet
complete.



Predicted rock temperatures in the POSE monitoring holes matched well with
those measured.



The rock quality predictions from the pilot holes are not very reliable--which is
mainly due the rock heterogeneity.

It is intended that these measurement exercises will continue as the ONKALO descends
and extends further—so that it can be demonstrated that the rock mechanics information
and the associated analytical methodology are indeed supported by a wellfounded understanding of the rock mechanics conditions at Olkiluoto.
9.3

Hydrogeological impacts

9.3.1 Short-term prediction system for modelling the influence of the ONKALO

Model development
The Olkiluoto surface hydrological model SHYDM (Karvonen 2008, 2009, 2010 and
2011) is a tool that can be used to study the water balance components at the Olkiluoto
site and to evaluate the effect of pumping and leakages into the ONKALO on the
groundwater level in overburden soils and in shallow and deep drillholes. The surface
hydrological model is a site-scale model that computes water fluxes for the whole of
Olkiluoto Island. Eleven site-scale hydrogeological zones and five lineaments are
included in the model, with their location being given in Vaittinen et al. (2009b, Chapter
4).

The most important development of the surface hydrological model during 2010 was
related to the so called short-term prediction system, which is aimed at predicting the
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influence of the ONKALO on groundwater levels in overburden tubes (OL-PVP), in
shallow drillholes (OL-PP, OL-PA, OL-PR, OL-L) and in packed-off drillholes (OLKR). The major emphasis of the model is devoted to overburden soils and the shallow
bedrock system, but head drawdowns can also be computed for the deep bedrock and
for hydrogeological zones (HZs) (Karvonen 2011a, Chapters 2 and 6). The parameter
values used in the model are shown in Karvonen (2011, Appendix 1). The hydraulic
properties of the bedrock system are the same as those used in the FEFTRA modelling
(Löfman et al. 2009 and 2010).
The ONKALO tunnels and shafts intersect with five site-scale hydrogeological zones:
HZ19A, HZ19B, HZ19C, HZ20A and HZ20B. Vaittinen et al. (2010b, Section 3.5.7, p.
57-59) have shown that anomalous drawdowns during 2009 were caused by the drilling
of grouting holes through the HZ20 zones within shafts ONK-KU1 and ONK-KU2. The
maximum temporary inflow through grouting drillhole was c 160 L/min in shaft ONKKU2 during the time when the HZ20 zones were intersected. One specific requirement
for the short-term prediction system is that it has to be capable of predicting the
drawdown caused by, for example, temporary inflows through grouting holes.
The requirements on the prediction system can be summarized as follows:






the comparison of measured and computed temporal variations of groundwater
level in OL-PVP-tubes
the comparison of measured and computed temporal variation of hydraulic heads
in shallow observation drillholes OL-PP, OL-PA, OL-PR and OL-L
the comparison of measured and computed temporal variation of hydraulic heads
in packed-off OL-KR drillholes
the maximum and present influence of the ONKALO in the shallow monitoring
network
the maximum and present influence of the ONKALO at various depths in the
bedrock system and in the hydrogeological zones

The first day of the computational period in the short-term prediction system is
01.10.2004, i.e. before construction of the ONKALO started to influence heads. All the
existing measured meteorological and hydraulic head data are used in the short-term
prediction. Meteorological data for the prediction period can be taken from wet, dry or
average years, or from several types of years. The results from the short-term prediction
system can also be used to analyze trends in the measurements of the packed-off
sections of the deep OL-KR drillholes.
Input data

The construction of the ONKALO and the subsequent construction of the repository
will affect the surrounding rock mass and the groundwater flow system. It will also
affect the chemical environment, not only on the surface but also, and to a greater
extent, at depth. While many of these changes may be reversible, some may be only
partially reversible and some irreversible. In order to determine the magnitude and
extent of such effects, a monitoring system has been set up to measure the resulting
changes in hydrology (Vaittinen at al. 2008, 2009a, 2010b), in hydrogeochemistry
(Pitkänen et al. 2008a, 2009 and Penttinen et al. 2011) and in the environment
(Haapanen 2008, 2009, 2010). The data used in the short-term prediction system are
mainly those collected as part of the Olkiluoto Hydrological Monitoring Programme.
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The additional data needed are air temperature and potential evapotranspiration rate,
which are computed based on the results collected in the OMO Environment Monitoring
Programme. Additional support for the modelling results can be obtained from the
Hydrogeochemistry Monitoring Programme.
The monitored temporal data used in the prediction system can be summarized as
follows:







precipitation, air temperature and potential evapotranspiration rate
measured temporal variation of groundwater level in 40 OL-PVP-tubes (location
of tubes is shown in Figure 9-19)
measured temporal variation of hydraulic head in 39 shallow observation
drillholes OL-PP, OL-PA, OL-PR and OL-L (see Figure 9-19)
measured temporal variation of hydraulic head in packed-off OL-KR drillholes:
189 packed-off sections in 31 deep OL-KR-drillholes (see Figure 9-19)
leakages into the ONKALO (tunnel and shafts)
temporary inflow to the ONKALO through grouting drillholes and probe holes
(estimated value and period of leakage)

Leakage into the ONKALO
Measured cumulative leakages at permanent measuring weirs and total leakage (total
inflow) are shown in Vaittinen et al. (2010b, Figures 3-10 and 3-11). Cumulative flows
in measuring weirs down to ONK-MPL3003 have been rather stabile since the
measuring was started, except for a period from autumn 2006 to autumn 2007 when
different kinds of leakages from shaft grouting holes resulted in additional leakage to all
measuring weirs and increased the total leakage. The excavation of the access tunnel
through the HZ20 zones and the grouting of the shafts ONK-KU2 and ONK-KU1
through the same zones have increased the total inflow into the ONKALO from 20 – 23
L/min to 30 – 35 L/min since autumn 2008. Cumulative flows above the HZ20 zones
have maintained approximately at the same level up to the end of 2010.
Leakages between permanent weirs in 2009 are shown in Figure 3-11 of Vaittinen et al.
(2010b). The leakage between access tunnel chainages 0 – 208 m has stabilized to c. 2
L/min. Between chainages 208 – 580 m the leakage increased from c. 8 L/min to c 10
L/min for the period of February – July 2009. Since August 2009 the leakage has
returned to c. 8 L/min. The leakage between chainages 580-1255 m is associated mainly
with zones HZ19A and HZ19C. The leakage has increased from c 6 L/min in 2008 to 7
– 9 L/min in 2009, possibly due to the raise boring of the topmost part of shaft ONKKU3 during spring 2009. Leakages between zones HZ19C and HZ20A is c. 1 L/min
between chainages 1255- 1970 m and c. 2 L/min between chainages 1970-3003 m. The
leakage between chainages 3003 – 3125 m has shown a large variation, due to inflow
through grouting holes drilled within shafts ONK-KU2 and ONK-KU1 from the -290 m
level through the HZ20 zones. The HZ20 zones are located between access tunnel
chainages 3125 – 3356 m, where the leakage seems to have stabilized to an inflow of 6
– 7 L/min. The leakage from shaft KU2 between +10 and -90 m has been c. 2 L/min
since the monitoring started in 2008.
Grouting of shafts through HZ20 zones
The most anomalous drawdowns during 2009-2010 were caused by the drilling of
grouting holes through the HZ20 zones within shafts ONK-KU1 and ONK-KU2 (see

781

Vaittinen et al. 2010b, Section 3.5.7, p. 55-57). Grouting was performed from a depth of
-290 m down to -437 m in four phases (see Vaittinen et al., p.56 and Fig. 3-3). Shaft
ONK-KU2 was grouted over the period 16.4.2009 – 15.10.2009 using drillholes
ONKPP183 – ONK-PP198. The grouting of shaft ONK-KU1 started on 29.9.2009 and
continued during 2010 and Phase 3 was completed at the end of 2009. The maximum
temporary inflow through a grouting hole was c. 160 L/min in shaft ONK-KU2, whilst
the HZ20 zones were being intersected, and a drawdown of approximately 30 m was
induced in nearby drillhole OL-KR25. In shaft ONK-KU1 the maximum inflow was c.
60 L/min up until the end of 2009 and the corresponding drawdown was approximately
25 m. The head response due to the leakage of grouting holes could be clearly seen in
drillholes at a distance of 800 m (Vaittinen at al., Section 3.5.7, p. 57-59).
Local hydraulic zone
A local hydraulic zone was intersected by the access tunnel in autumn 2009. A
hydraulic connection to packed-off drillholes OL-KR3 and OL-KR39 was observed
when the head in the packed-off sections OL-KR3 L4 and OL-KR39 L3 started to
decrease on 1.9.2009 (Vaittinen et al. 2010b, Figure 3-31, p. 58). Leakage occurred
through probe hole A at chainage 3804 m and was located at a probe hole depth of 27
m. By the end of 2009 the groundwater levels in packed-off sections OL-KR39 L1-L3
were below the measuring range and the head in packed-off sections OL-KR3 L1-L5
has continuously decreased since the drawdown started. The modelling of the influence
of the local zone is discussed below.
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Figure 9-19. Location of shallow observation tubes (OL-PVP, OL-PP, OL-PA, OL-PR
and OL-L) used in the short-term prediction system. Soil surface elevation and present
shoreline of the Olkiluoto Island are indicated on the map.

Figure 9-20. Location of packed-off deep drillholes (OL-KR) used in the short-term
prediction system. Soil surface elevation and present shoreline of the Olkiluoto Island
are indicated on the map.
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Observed and modelled effect of the ONKALO in shallow observation stations

The observed temporal changes in groundwater level in shallow observation tubes in the
overburden and in shallow drillholes in the bedrock are mainly caused by natural
fluctuation due to wet and dry periods. Both observed (Vaittinen et al. 2010, Figures 316 and 3-20) and computed temporal curves (Karvonen 2011a, Appendixes 3 and 4) in
shallow monitoring stations follow the same type of pattern: decrease in head during the
summer period and increase in groundwater level during the autumn rainfall. The
possible effects of the ONKALO have been mostly reversible; however, according to
the measurements, indications of small, but permanent, decreases in groundwater level
due to leakage into the ONKALO have been observed in four overburden tubes (OLPVP3A, OL-PVP3B, OL-PVP18 and OL-PVP20) and in four shallow bedrock
drillholes (OL-L1, OL-L8, OL-L14 and OL-PR2) (see Vaittinen et al. 2010b, Sections
3.5.2-3.5.3, p. 35-44). Computed drawdowns in the above mentioned tubes/holes have
been around 0.05-0.2 m. The biggest modelled drawdowns were associated with
shallow drillholes, which are located above the ONKALO area and which are not now
part of the continuous monitoring programme (2.5-3.0 m in OL-PR5 to OL-PR8, 2.4 m
in OL-PP40, 2.0 m in OL-PP41, 1.3 m in OL-PA4 and 1.2 m in OL-L28) (Karvonen
2011a, Appendix 6).
The short-term prediction system was used to create drawdown maps in shallow
observation tubes/holes, caused by leakages to the ONKALO for two cases: a) the
situation at the end of year 2010 (see Figure 9-21, upper map) and b) the maximum
effect during the construction of the ONKALO (2004-2010, see Figure 9-21, lower
map). Leakages into the ONKALO were 35 L/min (30 L/min from the tunnel and 5
L/min from shafts) at the end of the computational period. The effect of temporary
leakages from grouting holes is included and the influence of pumping from OL-KR14
(3 L/min) in the infiltration experiment (see Chapter 3.8 and Pitkänen et al. 2008 b,
Chapter 1) is also taken into account. The maps were computed in the following
manner:
1. The surface hydrological model was computed for the selected computational
period, by including all the measured or estimated leakages.
2. The surface hydrological model was computed for the selected computational
period without any leakages (natural state).
3. The difference between runs 1) and 2) gives the influence of the ONKALO on
the elevation of the groundwater level in overburden soils and on hydraulic
heads in the bedrock system.
4. Ordinary kriging was used to create a map of drawdowns caused by various
leakages. Details of the computation are shown in Karvonen (2011, Appendix
6).
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5.

Figure 9-21. Computed drawdown in shallow observation stations caused by the
ONKALO and the shafts at the end of 2010 (upper graph) and the maximum drawdown
during the period 2004-2010 (lower graph). Map interpolated from 338 computed point
values using kriging. Leakages into the ONKALO were assumed to be 35 L/min (30
L/min from tunnel and 5 L/min from shafts). Temporary leakages from HZs are included
as is the pumping from the infiltration experiment (3 L/min).
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The total number of locations used to create drawdown maps in shallow monitoring
stations was 338 (see Karvonen 2011a, Figure 2-4) and includes all the existing shallow
monitoring stations (OL-PVP, OL-PP, OL-PA, OL-PR, OL-L, OL-EP and OL-SK).
Moreover, all the OL-KR-drillholes are used in the shallow network, by taking the
computed hydraulic head at 5 m depth in the bedrock to represent the head in a shallow
drillhole. The model computes the maximum and present drawdown for all 338 points
and uses ordinary kriging to produce the drawdown maps. The average computed
drawdown in the 338 locations was 0.21 m during 2004-2010 and 0.17 m at the end of
2010.
Observed and modelled effect of the ONKALO in packed-off deep drillholes

Five site-scale hydrogeological zones HZ19A, HZ19B, HZ19C, HZ20A and HZ20B
have intersection points with the ONKALO tunnel or shafts ONK-KU1-3. The response
of leakage into the ONKALO on the hydraulic heads in packed-off sections of deep
drillholes is significant in those drillholes that intersect the above-mentioned
hydrogeological zones, as these zones are transmissive. There are in total 57 packed-off
sections in OL-KR-drillholes that intersect the five above-mentioned zones and a
detailed list of the packed-off sections is shown in Karvonen (2011, Tables 6-1and 6-2).
The measured effects of the ONKALO on heads deeper in the bedrock have been both
short-term and long-term (Vaittinen et al. 2010b, Section 3.5.6, p. 51-53). During 20092010 temporary drawdowns were mainly associated with the drilling of grouting holes
in the shafts through the HZ20 zones. In other drillholes, except for the packed-off
sections connected to the HZ20 system, the long-term monitored decrease in pressure
heads near the ONKALO has remained of the same order of magnitude, c. 1 m, during
2008-2010. In contrast, the decrease in measured head in the HZ20 system was up to 10
m (Vaittinen at al. 2010b, Tables 3-6 and 3-7).
The comparison of measured and computed hydraulic heads is discussed below, mainly
for those drillholes that have intersections with HZ19A, HZ19B, HZ19C, HZ20A
and/or HZ20B. The largest influence of the ONKALO can be seen in those packed-off
sections that intersect zones HZ20A and HZ20B at elevations below -250 m. It is very
important to follow the head drawdowns in these sections since low hydraulic heads
indicate areas where upconing of saline water is possible. The simulated results should
be evaluated mainly according to the criterion of how well the model predicts
permanent drawdowns in packed-off sections, i.e. drawdowns at the end of 2010.
Temporary leakages cause large drawdowns, which are more difficult to simulate, since
it is not possible to estimate accurately the leakages from the grouting holes. Detailed
results for all the 57 packed-off sections in OL-KR drillholes that intersect the five sitescale zones are shown in Karvonen (2011, Section 6.5 and Appendix 5) and graphs
include packed-off sections that intersect either HZ20A or HZ20B.
The measured and computed temporal variation of hydraulic head in selected packedoff sections of deep drillholes OL-KR are shown in Figure 9-22 to Figure 9-26. The
graphs include monitored heads for the period 01.11.2008-25.10.2010 for drillholes
located near the infiltration experiment area (OL-KR01 and OL-KR10) and for the
period 01.01.2009-25.10.2010 for the other packed-off drillholes. The computed
hydraulic heads in all packed-off drillholes are shown for the period 20.05.200831.12.2010. The hydrogeological analysis of pressure responses during excavation
through the HZ20 zones (Vaittinen et al. 2010a) was used as the basis for selecting the
time window for comparing the measured and computed heads in the deep drillholes.
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Basic data for the OL-KR drillholes and information on packed-off sections are given in
Vaittinen et al. (2010b, Appendix 2, p. 99-100 and Appendix 3, p. 102-107) and a map
of existing OL-KR-drillholes is shown in Figure 9-20.
OL-KR01
OL-KR01 intersects with HZ20A in measurement section L7 (-98 m) and, according to
Figure 9-22 (uppermost graph), the influence of temporary leakages due to grouting
holes can be seen in the head measurements of section L7. The modelled temporary
response is lower than the corresponding measured one; however, the computed and
measured heads in section L7 at the end of year 2010 are similar (H is around 2.5 m)
OL-KR04
OL-KR04 intersects four zones: HZ19A in section L6 (-70 m), HZ19C in section L5 (100 m), HZ20A in section L4 (-291 m) and HZ20B in section L3 (-343 m). The
computed hydraulic heads for the monitoring levels L2 – L7 are shown in Figure 9-22
(middle graph), indicating that the model provides a good prediction of both the head
drawdown and the head at the end of 2010 in section L3 (HZ20B). The computed head
at the end of 2010 is close to the measured value in section L4 (HZ20A), but the
computed temporal response is lower than the corresponding measured one. At the end
of 2010 the head in section L3 is around -9..-8 m and in section L4 c -5 m.
OL-KR05
OL-KR05 intersects HZ20A in section L8 (-37 m), which is quite close to the bedrock
surface. The measured response is around 1.0 m (see Figure 9-22, lowest graph) but the
model cannot reproduce it, due to the fact that it overestimates the water exchange rate
between the bedrock matrix and the fracture zone at this depth. In the SHYDM the rate
of water exchange between bedrock and a fracture zone (see Karvonen 2010, Chapter
2.4, p. 9-14) is dependent on the lateral hydraulic conductivity in the uppermost 50 m of
the bedrock (K=1.0·10-7 m/s), on the transmissivity (T=1.5·10-5 m2/s, see Löfman et al.
2010, Table 4-1) and also on the estimated thickness (4.2 m, see Vaittinen et al. 2009b,
Table 4-13) of the fracture zone. In the model high values for K and T imply too rapid
an exchange rate and too small a response in head to the ONKALO leakages close to the
surface.
OL-KR07
OL-KR07 intersects three zones: HZ19B in section L4 (-41 m), HZ20A in section L2 (198 m) and HZ20B in section L1 (-269 m). The measured and computed heads in
sections L1-L4 are shown in Figure 9-23 (uppermost graph). The computed head at the
end of 2010 is almost the same as the measured one (H = -4 m) in section L2 (HZ20A),
but the computed temporal response is smaller than that measured. The measured head
in section L1 (HZ20B) is around -20 m and the computed value much higher (-13..-4.5
m). The measured drawdown is related to the intersection of local zone ONK56 with
pilot hole ONK-PH10 in March 2009 (Vaittinen et al. 2011, Chapter 3). A small leakage
(0.4 L/min) caused the rapid and permanent drawdown in head in measurement interval
L1.
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Figure 9-22. Measured and computed heads in packed-off drillholes OL-KR01
(uppermost graph), OL-KR04 (middle graph) and OL-KR05 (lowest graph). Note, the
vertical scale is different in the three graphs.
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The model does not yet include local zone ONK56 and the strong response cannot be
modelled correctly. The head drawdown in OL-KR07 in section L1 is very similar to
the head response in OL-KR03 and OL-KR39 caused by a small leakage (0.5 L/min) of
local zone KR3_Frac (see Influence of Local Zone, below).
OL-KR08
OL-KR08 intersects three zones: HZ19A in section L3 (-65 m), HZ19B in section L2 (216 m) and HZ20B in section L1 (-490 m). The model predicts relatively well the
drawdown in section L1 (HZ20B) but overestimates the drawdown in zone HZ19B in
section L2 and in zone HZ19A section 3 (Figure 9-23 middle graph). The head in
section L1 is around -4 m at the end of 2010.
OL-KR09
OL-KR09 intersects two zones: HZ19C in section L5 (-132 m) and HZ20B in section
L3 (-428 m). The measured and computed heads in packed-off sections L2-L6 are
shown in Figure 9-23 (lowest graph). The model slightly overestimates the drawdown in
section L3 (HZ20B) and in section L2 (bedrock matrix). The measured and computed
responses in section L4 (bedrock matrix) are similar.
OL-KR10
OL-KR10 intersects four zones: HZ19A in section L8 (-44 m), HZ19C in section L7 (71 m), HZ20A in section L6 (-251 m) and HZ20B in section L5 (-317 m). The
measured and computed heads are given in Figure 9-24 (sections L1-L4 in the upper
graph and sections L5 and L6 in the lower graph). The measured and computed values
are in good agreement in section L5 (HZ20B) and in section L4 (bedrock matrix). The
head at the end of 2010 is around -10 to -9 m. The modelled temporal response in
section L6 (HZ20A) is smaller than that measured. The computed head in L6 at the end
of 2010 (H=-3 m) is around 2 m above the measured value (H=-5 m).
OL-KR20
OL-KR20 intersects HZ20A in section L5 (-81 m) and the effect of the ONKALO can
be seen in this monitoring section, both in the measured and computed values (see
Figure 9-25, uppermost graph). The temporary leakages from grouting holes during
2010 were probably underestimated, since the modelled dynamic response was smaller
than that measured at the end of the computational period, but was well estimated for
the early part of 2009, when the estimated temporary leakages were around 10-15 L/min
greater than during 2010. The measured and computed heads in L5 at the end of 2010
are almost the same (H= 3.0-3.7 m).
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Figure 9-23. Measured and computed heads in packed-off drillholes OL-KR07
(uppermost graph), OL-KR08 (middle graph) and OL-KR09 (lowest graph). Note, the
vertical
scale
is
different
in
the
three
graphs.
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Figure 9-24. Measured and computed heads in packed-off drillhole OL-KR10. Deepest
sections are shown in the upper graph and heads at observation levels L3, L5 and L6 in
the lower graph. Note, the vertical scale is different in the two graphs.

OL-KR22
OL-KR22 intersects five zones: HZ19A in section L4 (-76 m), HZ19B in section L3 (120 m), HZ19C in section L4 (-88 m), HZ20A in section L2 (-322 m) and HZ20B in
section L1 (-357 m). The modelled highest drawdowns in section L2 (HZ20A) were
slightly underestimated compared to the measured values (see Figure 9-25, middle
graph), but the computed head at the end of 2010 (H=-6..-5 m) is close to that measured.
The measured head in section L1 (HZ20B) was very close to that in L2 and is not
shown in the graph. The effect of the ONKALO cannot be seen in sections L3 and L4.
Drawdown in L3 and L4 in July-August 2009 is related to the period when drillhole
OL-KR22 was open (see Vaittinen et al. 2010b, p. 55, Figure 3-28)
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OL-KR23
OL-KR23 intersects four zones: HZ19A in section L5 (-72 m), HZ19B in section L3 (158 m), HZ19C in section L4 (-109 m) and HZ20A in section L1 (-347 m). The
measured and computed drawdown in heads in section L1 (HZ20A) are similar, as
shown in Figure 9-25 (lowest graph). The limited effect of the ONKALO can be seen in
sections L4 (HZ19C) and L5 (HZ19A) in July-August 2009, but this drawdown is most
probably related to the period when OL-KR22 was open. The head at the end of 2010
was around -5 m in section L1 (HZ20A).
OL-KR25
OL-KR25 intersects five zones: HZ19A in section L6 (-64 m), HZ19B in section L4 (110 m), HZ19C in section L5 (-85 m), HZ20A in section L3 (-323 m) and HZ20B in
section L1 (-374 m). The measured and computed heads are shown in Figure 9-26 for
sections L1-L4 (uppermost graph). The computed heads at the end of 2010 in sections
L1 (HZ20B) and L3 (HZ20A) were around -7..-5.5 m and the corresponding measured
values around -5 m. The temporal response was slightly underestimated in sections L1
and L3.
OL-KR28
OL-KR28 intersects five zones: HZ19A in section L6 (-93 m), HZ19B in section L4 (128 m), HZ19C in section L5 (-113 m), HZ20A in section L3 (-305 m) and HZ20B in
section L2 (-348 m). The measured and computed heads are given Figure 9-26 for
sections L1-L4 (middle graph). The computed head at the end of 2010 is almost the
same as the measured head in section L3 (HZ20A, H=-6 m), but in section L2 (HZ20B)
the computed head is lower (H=-9 m) than that measured (H=-6 m). The measured head
in section L1 (bedrock matrix at depth -450 m) is around -13 m at the end of 2010 and
the corresponding computed value is -7 m.
OL-KR29
OL-KR29 intersects four zones: HZ19A in section L8 (-52 m), HZ19C in section L7 (84 m), HZ20A in section L5 (-232 m) and HZ20B in section L4 (-296 m). The
measured and computed heads are shown in Figure 9-26 (lowest graph). The computed
head at the end of 2010 in section L4 (HZ20B) is lower (H= -8 m) than the measured
value (H=-5 m). The measured and computed heads at the end of 2010 in section L5
(HZ20A) are almost the same (H=-1.5 m).
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Figure 9-25. Measured and computed heads in packed-off drillholes OL-KR20
(uppermost graph), OL-KR22 (middle graph) and OL-KR23 (lowest graph). Note, the
vertical scale is different in the three graphs.
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Figure 9-26. Measured and computed heads in packed-off drillholes OL-KR25
(uppermost graph), OL-KR28 (middle graph) and OL-KR29 (lowest graph). Note, the
vertical scale is different in the three graphs.
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Influence of local zone on head drawdown in drillhole OL-KR03
A local hydraulic zone was intersected by the ONKALO access tunnel in autumn 2009
and hydraulic connections to packed-off drillholes OL-KR03 and OL-KR39 were
observed when the head in packed-off sections OL-KR3 L4 and OL-KR39 L3 started to
decrease on 1.9.2009 (Vaittinen et al. 2010b, Figure 3-31, p. 58 and Figure 9-28). The
drawdown caused by this small leakage (0.3-0.5 L/min) was significant in OL-KR03
(distance from the ONKALO about 380 m) and much higher in OL-KR39 (distance to
the ONKALO about 50 m). The leakage occurred through a probe hole at chainage
3804 m. By the end of 2010 the groundwater levels in packed-off sections OL-KR39
L1-L3 were below the measuring range and the heads in packed-off sections OL-KR3
L1-L5 were still decreasing.

The significant head drawdown in OL-KR03 at a distance of 380 m from the ONKALO,
caused by very small leakage of 0.3-0.5 L/min, could not be explained by the known
site-scale hydrogeological zones. Two additional local zones were, therefore, included
in the Olkiluoto surface hydrological model: KR3_Frac, that connects drillholes OLKR03, OL-KR39 and the ONKALO (see Figure 9-27) and another local zone
KR3_Hole that runs parallel with drillhole OL-KR03, starting at 420 m and reaching
elevation -100 m. The purpose of local zone KR3_Hole is to allow pressure
redistribution along drillhole OL-KR03. The existence of local connections between the
ONKALO and OL-KR03 and OL-KR39 can only be seen based on measured
drawdown data and KR3_Frac cannot be identified with any other existing data. This
type of local drawdown measurement is not yet employed in any feedback into the
refinement of the hydro-DFN and EPCM-models (see also Section 9.3.2).
Drillhole OL-KR03 intersects KR3_Frac at elevation Z=-305 m in measurement section
L4 (depth range 339.2-343.2 m). The log(T) transmissivities of these local zones are
assumed to be: for KR3_Frac -7.7 and for KR3_Hole -9.2.
OL-KR03
The measured and computed hydraulic heads in packed-off sections L1-L6 of drillhole
OL-KR03 are shown in Figure 9-28 (upper graph). The head drawdown is largest in
section L4 (depth range 339.2-343.2 m along the drillhole) and the agreement between
the measured and computed heads in this section is reasonable. The second largest
response is in section L3 (380.8-398.2 m) where the measured and computed heads are
similar. The model also computes the head drawdown well in section L5 (242.6-253.2
m) but overestimates the drawdown in the deep sections L1 (469.2-473.2 m) and L2
(399.2-468.2 m). The response is insignificant in the measurement section closest to the
surface (L6, depth range 126-241.6 m). The overall conclusion is that heads are still
decreasing, but that the slope of head curve is quite small at the end of 2010.
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Figure 9-27. Location of the local zone (KR3_Frac) that connects drillholes OL-KR03,
OL-KR39 and ONKALO. The distance from the ONKALO to the intersection point of
drillhole OL-KR03 and the local fracture is around 380 m. Drillhole OL-KR03
intersects KR3_Frac at elevation Z=-305 m (measurement section L4) and the elevation
of the local zone is around -300 m in the western part of the zone and around -370 m at
the intersection point with the ONKALO. The leakage from the local zone into the
ONKALO is only around 0.3-0.5 L/min.

OL-KR39
OL-KR39 intersects zone HZ19C in section L5 (-90 m) and the local zone KR3_Frac.
The measured and computed heads in sections L1-L4 are shown in Figure 9-28 (lower
graph). Both the computed and the measured heads are very low in sections L1-L4, due
to the leakage from local zone KR3_Frac into the ONKALO.
Uncertainties related to estimation of drawdown caused by the ONKALO

Monitoring the effect of the ONKALO on hydraulic heads in the shallow observation
points is complicated by the fact that various types of construction works (roads, paved
areas, ditches etc.) have taken place after the excavation of the ONKALO tunnel started
in 2004. In the present version of the Olkiluoto surface hydrological model, timedependent influences due to changes in land use cannot be taken into account and,
therefore, the model cannot separate the effect of leakage from the influence of the
construction works. Improvement to the model will be carried out during 2011 so as to
accommodate the effects of temporal changes in land use.
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Figure 9-28. Measured and computed hydraulic heads in packed-off section L1-L6 of
the drillhole OL-KR03. Anomalously large drawdowns are caused by a local structure
that intersects the ONKALO tunnel at elevation -300 m and is connected to drillholes
OL-KR03 and OL-KR39.

The fracture zone model used in computing the results shown here is the HZ2008
version (Vaittinen et al. 2009b) and the model will be updated to use the most recent
HZ2010 version. In addition, the model needs to make use of calibrated hydraulic head
measurements in the uppermost sections of the deep OL-KR drillholes. A more detailed
study related to the influence of the Korvensuo reservoir will also be carried out, to
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distinguish the effect of changes in the water level of the reservoir (see Vaittinen et al.
2010b, Section 4.6, pp. 74-79) from the head responses caused by the ONKALO.
There are considerable uncertainties related to the modelling of drawdowns in OLKR03 and OL-KR39, caused by the small 0.3-0.5 L/min leakage from local fracture
zone KR3_Frac. These uncertainties are difficult to handle, since the existence of the
connection between the ONKALO and OL-KR03 can be identified based only on
measured drawdown data. The small leakage from KR3_Frac is around 1% of the total
measured leakage to the ONKALO (30-35 L/min) and therefore the significance of this
zone is minor.
9.3.2

Prediction-outcome studies in the ONKALO

The open tunnels and shafts of the ONKALO, and the subsequent repository, are likely
to create a hydraulic disturbance to the site's groundwater system for hundreds of years
(e.g. inflow of groundwater to the open tunnels, drawdown of the groundwater table,
intrusion of surface water containing oxygen and carbon dioxide deep into the bedrock,
and upconing of deep saline groundwater). Assessment and prediction of this
disturbance has already been performed in three modelling rounds since 2004, when the
excavation of the ONKALO was started. The objective of this Section is to assess the
possible hydrogeological disturbances caused by the excavation of the ONKALO,
together with the accuracy of the previous predictions (Löfman et al. 2009), and also to
provide new predictions for the inflow and hydraulic heads at the monitoring points
during the whole period of the construction, as well as to make some statements
regarding the short-term evolution of groundwater levels. In addition, the evolution of
the salinity distribution, in particular, the possible upconing of deep saline groundwater
in the vicinity of the tunnels, is considered.
Modelling approaches and assumptions

The predictions were performed by means of a numerical site-scale groundwater flow
simulation. The modelled volume is a straight wedge covering Olkiluoto Island and the
surrounding vertical lineaments (Figure 9-29) to a depth of 2000 m. The top surface of
the model is flat - variations in the elevation of the water table are handled with the
boundary conditions prescribed. The hydrogeological properties of the Equivalent
Porous Medium (EPM) model were derived from the Hydro-DFN model (Hartley et al.
2010) developed for the Olkiluoto site. It is important to note that the current
hydrogeological properties differ considerably from those used in the previous
modelling rounds: the hydraulic conductivity field of the rock matrix was constructed
by upscaling the properties of the Discrete Fracture Network (DFN) model, whilst the
transmissivity field over the large, deterministic hydrogeological zones followed a
depth-dependent trend, around which it was stochastically perturbed (see Hartley et al.
2010 for details). All other parameter definitions relevant in transport calculations were
similarly reset.
The simulation time started in September 2004, when the ONKALO excavations began,
and lasted up to the (assumed) end of the excavation of the fourth and fitfh shafts by the
end of 2015. The model was calibrated against the measured inflows and the head
distribution (Vaittinen et al. 2011) and considered, although not rigorously as a part of
the calibration, the salinity in the deep drillholes. For the sake of computational
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efficiency the evolutions of head and salinity were analyzed separately, using two
somewhat different modelling approaches and assumptions.
The head histories were obtained by solving the conventional flow equation with a
transient finite element model. Salinity was neglected in these simulations, as densitydependent flow does not significantly account for the drawdown of the water table in
the upper part of the bedrock (containing fresh/brackish water), to which the drawdown
is confined (there is a rather small increase in the groundwater’s density over the
uppermost 500 m). The undisturbed conditions were used as initial conditions in the
simulations, and the advancing drifts were implemented as time-step-specific, constant
head boundary conditions.

Figure 9-29. Outlines of the modelled volume on the ground surface and the location of
the horizontal (2.5 x 2.0 km2) and the vertical (2.0 x 1.0 km2) cross-sections, along
which the evolution of the salinity is presented.

The evolution of the salinity distribution was calculated by employing a coupled (flow
and salt transport), transient model. The initial conditions for pressure and salinity were
based on the current baseline flow conditions obtained from calculating the flow
evolution from 10 000 years BP up to the present day (but before the start of the
ONKALO excavations). The external boundary conditions on the model boundaries
were similar to those of the baseline modelling, disregarding land uplift due to the short
modelling period. In a similar manner to the head calculations, the effect of the
advancing tunnels was implemented with a series of nodal pressures set to express
atmospheric conditions.
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Modelling the ONKALO tunnels

The ONKALO layout is that of May 2009 (Figure 9-30). Contrary to the previous
layout, specific to this design is the single characterisation level at a depth of about -435
m and correspondingly only one long access ramp.

Figure 9-30. The layout and the actual progress of the ONKALO excavation on
7.4.2011 (top, see http://www.posiva.fi) and the model of a stepwise excavation
schedule of the ONKALO (bottom) assuming the excavation rates presented in Table 912. The modelled tunnel is coloured by the schedule (Table 9-13), with colours referring
to consecutive years of excavation.
Table 9-12. The excavation rates for the different parts of the ONKALO tunnels (layout
as of May 2009).

Type

Rate [m/d]

Note

1.7 (2004)
2.4 (2005-2006)
Access tunnel

2.0 (2008)

Annual average of the actual
excavation rates;

2.0 (2009)

Posiva’s weekly reports

2.5 (2007)

1.4 (2010-2011)
Shafts

10.0

Posiva’s weekly reports
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Table 9-13. The schedule for excavation of the shafts of the ONKALO down to a
repository depth of 440 m.

Excavation schedule

All the tunnels were modelled explicitly according to the layout and taking into account
the progress of the excavations, using a stepwise excavation schedule (Table 9-12and
Table 9-13). The annual averages of the actual excavation rates over the period 20042010 were applied to the excavation of the access tunnel of the ONKALO. The latest
annual rate was applied from the beginning of 2011. As the timing of the excavation of
the shafts is crucial when reproducing the pressure head histories, special care was
exercised to accurately model their excavation. Shafts were taken into account, with
their specific excavation rates, advancing upwards after the access tunnels had reached
their junctions with the shafts. A stepwise excavation schedule was used for the central
tunnels.
Finite element model of the tunnels

The conceptual geometry of the three-dimensional tunnel system was simplified into a
wireframe model, in which each tunnel segment was represented by a section, i.e. no
physical extension perpendicular to the tunnel was considered (Figure 9-31). This
wireframe model was defined in a finite element mesh, which consisted of tetrahedra for
the rock matrix and triangular elements for the hydrogeological zones. The finite
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element mesh was refined around the tunnels so that the average length of the sides of
the tetrahedral and triangular elements was about 4 m (Figure 9-32).
In the mesh, the effect of each tunnel segment was modelled with a set of timedependent, nodal, internal boundary conditions. These boundary conditions representing
the advancing ONKALO tunnel were defined as a series of fixed heads along the
hydraulically-active parts of the wireframe model. The drift segments were made
hydraulically-active by switching on time-step-specific constant heads equal to the
elevations of the nodes, thus implementing atmospheric conditions. (Pressure boundary
conditions effecting atmospheric conditions are obtained by multiplying the elevation of
the node by the density of the water and the rate of gravitational acceleration.) The
timing of the activation of a certain tunnel segment was determined from the excavation
rates and the position of the segment in the wireframe model. The set of active nodes
was updated for each time step. Simulation time was discretised with variable-length
time steps, with typical values of two months to capture the dynamics of the head
evolution, yet maintain computational efficiency.
This setup made the internal nodes representing the open tunnels act as a series of
hydraulic sinks. The sinks, i.e. the drifts, were connected to the sources of water (the
surface boundary conditions) either directly or indirectly by the triangular elements
representing the hydrogeological zones, as well as the tetrahedral elements representing
the rock matrix.
Grouting and the EDZ

In order to limit inflows into tunnels, the hydrogeological zones (HZ) intersected by
drifts and the sparsely fractured rock (SFR) in the vicinity of them are customarily
sealed by grouting.
In the case of the ONKALO, grouting has actually been applied to the HZs and, at
shallow depths above about -100 m, also to the conductive parts of the SFR. At greater
depths the grouting of the SFR has proven to be unnecessary, mainly because of the
general decrease in the permeability of the SFR with depth (the rock contains very few
transmissive fractures).
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Figure 9-31. Wireframe model of the ONKALO (top). The grouting of the
hydrogeological zones (HZ) intersecting the ONKALO (bottom). The grouting in the
finite element model was implemented by decreasing the transmissivity of the triangular
elements (representing the HZs) adjacent to the tunnels.
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Figure 9-32. The nearest tetrahedral finite elements adjacent to the ONKALO. To
model the effect of the grouting and/or the positive skin, the hydraulic conductivity of
these elements representing the sparsely fractured rock was decreased to obtain an
acceptable agreement between the observed and calculated inflows.

The use of the upscaled measured hydraulic conductivity of the SFR in the numerical
model around ungrouted tunnel sections resulted in inflows of unacceptably large
magnitude. This suggests that either the upscaled properties are not valid in the context
of the inflows, or between the ungrouted SFR and the tunnels (which are at atmospheric
pressure) there is an hydraulic barrier. Due to the blasting process, other mechanical
effects, as well as chemical and thermal processes, the connectivity of the fractures in
the rock next to the excavations decreases (see e.g. Mellanen et al. 2009), and this lower
connectivity results in a lower hydraulic conductivity of the SFR in the excavation
damaged zone (EDZ). The concept of this hydraulic barrier may be realised by the
introduction of a positive skin around the tunnels, which, in a similar manner to the
grouting, effectively limits the inflow into the tunnels. The presence of the positive skin
has been shown in the EDZ experiments, in which a steep rise of the water pressure was
detected transverse to the tunnels (Black & Barker 2007).
Accurately modelling the grouting efficiency and the effect of the EDZ is important in
characterising the role of the HZs and the SFR in connecting the sources of water (the
surface boundary connections) to the sinks (the tunnels). The grouting efficiency was
also revised, due to more data on tunnel inflows becoming available.
In the modelling, the effects of the grouting and the positive skin were implemented by
decreasing the transmissivity of the triangular elements that represent the intersecting
HZs (Figure 9-31) as well as the hydraulic conductivity of the tetrahedra that model the
SFR adjacent to the tunnels (Figure 9-32). In the numerical model this effect also
depends on the size of the finite elements to which these values have been assigned. The
average length of the sides of the grouted tetrahedral and triangular elements was about
4 m, which means that the grouting and the positive skin in the model extended to
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somewhat greater distances from the tunnel walls than the estimated penetration depth
of the grouting cement. The model parameters for the grouting efficiency and positive
skin were obtained by calibrating the modelled against the measured inflows into the
tunnel.
Calibration

The site-scale flow model is a simplified, larger-scale description of the bedrock. In the
flow model the hydraulic characteristics of the SFR were modelled using an equivalent
porous medium (EPM) approach, in which the fracture system was treated as a single
continuum with an effective hydraulic conductivity. The effective conductivity was
based on the measured small-scale values, which were averaged to obtain a
representation of a similar overall behaviour of the fracture network on a larger length
scale (i.e. the site scale). Although the effective conductivity concept is valid in the
characterisation of the overall groundwater flow conditions in the bedrock, locally (e.g.
near the ONKALO) its validity may be more limited. This was manifested by the
calculated inflows, which, in comparison to the measured values, were too high when
assuming the conductivity of the SFR equivalent to the surrounding bedrock in the
central area. The high level of inflows called for an adjustment in the concept of the
hydrogeological description of the surrounding rocks and the recognition of their locally
excessive hydraulic conductivity as the reason for the excessive inflows.
Thus a more accurate description of the hydraulic behaviour of the grouting and the
assumed positive skin necessitated a decrease in the transmissivities of the HZs and the
hydraulic conductivity of the SFR. The final values of these model parameters (Table 914 and Table 9-16) were calibratied values and the measure of the decrease was
determined iteratively. The calibration was guided by the measured inflow into the
ONKALO and the head histories around it in the deep drillhole sections available up to
the end of 2010.
The grouting efficiency at the intersections of the tunnels and the HZs was selected,
such that the inflows from the HZ19 and the HZ20 systems remained about 8 L/min
each, corresponding to the observations (Vaittinen et al. 2011). (Note that in the
previous modelling round the observed inflows from the HZ19 and HZ20 systems were
3-5 L/min each in 2007.) The combined inflow from the SFR and all the intersected
HZs was accepted when it remained about 35 L/min by the end of 2010.
The inflows had been observed down to a depth of about 400 m by the end of 2010, thus
the validity of the calibrated grouting efficiency and the positive skin could only be seen
for the sections of the tunnel which had been completed by this date and from which
measurements were available. However, the ONKALO will eventually extend to a
depth of 457 m, from where more shafts are to be drilled upwards, all of which will
intersect HZ20B (
Figure 9-30). Even in the absence of inflow measurements, in the simulations similar
grouting efficiencies and positive skins are assumed for the tunnel sections below 400 m
as those applied as far as the last (i.e. deepest) observation point. In predicting the final
inflows by 2016 this assumption undoubtedly introduces some uncertainty; however,
the remaining ONKALO sections are relatively short compared to those not yet
constructed during the previous modelling rounds. On the basis of the experience gained
on the hydraulic behaviour of the ONKALO, the model parameter values applied to
depths greater than 400 m are considered realistic.
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Table 9-14. The transmissivity [m2/s] of the hydrogeological zones (HZ) at their
intersections with the ONKALO. These values are typically smaller than the depthdependent, stochastic transmissivities elsewhere over the zones in order to obtain an
acceptable agreement between the measured and the calculated flows. In the previous
Site Report 2008 (Löfman et al. 2009), the transmissivity of the grouted locations was
5.0·10-9 m2/s.

Hydrogeological
Zone

T [m2/s] at the
ONKALO

Basis of the
adjustment

HZ19A

1.5·10-8

Grouting

HZ19B

1.5·10-8

Grouting

HZ19C

1.5·10-8

Grouting

HZ20A

1.8·10-8

Grouting

HZ20B

1.8·10-8

Grouting

BFZ100

1.5·10-8

Grouting

Table 9-15. The hydraulic conductivity [m/s] of the sparsely fractured rock (SFR)
adjacent to the ONKALO. In the previous Site Report 2008 (Löfman et al. 2009), the
conductivity was similarly adjusted to 2.0·10-9 m/s to represent the grouting from 0-50 m
depth, whilst below that a positive skin was applied.

K [m/s] at the
ONKALO
2.0·10-9

Basis of the
adjustment
Grouting

50-100

3.0·10-10

Positive skin

100-200

3.0·10-10

Positive skin

200-400

3.0·10-10

Positive skin

400-500

3.0·10-10

Positive skin

Depth [m]
0-50

Results

In the following, predictions are presented for the calculated evolution of tunnel inflows
as well as heads and salinities in the selected deep drillhole sections around the tunnels.
These results are compared with the observations and also to what was predicted in the
previous modelling round in 2008 (Posiva 2009; Löfman et al. 2009). Some aspects of
the evolution of the groundwater levels are discussed.
In most of the calculations the simulation time covered the period starting with the start
of ONKALO excavations (September 2004) up to the (assumed) finish of the
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excavation of the fourth and fifth shafts by the end of 2015, with the exception of the
predictions for the salinity distribution, where also the undisturbed conditions had first
to be determined.
When comparing previous and current predictions, note that:
(1) in the latest update of the site-scale structural model the connectivities
between the HZs are simpler and fewer, e.g. practically no additional HZs are
connected to the ONKALO indirectly via the directly-connected HZ19, HZ20
systems and the recently-added BFZ100 zone, as used to be the case with the
HZ004 zone, which had been removed from the structural model,
(2) the hydrogeological properties of the updated baseline structural model are
based on one realisation of the upscaled Hydro-DFN model and are thus
substantially different, especially locally25,
(3) the layout and excavation schedule of the ONKALO has also been updated,
(4) the earlier results were calculated using a different mathematical model,
focusing on the evolution of the free groundwater surface and which only
calculated the head distribution (Table 9-16) and
(5) boundary conditions on the top of the model were based on the results of the
water table evolution simulation of the surface hydrology model (see Section
9.3.1)
In the presence of the ONKALO, which results in a major stress to the system, values
(actually scalar/vector fields), such as head, concentration, velocity, etc., are less
realisation-dependent than would be in the case if the system were undisturbed. Of these
values, the head distribution is the least variable across the realisations, followed by the
the inflows, however, there is considerable variability in some of the concentrations of
the chemical constituents (Hartley et al. 2010).
Inflow of water to the ONKALO

The results of the monitoring programme since 2004 have shown that the various flow
models used in the subsequent modelling rounds tended to overestimate the hydraulic
impact of the ONKALO (Posiva 2005, Andersson et al. 2007, Posiva 2009, Löfman et
al. 2009). With a growing history of measured inflows, together with the gradual
refinement of the flow models, more insight was gained about the connectivity of the
hydrogeological structures, their role in connecting the drifts to the surface boundary
conditions and the significance of the grouted tunnel sections, as well as the proportion
of the inflows originating from the HZs and the SFR.
This iterative process of accumulating experience from monitoring and then its
interpretation led to the latest predictions for total inflows (Figuew 9-33), which, for the
first time in the series of modelling rounds, are not significantly different from the
25

The differences from realization to realization are unlikely to be significant at the site scale. On page
320, Hartley et al. (Posiva WR 2012-32) it is stated that: "Head is relatively insensitive to stochastic
variability in the hydrozones and sparsely fractured rock, varying by about ±1m for individual
measurement points." However, Hartley et al. did also demonstarte some variability across realisations.
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measured data and from the previous estimates of total inflows (about 35 L/min by the
end of 2010). However, the distribution of this rate amongst the relevant
hydrogeological structures is somewhat different. In 2008 4 L/min was predicted for
each of the HZ19 and the HZ20 systems and 27 L/min for the SFR (Löfman et al.
2009), whilst the recent measurements indicate that about the twice this rate, i.e. 8
L/min, appears to come from each of these HZ systems. This also means that, according
to our current understanding, the inflows from the SFR will not exceed 17-18 L/min by
the end of 2010 and also for several years to come, until the last two shafts are
constructed in 2015 (Figure 9-30). Any significant (5-7 L/min) increase is only expected
from the HZ20B zone when the lowest sections of the first three shafts intersect it from
below in mid-2011 (Table 9-13) – assuming the reduced transmissivities of the grouted
HZs do not exceed 1.8 10-8 m2/s.
Note that, in a similar manner to all previous modelling rounds, the calculated inflows
proved sensitive to the applied grouting efficiencies of the HZs. This property of the
stressed flow system is understandable, bearing in mind that there is a two to three
orders of magnitude difference between the transmissivities of the ungrouted and
grouted HZs.
Note also that, whereas most of the observed water flow into the ONKALO takes place
along single fractures within the SFR, the calculated inflow from the SFR, however, is
evenly distributed along the tunnels, because the single fractures have not been
considered explicitly in the flow model.
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Figure 9-33. Inflows into the ONKALO in time. The dashed lines denote the inflow
calculated with the previous model for 2008 (Posiva 2009, Löfman et al. 2009). The
markers represent observations at certain points of chainage, measured at several
different times up to 2010 (Vaittinen et al. 2011), and are related only to the chainage
axis of the figure, not the time axis.
Groundwater level

The previous modelling round concluded that neither the observed groundwater level
histories nor the calculated ones had exhibited any significant change that could have
been attributed to the excavation of the ONKALO, except perhaps in its immediate
vicinity in the Liiklansuo area (Vaittinen et al. 2008, Löfman et al. 2009). This
conclusion has been further reinforced with the monitoring data collected since then
(Vaittinen et al. 2010b, Vaittinen et al. 2011), even though the depth of the ONKALO
has increased by more than 150 m.
For this reason, the current predictions do not consider the evolution of the free
groundwater surface, as was done in the previous modelling round. Moreover, as was
shown in Löfman et al. (2009), the results of those studies were somewhat sensitive to
the spatial distribution of the infiltration, for which neither detailed data nor forecasts
for the future are readily available.
The apparent insensitivity of the groundwater level measured over Olkiluoto Island
(about 7 km2) to the presence of the ONKALO is perhaps not very surprising,
considering that:
(1) the total inflow to the ONKALO (about 35 L/min) is equal to the flux from
precipitation (3-4% of 550 mm/yr) over only a 1 km2 area and
(2) the inflow to the ONKALO originates only partly from precipitation, a
significant portion of it may come from ancient waters stored in the rock matrix.
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This means that more than a few hundred metres away from the ONKALO the
groundwater levels are expected to be affected considerably more by the
distribution of the infiltration than by any disturbance the ONKALO may cause.
Another reason as to why changes in the groundwater levels remain so limited is that
the subhorizontal HZ19 system just above the ONKALO acts as a hydraulic shadow or
'umbrella'. However powerful a sink the ONKALO may be, its suction reaches the
surface damped by the conductive HZ19 system, which also outcrops. The few
piezometers that detected some moderate sinking of the groundwater table are found in
the Liiklansuo area, which is crossed by the trace of the uppermost HZ19A zone. The
presence of this zone lends itself to the conclusion that communication between the
groundwater and the ONKALO might be more pronounced along the trace of HZ19A,
whilst at the same time remaining very limited elsewhere.
It may be concluded that, although deeper sections of the ONKALO have become
hydraulically active over the past two years, they are at such a depth that they have no
detectable effect on the groundwater levels or on the surface waters. On the other hand,
tunnel sections excavated earlier in the shallower bedrock still can only be associated
with the same suction as was the case four to five years ago. These tunnel sections
appear to have had no significant impact on the groundwater levels over this period, and
there is thus no basis for expecting that this situation is likely to change in the near
future. Further studies may clarify if the time during which the ONKALO is
hydraulically active (i.e. until it is backfilled) is long enough to affect the groundwater
levels at all.
Thus the continued progress of the ONKALO excavations appears to have had no
further effect on the groundwater levels and as long as the results of the monitoring
support this interpretation it is suggested that prediction studies disregard this aspect of
the impact of the ONKALO. Note that this aspect justifies the return to the more
efficient mathematical model using a fixed model surface over the free surface
approach.
Hydraulic heads in the deep drillholes

The assessment of the hydraulic heads was performed along 27 deep packed-off
drillholes, from which the most representative and comprehensive time series of data
were obtained (Vaittinen et al. 2010b, Vaittinen et al. 2011). The changes in head
observed in drill holes KR1, KR3, KR4, KR5, KR7, KR8, KR9, KR10, KR13, KR15,
KR16, KR17, KR18, KR19, KR20, KR22, KR23, KR25, KR27, KR28, KR29, KR37,
KR39 and KR44 (Figure 9-34 to Figure 9-39 and Figure 9-40) can also most probably
be attributed to the excavation of the ONKALO. Drawdowns over 10 m were measured
in 19 packed-off sections, some three times as many as in the previous modelling round.
In certain drillhole sections the head was not or could not be measured, because of the
measurement limit, and the numerical model predicted similarly large drawdowns for a
few more packed-off locations.
The progress of the excavation works clearly redefined the drawdown field in the
vicinity of the ONKALO deep in the bedrock, which helps explain the behaviour of the
flow system.

810

The reason why any significant drawdown could be detected in a packed-off section
was either:
(1) its proximity (i.e. a few tens of metres) form the ONKALO, or
(2) a good hydraulic connection from the drillhole to the ONKALO.
This latter reason is typically manifested by an identified, conductive, large,
deterministically-defined HZ, which is either intersected by both the ONKALO and also
by the packed-off section, or is intersected by one of these and lies sufficiently close to
the other.
All the high-drawdown drillhole sections were checked (Table 9-18) for the existence of
these two conditions and, in almost every case, either or both of them was identified.
The only exception was the KR03_L4 drillhole section at -306 m, in which an 11 m
drawdown developed, although it lies some 375 m from the nearest point of the
ONKALO and is not intersected by any of the HZs. It is not known what causes this
drawdown – perhaps the effect is due to a series of interconnected local connections
which do not fit into a site-scale model definition, but which collectively are able to
bring about this drawdown. As it was shown in Section 9.3.1, the inclusion of the
fictious KR3_Frac zone in the model between the KR03, KR39 drillholes and the
ONKALO demonstrates the presence of a good hydraulic connection extending west of
the ONKALO.
As the excavations have progressed to a depth of over 400 m, many high-drawdown
packed-off sections are found closer to the bottoms of the drillholes (the L1 and L2
sections), whereas the upper sections are generally not associated with considerable
drawdowns. A particularly conspicuous illustration to this interpretation is seen, for
example, in the head histories in KR27. The top of this drillhole, located southeast from
the ONKALO (Figure 9-40), is some 430 m from the nearest point of the tunnels. The
drillhole dips steeply to the northwest towards the ONKALO and intersects the HZ19
and HZ20 systems. Of the eight packed-off sections, the uppermost six (L3..L8) exhibit
almost no drawdown, whereas in the lowermost two (L1 and L2) the drop in head is as
much as 10 m. The distance of the no-drawdown upper sections from both the
ONKALO and the location where the ONKALO intersected the near-surface HZ19
system is 1.5 to 1.8 times the distance measured between the high-drawdown lower
sections and the ONKALO and the points where the ONKALO intersects the HZ20
system.
It appears that in the absence of conductive hydrogeological structures, the impact of the
ONKALO at depth is significant up to a distance of about 100 to150 m, otherwise the
impact of the tunnels can be detected from 30 to 500 m, and in two cases (KR09_L3,
KR44_L1) from even further away.
The results of the 2008 predictions, which also targeted the evolution of the free
groundwater surface, assumed an earlier ONKALO layout and somewhat different
excavation rates. Nevertheless up to 2009, these results appeared valid; however, since
then the predicted heads display a diverging pattern from the measurements (Figure
9-35, shown with dashed lines). Typically the measured drawdowns remain below the
earlier predictions, which can be attributed to the earlier flow model being better
connected and consisting of homogeneous HZs, and to the earlier ONKALO design
with two long access tunnel sections below 420 m depth.
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When comparing the predictions with those of the previous modelling round, some care
should be taken, due to the fact that that they were produced with rather different
models (Table 9-16).
Table 9-16. Main differences between the 2008 and 2011 models.

2008
Mathematical model
Geometry
Hydrogeological properties
Top boundary conditions

Free-surface

2011
Fixed surface

ONKALO layout and excavation rate
Structural model
Layered K for rock
Geometric average of T

Hydro-DFN upscaled
Depth-dependent T

Long-term averaged water
table

Result of water table
evolution from the surface
hydrology model

It can be concluded that the predictions of the previous modelling round can be
considered as being successful, in that in numerous cases they were able to indicate
where the high drawdowns would occur, identified the distribution of infiltration – not
the ONKALO – as the factor the groundwater levels are the most sensitive to, and
preserved their validity until the realisation of the new ONKALO layout came into
effect.
In the case of the latest predictions, the numerical model was able to reproduce the most
important drawdown histories in 24 (KR04_L2, KR04_L3, KR07_L2, KR07_L3,
KR08_L1, KR09_L1, KR09_L3, KR10_L3, KR10_L5, KR15_L1, KR22_L1,
KR23_L1, KR23_L2, KR25_L1, KR27_L1, KR28_L1, KR28_L2, KR29_L4,
KR29_L5, KR37_L1, KR39_L1, KR39_L2, KR39_L3 and KR44_L1) of the selected
32 packed-off sections (Figure 9-6, Table 9-6). Of the remaining 8 sections the
drawdown was underestimated in 6 (KR03_L1, KR03_L4, KR03_L5, KR15_L3,
KR16_L1 and KR37_L2) and overestimated in 2 (KR01_L5 and KR15_L2) sections.
The local connections between the KR15, KR16 and KR17 drillholes, the HZ20 zones
and the ONKALO are known (Vaittinen et al. 2010a) but, as they are not part of the
site-scale model, the calculated heads cannot capture their hydrogeological effect.
The current predictions were unable to reproduce the drawdowns in drillhole KR03,
northwest of the ONKALO. This discrepancy with the measured data can perhaps be
regarded an indication of the possible invalidity of the flow model in that area. The sitescale flow model is a simplified, larger-scale description of the bedrock. It does not and
cannot explicitly contain all known connections that have been detected on a smaller
scale, and which were considered implicitly by using an effective hydraulic conductivity
outside the deterministic HZs. Thus, the site-scale flow model is too coarse to capture
all observations originating from smaller-scale features.
The reasons for further discrepancies with respect to the measured head histories may
be:
(1) the applied averaged excavation rate of the access tunnel (annual average of the
actual progress of the excavations), which cannot take into account the effect of
variations in that rate, due to the technological problems, and measurement periods etc.
and
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(2) the boundary conditions on the top of the model.
An improvement in modelling the hydraulic impact of the ONKALO would be to
replace the averaged excavation rates with the actual ones. On the other hand, modelling
of most drillholes closer to the ONKALO appears to have successfully captured the
dynamics of the evolution in head. The abrupt drops in head are all due to a tunnel
section intersecting a conductive zone connected to the surface. Where the timing of
these sudden changes differs somewhat from the observed data, the reason for this is the
averaged representation of the excavation rate. In a similar manner to the calculated
inflows to the ONKALO, the simulations predict a stationary period, especially for the
upper drillhole sections from 2011 until the three shafts are drilled in 2015. In many of
the lowermost drillhole sections, however, the head is predicted to keep dropping.
For the sake of computational efficiency heads were calculated disregarding the salinity
of the water, even though at the depths where the largest measured and simulated
drawdowns occur (250-400 m) the groundwater is not fresh but moderately brackish
(with TDS concentrations ranging between 5 and 10 g/L). Although the head
distribution is, in fact, affected by the salinity, the pressure drawdown is not
significantly affected.
Note that the presented head histories were obtained from the conventional flow
equation (Bear 1979; Huyakorn & Pinder 1983):

where K is the hydraulic conductivity tensor of the rock [m/s], h is the hydraulic head
[m] and Ss the specific storage [1/m]. Thus these results depend on and are inherently
sensitive to the specific storage of the rock matrix. This parameter can be estimated
from the measured data. The previous modelling round already concluded that the upper
limit of this parameter is around 10-6 1/m, whilst on the average it is probably closer to
10-7 1/m. This estimation was supported by the sensitivity analyses for the current
predictions, as well as by the fact that the dynamics of the lowered head in the packedoff sections was best captured by this value. With regard to the specific storage, as a
fundamental parameter of time-dependent flow, the model's predictions indicate that the
assumption of uniform specific storage was not valid. Sensitivity analyses showed that
the calculated head histories obtained with different magnitudes of the specific storage
resulted in varying degrees of agreement with the corresponding field measurements.
This can be interpreted as an indication of the variation in the true magnitude of the
specific storage at different locations around the ONKALO.
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Table 9-17. Average depths of the packed-off sections for which calculated head
histories were available (see Figure 9-40 for the locations of these sections).

Drillhole

KR01

KR04

KR07

KR09

KR13

KR16

KR18

KR20

KR23

KR27

KR29

KR39

Packed-off
section
L5
L3
L2
L1
L3
L2
L1
L3
L2
L1
L5
L3
L1
L5
L4
L1

Average
depth [m]
-300
-497
-573
-712
-335
-488
-604
-122
-214
-405
-129
-428
-509
-35
-170
-385

Drillhole

Packed-off
section
L8
L5
L4
L1
L8
L3
L1
L2
L1

Average
depth [m]
-50
-222
-305
-416
-37
-242
-405
-215
-485

L7
L5
L3
L4
L3
L2
L1
L6
L2
L1

-61
-313
-395
-60
-121
-233
-440
-36
-95
-130

L4
L3
L2
L1
L5
L2
L1
L7
L5
L2
L3
L2
L1
L4
L1

-62
-86
-118
-147
-27
-68
-96
-32
-78
-324
-149
-309
-359
-159
-390

KR17

L6
L4
L1
L8
L1

-78
-193
-435
-33
-347

KR25

L4
L1

-103
-450

KR28

L6
L3
L1
L3
L2
L1

-94
-308
-410
-116
-157
-186

L5
L4
L2
L1
L4
L3
L2
L1

-228
-297
-641
-779
-121
-323
-345
-415

KR37

L2
L1

-84
-416

KR03

KR05

KR08

KR10

KR15

KR19

KR22

KR44
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Table 9-18. Packed-off sections with the highest measured drawdowns and their
separation lengths from the ONKALO (see Figure 9-40 for the locations of these
sections). Also the calculated drawdowns are shown for comparison. The numerical
model reproduces the high drawdowns but their occurrence is somewhat offset in time.
Packed-off
section

HZ near/
intersected

Distance
from
ONKALO
[m]

Depth
[m]

Observed
drawdown at
the end of 2010
[m]

Calculated
drawdown at
the end of 2010
[m]

KR01_L5

-

135

-300

25

40

KR03_L4

-

375

-305

11

1

KR04_L2

-

20

-470

> 30

3 (mistimed)

KR07_L1

-

24

-320

> 30

37

KR08_L1

HZ20B

300

-480

10

10

KR09_L3

HZ20AB

520 (tunnel)
720 (shaft)

-430

13

11

KR10_L3

-

140

-400

> 30

11

KR16_L1

HZ20A

140

-145

10

2

KR22_L1

HZ20B

180

-340

11

12

KR22_L2

HZ20A

180

-340

11

12

KR23_L2

HZ20A

130

-305

> 30

20 (mistimed)

KR25_L1

HZ20B

230

-450

13

8

KR27_L1

HZ20A

145

-390

11

12

KR28_L1

-

20

-410

> 30

10 (mistimed)

KR28_L2

HZ20B

90

-350

11

12

KR28_L3

HZ20B

80

-300

11

13

KR28_L8

-

20

-45

8

3

KR29_L4

HZ20B

380

-290

10

8

KR37_L1

-

15

-190

> 30

27

KR39_L1

-

75

-415

>30

18

KR39_L2

-

45

-345

>30

29

KR39_L3

-

50

-320

> 30

26

KR44_L1

HZ20B

405 (tunnel)
1000 (shaft)

-560

10

10

Figure 9-34. Calculated (the previous flow model for 2008, dashed lines, and the current flow model for 2011, solid lines) and the observed
hydraulic heads (markers) in selected packed-off sections of the KR1, KR3, KR4 and KR5 drillholes.
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Figure 9-35.. Calculated (the previous flow model for 2008, dashed lines, and the current flow model for 2011, solid lines) and the observed
hydraulic heads (markers) in selected packed-off sections of the KR7, KR8, KR9 and KR10 drillholes.

Figure 9-36. Calculated (the previous flow model for 2008, dashed lines, and the current flow model for 2011, solid line) and the observed
hydraulic heads (markers) in selected packed-off sections of the KR13, KR15, KR16 and KR17 drillholes.
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Figure 9-37. Calculated (the previous flow model for 2008, dashed lines, and the current flow model for 2011, solid line) and the observed
hydraulic heads (markers) in selected packed-off sections of the KR18, KR19, K20 and KR22 drillholes.

Figure 9-38. Calculated (the previous flow model for 2008, dashed lines, and the current flow model for 2011, solid line) and the observed
hydraulic heads (markers) in selected packed-off sections of the KR23, KR25, KR27 and KR28 drillholes.
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Figure 9-39. Calculated (the previous flow model for 2008, dashed lines, and the current flow model for 2011, solid line) and the observed
hydraulic heads (markers) in selected packed-off sections of the KR29, KR37, KR39 and KR44 drillholes.
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Figure 9-40. The ONKALO and the drillholes in which the hydraulic heads and the
salinity results are presented. The depth of the drillhole sections are presented in Table
9-17.
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Groundwater salinity

The assessment of the TDS concentration was based on the monitoring data from the
deep drillholes up to the end of 2009 (Penttinen et al. 2011) (Figure 9-41), which
consisted of 99 deep groundwater samples collected from 17 different open or multipackered drillholes. Most of the monitored groundwater samples were measured from
single fractures, which had been interpreted as being part of the SFR.
Modelling the evolution of the salinities was performed in two stages: first the evolution
of the coupled pressure and salinity fields was determined from 10 000 years ago until
the ONKALO was started, in order to obtain the initial conditions for the second stage,
secondly the advancing drifts were implemented as gradually-activated, constant
pressure boundary conditions. Initial conditions for the salinity in the first stage were
based on the hydrogeochemical conditions 10 000 years ago (Hartley et al. 2010). The
mathematical model was similar to that used in the previous modelling round (Löfman
et al. 2009).
The calculations showed what was expected qualitatively: the open tunnels draw
groundwater from all directions from the bedrock and the excavations are likely to
cause an increase in the mixing of water types (Figure 9-42). In particular, especially
over the long term, there will be a mixing of fresh and brackish groundwater (from
closer to the surface) with deep saline waters. Following the advance of the excavations,
the tunnels draw increasingly fresh water from the surface, diluting the groundwater to
greater and greater depths. Simultaneously, the salinity of the groundwater gradually
starts to rise around and below the tunnel system (Figure 9-43). The rate of the fresh
water flow is strongest along the HZ19 and HZ20 systems, which are directly connected
to the tunnels. The upconing of the deep, highly saline groundwater is relatively greatest
by the characterisation level at -435 m depth and along the HZ20B structure, which
extends below -400 m depth. These two effects (dilution from the surface and upconing
from below) increase the vertical concentration gradient in the vicinity of the
ONKALO. In this time frame the measure of these qualitative expectations is, however,
rather moderate, both in the light of the observations and also the predictions. It was
shown (Löfman et al. 2010) that in the longer time frame of up to a hundred years the
measure of upconing is likely to increase several-fold.
Quantitative assessments show that although the inflow is limited by the grouting and
the positive skin, locally the salinity may still rise to a certain extent, especially along
the HZs connected to the deeper parts of the ONKALO. Whereas the previous 2008
flow model predicted the maximum effect of upconing by 9 g/L (from about the initial
21 g/L value up to 30 g/L) at the lower characterisation level by 2015, the current flow
model only suggests a rise in the maximum TDS by 5-6 g/L. This is understandable,
considering that in the previous flow model the transmissivity fields over the HZs were
characterised by the geometric means of the measurements and the hydrodynamic
dispersion with shorter dispersion lengths; thus a more pronounced advective transport
was coupled with less dispersion. In this modelling round, however, the transmissivity
fields were set to be depth-dependent and somewhat perturbed stochastically, thus
conditions for advective transport, which is the primary mechanism of the upconing,
were less favourable at hundreds of metres of depth. In addition, the applied longer
longitudinal dispersion length (25 m in the 2008 model vs. 30 m in the 2010 model),
expressing stronger mixing, also resulted in lower concentration levels at the locations
of the upconing. This result is in accordance with recent findings (Löfman et al. 2010).
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The point made during the earlier modelling rounds, that the evolution of the salinity
field depends mainly on the initial conditions, still holds true. Both the observed and
calculated salinity histories along the deep drillholes show a rather stagnant salinity
field (Figure 9-44 to Figure 9-47). The magnitude of the observations was well
reproduced in all the drillhole sections, which is a consequence of the salinity fields's
strong dependence on the initial conditions. The presence of the advancing tunnels is
barely reflected in the observations and in the calculated TDS values at the same
locations. Probably the only exception to this is the deep KR23_T424 sampling
location, where the observations show a slight (max 3 g/L), but steady increase of the
salinity, whilst the previous modelling round predicted dilution and the current model
suggests a stagnant TDS field. The reason for this diverging behaviour of the models is
due to the differing geometry of the HZ20A zone, which did not extend to a greater
depth than the bottom of the KR23 drillhole (z = -375 m) in the 2008 flow model, thus
its lower parts could only experience dilution from the surface waters. In the current
flow model HZ20A was extended to a maximum depth of 490 m, thus reaching areas of
higher salt concentrations, which are capable of triggering the (moderate) upconing. The
distribution of TDS concentration over HZ20A showed that in the 2008 model the
bottom of the KR23 drillhole sampled the edge of the zone of dilution, whilst in the
2011 model the upconing effectively counterbalanced the dilution.
In both the previous (2008) and the current (2011) models, the maxima of the dilution
or upconing could not be captured by the observations, as they occurred at locations not
sampled by the drillholes. Where more than one observation was available from the
same drillhole, the models invariably reproduced the observed concentration gradient as
well. The calculated results showed no sensitivity to the applied specific storage values
(near 0, 5·10-8 and 10-7 L/m).
It can be concluded that, in the light of the observations as well as the modelling results,
the excavation of the ONKALO has so far not resulted in any significant disturbance in
the salinity field, even in the immediate vicinity of the tunnels, nor is any significant
disturbance projected to occur by 2016. A very slight increase in the vertical
concentration gradient is suggested by the numerical models, but has not yet been
captured by the field measurements. The state of the salinity field can, thus, still be
considered as being stagnant.
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Figure 9-41. The monitoring TDS data collected in deep drillholes from 1990 up to the
end of 2009 (Penttinen et al. 2011).

Figure 9-42. The calculated (flow model as of 2010) groundwater salinity [TDS, g/L] at the vertical northwest-southeast crosssection between 2004 (undisturbed initial state before the excavations, top) and 2016 (after the whole ONKALO is excavated,
bottom). The calculations are based on the calibrated base-case parameters. See Figure 9-31 for the location of the vertical
cross-sections.
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Figu
Figure 9-43. The calculated groundwater salinity at a depth of 370 m from 2004 to 2016. . See Figure 9-31 for the location of
the vertical cross-sections.

Figure 9-44. Observed (markers) and calculated (2008 predictions: dashed line, 2011 predictions: solid line) groundwater
salinities in the KR1, KR2, KR3 and KR4 drillholes. See Figure 9-40 for the locations of the drillholes. The legend indicates the
distance of the section from the top of the drillhole in metres.
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Figure 9-45 Observed (markers) and calculated (2008 predictions: dashed line, 2011 predictions: solid line) groundwater
salinities in the KR5, KR9, KR10 and KR14 drillholes. See Figure 9-40 for the locations of the drillholes. The legend indicates
the distance of the section from the top of the drillhole in metres.

Figure 9-46. Observed (markers) and calculated (2008 predictions: dashed line, 2011 predictions: solid line) groundwater
salinities in the KR20, KR22, KR23 and KR25 drillholes. See Figure 9-40 for the locations of the drillholes. The legend
indicates the distance of the section from the top of the drillhole in metres.
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Figure 9-47. Observed (markers) and calculated (2008 predictions: dashed line, 2011 predictions: solid line) groundwater
salinities in the KR29, KR30, KR37 and KR49 drillholes. See Figure 9-40 for the locations of the drillholes. The legend
indicates
the
distance
of
the
section
from
the
top
of
the
drillhole
in
metres.
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9.4

The EDZ

9.4.1 Description of the work

The EDZ (Excavation Damaged Zone) is one of the issues to be taken into account
when evaluating the long-term safety of a disposal facility. There have been various
research and development programmes and series of investigations carried out in Posiva
concerning the EDZ over the period from 2006 to 2008. These have involved studies on
blast-induced fracturing, studied from the drill core and block samples, the use of
different characterisation methods for examining the EDZ and analysing the
significance of the EDZ in terms of long-term safety (Mellanen et al. 2009). More
recent work has included the EDZ09 Project, reported in Mustonen et al. (2010), where
considerably greater details regarding the excavation and investigative techniques
employed can be found. The EDZ09 Project was established so as to enhance the drill
and blast method, to try and limit the extent of the EDZ and to verify the feasibility of
using Ground Penetrating Radar (GPR) for characterising the EDZ. In a previous EDZ
programme GPR had been found to be a promising method of verifying the extent of the
EDZ; however, it was felt that more work was required to calibrate the use of the
method and to understand the results of the GPR investigations. The EDZ09 project was
divided into two parts: Work Package (WP1), which managed the control of the
excavation and Work Package 2 (WP2), which concentrated on the geophysical,
petrophysical and hydrogeological investigations. Long-term safety issues were not
included within the EDZ09 Project. Much of the work took place in the EDZ niche
(Tutkimustila 3, ONK-TKU-3620), with WP1 being concerned with the excavation of
the research niche in which the WP 2 activities were carried out.
The EDZ niche was excavated using drill and blast with a 4.5 x 5 m profile, using 4 m
long blasting rounds – in total ten rounds were used in the section of the niche used for
research. The whole tunnel is 50 m long, oriented N-S and directed slightly upwards at
5%. Two excavation concepts were applied: the first five rounds were charged with
emulsion explosive in helper and stoping holes, with pipe charges in the contour holes.
The second phase consisted of five rounds with cartridge explosives only. The objective
was to find out whether the two concepts were different in terms of controlling the
blasting process and, more importantly, with respect to their impact on the extent and
form of the resulting EDZ.
In WP2 a series of investigations were carried out under controlled conditions in order
to assess the EDZ, , consisting of baseline and repeat measurements performed in
drillholes before and after the excavation and of measurements that were performed in
drillholes and on the surface of the tunnel after excavation. The investigations carried
out before the excavation of the EDZ tunnel defined the baseline, undisturbed
conditions in the surrounding rock and the investigations carried out after excavation
were designed to investigate the properties of the EDZ. The induced changes in the
conditions – essentially the differences between the baseline conditions and those
measured after the excavation - indicated the effect of EDZ formation. The results of
geophysical measurements from tunnel surfaces and in drillholes were supported by
petrophysical sample data taken and analysed from the same locations.
Two pilot holes were cored parallel to the EDZ tunnel before starting its excavation
(holes ONK-PP199 and ONK-PP200, Figure 9-48), ONK-PP199 was located inside the
eventual EDZ tunnel, 75 cm from the planned tunnel wall, and ONK-PP200 1.5 m into
the surrounding rock. Four short holes (two on the floor (ONK-PP204 and 205) and two
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on the wall (ONK-PP202 and 203)) were cored forward from the tunnel face during an
excavation break and three holes (ONK-PP207, 208 and 209) (Figure 9-49) were cored
forward from the tunnel face during an assessment break, at the point when the
excavation methods were changed. These drillholes were used to define the baseline
conditions before excavation in the volume of rock close to the tunnel profile. Some of
the same holes were used for repeat investigations after the excavation to investigate the
changes induced by the excavation process.
Baseline investigations took place in two stages: Baseline 1 - before any excavation had
taken place (holes ONK-PP199 and ONK-PP200) and Baseline 2, during a break in the
excavation (holes ONK-PP202, to ONK-PP205 Figure 9-48)26.
Baseline investigations included: (1) reflection seismic single-hole surveys in drillholes
ONK-PP199 and ONK-PP200, (2) seismic tomography between these two drillholes,
(3) seismic tomography between the two pairs of drillholes shown in Figure 9-48
(horizontal pair ONK-PP2002 and ONK-PP203 and sub-vertical pair ONK-PP204 and
ONK-PP205). Some the investigation methods that had been used in ONK-PP199 and
ONK-PP200, e.g. borehole radar, were subsequently used in ONK-PP200 during the
second baseline investigations. The surveys in these drillholes also included core
logging, geophysical logging, acoustic and optical drillhole imaging, differential flow
logging, borehole radar measurements and water loss measurements. In addition,
differential flow logging, water loss measurements and interference tests were carried
out in three parallel, inclined drillholes, ONK-PP207-ONK-PP209, drilled forward of
tunnel into the tunnel face (Figure 9-49).
Repeated investigations performed after the tunnel’s excavation included: (1) reflection
seismic single-hole surveys carried out in ONK-PP200, (2) seismic tomography
between the tunnel wall and ONK-PP200, (3) seismic tomography between horizontal
drillholes in the tunnel wall, and between sub-vertical drillholes in the floor of the
tunnel (ONK-PP202-PP203 and PP204-PP205), (4) radar reflection in ONK-PP200 (5)
optical and acoustic imaging in and between ONK-PP202-PP203 and ONK-PP204PP205 and (6) differential flow logging and water loss measurements in and between
ONL-PP202-PP203 and ONK-PP204-PP205.
After the tunnel excavation had been completed, 10 short (0.7 m long), slim holes ( 32
mm) were drilled in pairs, separated by 0.5 m, at selected locations into the tunnel floor.
These holes were used in determining the hydraulic conductivity of the rock beneath the
floor of the tunnel using water loss measurements and interference tests. Analyses of the
cores from these holes included the measurement of porosity, density, P wave velocity
and induced polarisation. The samples taken formed continuous profiles in these
drillholes, with the exception of where the core was fractured.

26

These two ‘baseline’ stages, and the subsequent post-excavation investigations, are referred to as
Periods 1, 2 and 3 in Mustonen et al. (2010).
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Figure 9-48. Geometry of drillholes ONK-PP199 – PP205 drilled in the EDZ niche at
3620 m in the ONKALO. These drillholes were used for the very high resolution seismic
investigations carried out in 2009. View from SW (from Mustonen et al. 2010, Figure 410).

Figure 9-49. Location of drillholes ONK-PP207, ONK-PP208 and ONK-PP209 looking
from the southwest (from Mustonen et al. 2010, Figure 4-6).

GPR surveys were carried out in three areas of the tunnel: on the tunnel floor, on part of
the tunnel wall and on the back wall of the tunnel, using a 1.5 GHz tool. The floor
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survey was carried out using a 10 cm line interval and a 1 cm recording interval, on 41
lines over a length of tunnel of 40 m. The survey of the tunnel wall was carried out on
11 lines, along the lines of drillholes ONK-PP199 and PP200, again along 40 m of the
tunnel section. The survey of the back wall of the tunnel consisted of 19 lines over an
area 1.8 m x 1.8 m.
9.4.2 Findings

Results obtained before and after excavation were compared, using the portions of the
drillholes remaining after excavation and using data from immediately adjacent to the
tunnel wall. A comparison between the baseline conditions and the results obtained after
excavation indicates how the properties of the rock mass have been modified due to
excavation; however, it needs to be appreciated that the drillhole data relate only to
quite limited and localised volumes of the rock mass, possibly implying that any
changes evidenced from these drillholes are not necessarily representative of the rock
mass in general. The geophysical techniques have, however, investigated considerably
larger volumes of the rock mass and do suggest the same types and magnitudes of
changes have taken place and that they are, therefore, ubiquitous. The differences in
seismic results serve as a direct indication of the effects of blasting.
The EDZ appears to contain short, blast-induced fractures, which tend to radiate from
the blasting holes, and which are often, but not always, connected with the wall of the
tunnel. There is no evidence to suggest that these and any other new fractures produced
due to the excavation, or existing fractures that might be extended or opened due to the
excavation, have any preferred orientation with respect to the wall of the tunnel. This is
in general agreement with the conclusions of Saiang (2008), Olsson et al. (2009) and
Ericsson et al. (2009) regarding work carried out in Sweden and by SKB. The EDZ
probably does not exist as a continuous layer, but instead consists of patches of reduced
rock quality and increased fracturing and porosity. The zones of high dispersion and low
seismic velocity, which indicate the extent of the EDZ, are to some extent associated
with the ends of blasting rounds, but there are also other zones of high dispersion that
can be partly explained by natural fractures that effectively ‘attract’ the excavationinduced fractures, i.e. these natural fractures represent weaknesses in the rock where
subsequent blast-induced fractures can be preferentially formed, or to which blastinduced fractures can be linked. The thickness of the EDZ ranges from 0…15 – 70 cm,
with the most common maximum thickness being 30 cm. The thickness and extent of
the EDZ are greater beneath the floor than behind the walls of the tunnel.
A comparison between the EDZ in the floor and the right wall of the tunnel is shown in
Figure 9-50. The differences are significant and stand out clearly. The EDZ in the tunnel
floor is thicker and covers a larger area compared to the EDZ in the tunnel wall. In the
tunnel wall there are only a few locations where the estimated EDZ has a thickness
greater than 24 cm and the EDZ itself is only locally developed. Figure 9-51 shows the
acoustic image and reflectivity (impedance) of the acoustic wave, before and after
excavation, from an acoustic televiewer survey in drillholes ONK-PP204 and PP205.
The reflection amplitude of the acoustic wave is comparable to the acoustic impedance
contrast between the fluid in the drillhole and the rock mass. There is a clear reduction
in reflectivity observed between the baseline and the repeat measurement, to a
maximum depth of 40-60 cm from the tunnel wall. The reduction in the P wave velocity
of the rock mass is most likely due to an increase in porosity and in the extent of
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fracturing. These effects may be due in part to the effect of stress relaxation close to the
tunnel wall.
The potential relationships between the results of the geophysical and the
hydrogeological investigations were not analysed in detail. The depth range of the
observed anomalies is fairly similar for both the geophysical measurements and the
hydrogeological tests and there are indications of elevated transmissivities in the zone
within 10-20 cm of the tunnel wall. There are, however, no direct indications of any
continuous or partially continuous hydraulically-conductive zone within the rock mass.
The following conclusions can be drawn:


The comparison between GPR (Figure 9-50) and other methods (Figure 9-51),
shows that the responses to these geophysical methods are located in the same
parts of the rock mass, although there are differences, due both to the electrical
and acoustic physical parameters being investigated, as well as to the
measurement geometries of the different techniques.



The GPR measurements indicate that some new fracturing has taken place due to
the excavation, but there is no evidence to suggest that such fracturing has any
preferred orientation with respect to the tunnel wall. However, inspection of the
data suggests that this new fracturing is not continuous, even along the tunnel
floor where the EDZ is best developed, and even less so behind the tunnel wall
(Figure 9-50).



The water loss measurements and interference tests performed before the
excavation of the EDZ tunnel show very low transmissivities (T= 1.5•10-12 ... 5
•10-12 m2/s) and poor hydraulic connections between holes. Measurements after
the excavation indicate the possibility of the existence of excavation-induced
fractures with low transmissivities (T= 10-12 ... 10-8 m2/s). These latter
measurements were not made in the same holes and were made by determining
the loss of water from specific lengths of the drillholes drilled into the tunnel
floor. Water loss measurements were made from as close as 5 cm from the
tunnel floor, although it is uncertain whether the values obtained very close the
floor are accurate, due to the practical problems of using the equipment under
these conditions. It is suggested that the data indicate the presence of fractures
with enhanced transmissivities within perhaps 20-30 cm of the tunnel floor.



In conclusion, the EDZ09 experiment shows that blast-induced fracturing is
likely to occur, whatever form of drill and blast system is employed, and that
some of these fractures may be water-conducting. However, the GPR data also
suggest that this blast-induced fracturing does not form a continuous, connected
network over larger distances along the tunnel – even in the floor of the tunnel
where the EDZ is best developed. Whilst the number of data is limited, this
proposition gains further support from similar findings made by SKB in
exploring the potential EDZ in the Äspö HRL (Olsson et al. 2009 and Ericsson
et al. 2009).
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Figure 9-50. Comparison of colour-coded EDZ depths in the tunnel wall (top) and tunnel floor (bottom), based on the GPR survey,
showing the depth of the EDZ in centimetres (over a section of the tunnel wall 40 m long and 1 m high and a tunnel floor 40 m long and 4
m wide), using an εr (dielectric permittivity) value of 6. (The beginning of the tunnel is on the left.) The figures are composed of four timeslices drawn from four different depths. The selected depths are 12, 18, 24 and 30 cm, corresponding to signal travel times 2, 3, 4 and 5 ns
(from Mustonen et al. 2010, Figure 5-27).

Figure 9-51. Acoustic image and reflectivity (impedance) of the acoustic wave in ONK-PP204 (left) and ONK-PP205 (right) before (left)
and after (right) excavation. Lithology is veined gneiss (blue) and granite pegmatite (red). EDZ shown by a decrease in the P wave velocity
and amplitude of the acoustic wave (from Mustonen et al. 2010, Figure 5-39).
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10

OVERALL CONSISTENCY AND CONFIDENCE ASSESSMENT

This chapter assesses the overall consistency and confidence in Site Model 2011 and
discusses the main issues of importance that are judged to require further attention. A
more formal audit is also presented, concerning aspects of uncertainty, the handling of
data, the need for alternatives and interdisciplinary consistency, and concludes with an
overall assessment of the confidence in the model. The input has been compiled based
on a series of special cross-disciplinary workshops.
10.1

Introduction

There are uncertainties associated with the Site Descriptive Modelling and it is
necessary to assess the confidence that can be placed in it. Olkiluoto Site Description
2008 (referred to as SR2008, Posiva 2009a) assessed this by applying a set of protocols,
which were first addressed by the discipline experts and then discussed and revised in a
series of cross-discipline workshops. A similar procedure, using protocols and
workshops, has been followed during the development of Olkiluoto Site Description
2011 (referred to as SR2011). The protocols are concerned with the following matters:


how SR2011 addresses the needs of the safety case,



the main issues in SR2011, relating to confidence in and uncertainty of the Site
Model and of concern for repository construction and long-term safety,



data support, confidence and uncertainty in the resulting SDM input to the safety
case,



the potential for alternative interpretations,



the level of consistency between disciplines and the consistency with regard to
understanding the past evolution of the site,



comparisons with previous model versions and



preliminary conclusions on site suitability.

The results of this assessment are given below.
10.2

Addressing the needs of the safety case

The needs of the safety case can be derived from the overall safety functions of the
geosphere, the rock properties contributing to the fulfilment of those safety functions
and the processes affecting those properties. The safety functions of the geosphere are
defined as follows (Posiva 2009b):


to isolate the repository from the biosphere and normal human habitat,



to provide favourable and predictable mechanical, geochemical and
hydrogeological conditions for the engineered barriers and to protect them from
potentially detrimental processes taking place above and near the ground
surface, and
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to limit and retard the release and migration of harmful substances to and from
the repository.

The target properties of the host rock that contribute to the fulfilment of the safety
functions of the geosphere are presented in TKS-2009 (Posiva 2009b). In addition,
Hellä et al. (2009) present a preliminary version of the practical criteria (the Rock
Suitability Criteria, RSC) to be used to select volumes of rock that are likely to provide
the desired properties in the long term and that are thus suitable for hosting deposition
holes. These are updated and revised in the new RSC report (McEwen et al. 2012, in
prep.) - the focus over the period 2010 to 2012 has been on the further development of
the tunnel-scale and deposition hole-scale criteria (referred to as RSC-II), as well as on
testing and demonstrating the use of the criteria in the ONKALO. The Olkiluoto Site
Description will be used as input for the rock suitability assessment and forms the basis
for specific models developed for that purpose.
The role of the Site Description is to discuss the current and past conditions of the site
and the impact of the construction of the ONKALO. The Site Description also provides
the basis for understanding the processes affecting the evolution of the site and
radionuclide transport in the geosphere.
A definition of the initial state of the barriers, the development of the RSC and the
expected range of hydrogeological, hydrogeochemical and mechanical conditions in the
rock are defined to be key topics of research and technical development (TKS-2009,
Chapter 6, Posiva 2009b). Section 6.5.7 of TKS-2009 and Section 8.6 of the Models and
Data 2010 Report (Pastina & Hellä 2010) highlight the need to improve the level of
knowledge on the following issues during the different periods of the evolution of the
site and the repository:


evolution of groundwater flow conditions and salinity for different time periods,
especially for the near-field;



buffering capacity of the rock, especially against low pH waters and oxygen
intrusion;



rate of and maximum sulphide production due to microbial sulphate reduction,
coupled to the availability of methane gas in the rock;



long-term impact of the repository on rock conditions (temperature, excavation,
grouting, changes in stress field); and



rock mechanics properties and loadings in the host rock.

In addition, the following topics are identified as requiring to be pursued (Section 6.5.7,
Posiva 2009b):


impact of the excavation and the thermal pulse from the spent fuel in terms of
the potential damage to and spalling of the rock mass,



potential for intrusion of glacial meltwater,



discharge areas for deep groundwaters,
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gas migration and release pathways,



biosphere-geosphere interactions,



development of the far-field transport modelling (to take into account, for
example, salinity variations in the groundwater),



provision of additional input data for radionuclide transport modelling including:
1. updating the sorption database with emphasis on Olkiluoto-specific rocks
and groundwater composition,
2. use of the revised geological and hydrogeological DFN models based on a
larger data set from the ONKALO and the drillholes,
3. consideration of tunnels and engineered structures in the flow and transport
modelling.



impact of the expected use of cementitious materials on rock mass properties
(fracture minerals and hydrochemistry),



impact of glaciation on rock shear displacements.

The site-related information needed for these aspects of the safety case includes both
rock properties and the processes affecting those properties, including the impact of
underground construction; the processes of special interest are listed above. In short,
these information requirements concern the following topics.


Fractures and deformation zones and their hydraulic and mechanical properties.



Rock matrix properties including rock matrix mineralogy (typical minerals,
alteration) and rock matrix properties relevant to radionuclide transport (porosity,
effective diffusion, sorption parameters).



Thermal properties including the initial rock temperature (i.e. before waste
emplacement), the rock’s thermal characteristics (thermal conductivity, thermal
diffusivity, specific heat capacity, thermal expansion coefficient) and regional
geothermal heat flow.



Rock mechanics properties including rock strength and deformation properties of
the rock matrix, rock mass density, strength and deformation properties of the
deformation zones and fractures, mechanical loads and rock stresses (orientation and
magnitude).



Hydrogeological conditions including groundwater flow at the site and at a more
detailed scale suitable for assessing flow around deposition holes (flow rates, flow
and transport paths), discharge areas and boundary conditions.



Flow related migration properties including initial flow rates and geosphere
transport resistance (WL/Q) along the transport paths.
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Groundwater composition including groundwater composition in the near-field
(salinity, pH and alkalinity, ionic strength, redox environment, concentrations of
Cl−, SO4, HS−, K+, Fetot, nitrates (NO3+), ammonia (NH4+), Na+, Ca+, Mg+, gas
content, colloid concentration, organics (DOC), microbes) and processes affecting
the groundwater composition, especially buffering capacity of the rock (against
foreign materials and intrusion of glacial meltwater), sulphide production through
microbial processes considering the availability of methane gas and water-rock
interaction.



Impacts from underground construction including construction and operationinduced thermomechanical changes (stress state changes, reactivation of fractures,
formation of the EDZ; extent of the EDZ and hydraulic properties of the EDZ after
closure, and spalling), inflows to deposition holes and tunnels (including the effects
of the drillholes, the potential EDZ, spalling and grouting), and the impact of
construction on groundwater composition (types and amounts of constructionrelated materials, migration of foreign materials, impact of changes in groundwater
flow, impact of increased temperatures).



Site Synthesis including confidence in the understanding of the site properties and
processes affecting these properties, uncertainties related to the modelling of the
processes affecting those properties, potential for alternative models, predictive
capability of the models, confidence in the available data including discussion of the
uncertainties in the data and conclusions as to the existence of favourable rock
properties at the site, specifically those required by the regulatory guide STUK-YVL
D-5 (§406 and §410).

SR2011 provides most of the input data needed, or at least provides the basis for further
assessing process understanding in the safety case. It is noted that the Site Description
discusses the current and, also to some extent, the past conditions of the site and the
impact of the construction of the ONKALO. The future evolution of the site and the
repository and radionuclide transport will be covered by the reports discussed above.
More specifically, the contexts in which topics not addressed in SR2011 are reported are
set out below.


Site-specific data on porosity and effective diffusion coefficients are given in
Chapter 8, but final assessment and selection of sorption parameters will be
made in the Models and Data report (Posiva 2013), based on the SR2011 input,
together with other data sources from the published literature and from
laboratory studies reported elsewhere.



Studies on shear movements caused by postglacial faulting (earthquakes) are
carried out within the RSC project and are reported separately (e.g. Hökmark et
al. 2010).



The future stress state will depend on future loads (thermal, glacial, etc.). This is
not assessed in SR2011, but is addressed in the Performance Assessment (Posiva
2012a), Formulation of the Radionuclide Release Scenarios (Posiva 2012a) and
Assessment of Radionuclide Release Scenarios for the Repository System 2012
(Posiva 2012b) reports.



Current day groundwater flow characteristics and past evolution is discussed in
Chapter 6. This, together with climatic evolution scenarios, forms the basis for
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describing the future site evolution in the Performance Assessment, Formulation
of the Radionuclide Release Scenarios and Assessment of Radionuclide Release
Scenarios for the Repository System 2012 reports (Posiva 2012a, b, c).


Regarding flow-related migration parameters, a separate groundwater flow
modelling study will be carried out in association with the Formulation of
Radionuclide Release Scenarios and Assessment of Radionuclide Release
Scenarios for the Repository System 2012 reports to provide the information
needed for the radionuclide release and transport calculations (Posiva 2012a, b,
c).



Current groundwater compositions, as well as an explanation for the current
composition by mixing/reactions, are provided in Chapter 7. This process
understanding forms the basis for predicting future groundwater compositions
addressed in the Performance Assessment, the Formulation of the Radionuclide
Release Scenarios and Assessment of Radionuclide Release Scenarios for the
Repository System 2012reports (Posiva 2012a, b, c).



Assessment of the EDZ around existing ONKALO tunnels, assessment of the
potential for rock spalling/damage during construction and assessment of the
impact on groundwater flow during ONKALO construction is provided in
Chapter 9. The impact from the repository will be provided in the Description of
the Disposal System Report (Posiva 2012d).

10.3

Main issues concerning the 2011 Site Model

The mass of information available allows an elaborate and, at least in the ONKALO
volume, very detailed description of the site; but some issues still remain that are
considered to require further attention. The following matters have been addressed:


the status of issues identified in SR2008 and the identification of additional issues,



why a particular issue is important,



the reason(s) why a particular aspect of the site is an issue, i.e. cause of uncertainty,
or, if the issue is thought to be close to resolution, the reason(s) to be confident,



where the issue is discussed in SR2011,



the need and type of further actions (e.g. the need for more data or modelling
activities).

The findings of these evaluations are discussed in the following subsections. Issues are
numbered and are discussed consecutively from I1 to I26. It should also be noted that
due to a numbering mistake in SR2006, there are no issues I18 and I19.
10.3.1 Geology/hydrogeology issues

I1: Character of the rock mass in the potential repository volumes

The character of the rock mass in the potential repository volume, i.e. the rock volume
below HZ20 (Hydrogeological Zone 20), see Chapter 6, is of primary importance, since
this directly relates to the suitability of the site for disposal and to the overall
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understanding of the site. There is good data coverage, allowing the identification of all
layout-determining features (LDFs, Pere et al 2012) in all potential repository volumes,
especially in the central area (see Figure 2-1). There are fewer drillholes in the eastern
area (see Figure 2-1) and this part of the island is potentially important, since it may
need to be used for an extension to the repository, especially if the amount of the waste
that requires disposal increases.
As discussed in Chapters 4 to 6, there is a high level of confidence in the description of
the ONKALO volume. The data density is high and the fair agreement between
predictions and outcomes encourages this confidence (see Chapter 9).


The data from the central area (i.e. where the ONKALO and most of the current
drillholes are located) strongly suggest that there are very few highly transmissive
features outside the gently-dipping hydrogeological zones (HZs) – and the
hydrogeological conceptual model of the site assumes that this is indeed the case. A
consistent picture has thus been developed that the main transmissive features are
confined to the HZ19, HZ20 and HZ21 zones.



Based on geological mapping of the ONKALO, sub-vertical faults, especially N-S
trending ones, have been observed. The frequency of these zones may be
underestimated with the present investigation drillhole orientations, but the
extensive use of geophysical techniques has allowed modelling of the subvertical
zones to be achieved; furthermore, these vertical features are usually much less
transmissive than the gently-dipping HZs. Several intersections with sub-vertical
zones are also observed in the ONKALO below HZ20, which enables a better
estimation of their frequency to be made. This demonstrates that the zones are hard
to locate by surface-based drilling, but can be found by pilot holes, undergroundbased characterisation holes and from the tunnels.

As already stated, there are fewer data from the eastern area, but the following
conclusions can be drawn.


3D seismic data have been used to extend structures, such as the three gentlydipping HZs, to the east and thus suggest that other characteristics of the central area
can also be extrapolated to the east. Also, there have been no surprises when drilling
in the eastern area, again suggesting the it should be possible to extrapolate
information from the central area to the east. In several cases, features previously
modelled from their geophysical signatures, with little or no drillhole evidence, have
subsequently been confirmed by drillhole intersections, a result that also enhances
the confidence in the seismic data. As already noted in SR2008, the seismic, as well
as surface and magnetic data in the eastern area, suggest the existence of subvertical features, off-setting the gently-dipping BFZs. These features are thought to
be related to the Rapakivi granite intrusions.



The locations of the subvertical features have been fairly well established from the
geophysics data, but the details of their character or extent are more uncertain than
in the central area.

The frequency of transmissive features in the eastern area appears to be as low as in the
rock lying between the hydrogeological zones in the central area. However, this
conclusion is based on relatively few data and there are no hydraulic data from the
subvertical features.
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A more quantitative description of remaining uncertainties is as follows.


The existence and geometry of all BFZs, classified as site-scale zones in the
geological modelling (i.e. zones with a size 1000 m, see Chapter 4), have been
identified. Further details of their influence zones are to be established during
detailed investigations to be carried out as part of the RSC implementation process.



The frequency of smaller zones, known as repository-scale zones, can be estimated
based on single hole interpretations and tunnel intersections. The precise location of
these zones can be established as a part of the RSC implementation process.



The uncertainty in fracturing is expressed by the geological DFN model, with its
variants, although there are discrepancies between the pilot hole and tunnel mapping
data. Since pilot hole data have a high resolution small fractures and healed fractures
are recorded and the estimated fracture frequency is usually higher than that
obtained from tunnel mapping data that have a lower resolution. Tunnel mapping
data, on the other hand, give better indications of the frequency of larger fractures.
This results in uncertainties in the fracture size distribution, and implies that single
hole fracture frequency data alone are of limited value for estimating the frequency
of large fractures.



For the mechanical model there is confidence that the geometry of the BFZs is
appropriate, although the mechanical properties of BFZs are uncertain, see I8.
Where possible, it is the intention to try and avoid BFZs when locating disposal
tunnels, however, work as part of the RSC programme (McEwen et al. 2012, in
prep.) has shown this to be more difficult than originally believed.



The locations and hydraulic properties of the HZs are well known within the central
area and, although their exact locations are less certain outside the central area, this
is not important for the flow conditions inside the central area. These uncertainties
will be reduced once more investigations have been carried out in the eastern area.



In the sparsely fractured rock the uncertainty in hydraulic properties of the
fracturing is expressed in the Hydro-DFN model. For a further discussion of
uncertainties in the Hydro-DFN model, see I4.



The uncertainty in the migration properties is essentially captured within the
uncertainty in the Hydro-DFN model; for further discussion see I17.

If areas outside the central area are to be used for the repository, more surface-based
drillholes may be needed in these volumes of rock in order to more firmly establish the
location of the large BFZs. However, the general suitability of these volumes of rock
can already be assessed based on the current level of knowledge.
I2: Can we characterise the disposal volume in sufficient detail to allow reliable
decisions to be made on the locations of disposal tunnels and deposition holes?

At the detailed scale there may be features that cannot be detected from existing
surface-based drillholes, from the ONKALO or from characterisation holes from the
ONKALO area. The question is, therefore, if current tools for tunnel observations and
predictions of the surrounding rock mass are sufficient to characterise the necessary
structures.
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The reasonable agreement between predictions and outcomes, see Chapter 9, on key
aspects regarding the layout of the repository, such as the potential for intersecting
layout-determining features, the level of fracturing, the geomechanical conditions and
the inflows, demonstrates that we can characterise a volume of rock in sufficient detail,
when the underground excavations are close to the volume of rock being investigated, to
allow decisions on the detailed locations of disposal tunnels.
Furthermore there are now sufficient data to characterise the potential layoutdetermining features close to the ONKALO, allowing decisions to be made on the
locations of the first disposal panels. However, there is still an issue regarding the stress
levels and stress orientations, as they are still uncertain (see I6). Generally, it is judged
that there is sufficient ability to characterise the rock to the necessary level of detail.
A plan for the detailed investigations needed for identifying suitable rock volumes has
been developed within the RSC project. A full-scale demonstration, testing this plan,
will be carried out for identifying suitable rock volumes for deposition holes; and the
plan might be revised based on the findings of this demonstration.
I3: Geological understanding of the deformation history

The models of both the ductile and brittle deformation history, see Chapter 4, are able to
explain the current observations and, thus, enhance confidence in the Geological Site
Model. Since SR2008, an update of the ductile deformation history has been carried out;
in addition, the brittle deformation history is now better established and the
understanding of fault and joint zones improved. The BFZ and HZ models are also now
also better integrated (see I5).
There are still some uncertainties related to the four described brittle deformation
events, for example the association of brittle deformation with the Rapakivi formation
to the east (see I1), but the uncertainties are reduced compared with SR2008.
The ductile and brittle deformation history models are likely to be further updated, as a
result of additional site characterisation data, though it needs to be emphasised that the
level of confidence in the current models is now judged to be high.
I4: Connectivity and transmissivity of fracture networks at the site – especially in
the potential repository volume

Connectivity and transmissivity are important for predicting the flow distribution in the
repository (both for open and closed conditions) and for estimating retention along flow
paths. Generally, there is a reasonably high level of confidence in the knowledge of
these properties, see Chapter 6.


The Posiva Flow Log (PFL) primarily measures the connected transmissive features
and there are a lot of such detailed hydraulic data from the ONKALO. The data
show that only a few features in drillholes in the deep rock have connected
transmissivities greater than 10−9 m2/s and of all the fractures at depth in the rock
mass only a small percentage are transmissive.



The Hydro-DFN model describes the transmissive fractures between the
deterministic HZs and is consistent with the existing data.
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There is generally a good level of confidence in the overall model of the HZs as
outlined in Chapter 6. The SR2008 model has been largely confirmed by the
observations made during the excavation of the ONKALO.



The Hydro-DFN model has been updated and confidence is improved compared
with the model presented in SR2008. The updated DFN model considers the new
data obtained since SR2008 – the fracture orientations and the definition of fracture
domains is based on the same principles as those applied in the Geological DFN
model and both have been made more consistent with the overall hydrogeological
understanding. The updated DFN model applies PFL measurements from the
ONKALO pilot holes that make it possible to extend the fracture transmissivity
distribution to much less transmissive fractures in the depth zones DZ3 and DZ4.



The confidence in the division of input data between HZs and the sparsely fractured
rock is due to the level of confidence in the geometry of the HZs, as their geometry
is now essentially consistent with the BFZ model. (There are in fact few changes in
this division compared with that presented in SR2008, but the methodology of
identifying the HZs is now more systematic.)



Site-scale effective hydraulic conductivity values are now based on the upscaled
Hydro-DFN model.



Currently, individual single hydraulic fractures are modelled statistically with the
Hydro-DFN model, which may later be conditioned with deterministic fractures
identified based on the data from deposition tunnels.

However, some uncertainties remain.


There are more uncertainties in the eastern area (see I1 above).



Some aspects of connectivity are still unresolved, since the PFL data can be
calibrated to a variety of different fracture frequencies and size distributions –
although with similar connectivities.



The Geological DFN model cannot provide precise predictions of the frequency of
open fractures, although rough estimates can be made. This means that this
frequency to some extent needs to be assumed in the Hydro-DFN model and this
uncertainty is handled by alternative Hydro-DFN models.



A few (334 out of the 3417 PFL data in the 2011 Hydro-DFN model) PFL
observations are not readily connected to a geologically-mapped fracture. This is
likely due to the ~2.5 cm difference between the diameters of the core and the
drillhole, minor errors in determining the exact location of the mapped fractures or
discrepancies in interpretation. The limited number of these inconsistencies is not
judged to affect the confidence in the dataset.



There is no clear conceptual understanding as to whether only certain fractures are
hydraulically important (and then what their characteristics are), due to internal
variations in the fractures or due to the poor connectivity of the fracture network. It
is probably a combination of both. The impact of channelling on the resulting
migration properties can be bounded, see e.g. Crawford (2008).
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The uncertainties appear sufficiently bounded at the site scale and more detailed
descriptions will be made locally as part of the RSC implementation process. The sitescale Hydro-DFN model will continue to be updated as the database develops, but no
substantial changes are expected. An interference test carried out at depth in an
investigation niche (HYDCO) is underway in order to assess the details of flow and
transport connectivity at the detailed scale.
I5: Integration between the hydrogeological and geological models - utilisation of
hydrogeological data in the construction of the flow model

Consistency between the disciplines of geology and hydrogeology is essential for
overall understanding, however, it must also be understood that all features in the
geological model may not be hydraulically important on the site scale.
As discussed in Chapter 6, in SR2011 all BFZs in the brittle deformation zone model
are now assessed hydraulically for the modelling of HZs. The geological team has also
considered the few HZs that were not associated with modelled fault zones and has used
this information as input to update the brittle deformation model. There are still
differences regarding details of the extent of some HZs and the extent of the
corresponding BFZs. There have also been revisions to the naming of zones to make it
clear that both HZs and BFZs consider the same features. Although there are few
changes to the HZ model compared with that presented in SR2008, the methodology of
identifying HZs is now more systematic and their consistency with BFZs more evident.
The established interaction between the geological and hydrogeological teams will
continue.
10.3.2 Rock mechanics and thermal issues

I6: Stress distribution and orientation in relation to the geological structures

The stress magnitude and orientation is needed for the safety case. The stress model is
assessed in Chapter 5.
In SR2008 it was noted that a full understanding of the details of the stress distribution
was unavailable and that the spread and uncertainty in existing rock stress
measurements was quite large. However, this is often the case with stress data. A
preliminary semi-integration analysis was performed, where raw data were ranked and
re-evaluated. A bi-linear stress model (N-S stress orientation in the upper part of rock
mass and E-W orientation in the lower part of rock mass) was proposed, indicating that
the stress state is probably affected by the geological structures. These could also locally
affect (i.e. rotate) stress orientations (of potential importance for orienting the
deposition tunnels).
Since SR2008 new stress data have been obtained, including convergence
measurements, overcoring stress measurements with a new LVDT cell, hydraulic
fracturing data, borehole breakout observations, core disking observations and
observations from the ONKALO tunnels. The semi-integrated stress analysis has been
further developed (Ask 2011). The analysis covered all stress data information that was
considered of good quality. Stress modelling work has also commenced to better
understand the link between the local stress state and the geological structures (Valli et
al. 2011). The following can be noted.
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In situ stress data have been subjected to a critical review and data displaying clear
problems or errors have been discarded.



Most data suggest a thrust stress regime at repository depth (i.e. H > h > v),
although the difference between the magnitudes of h and v is relatively small.



The orientation of H displays a pronounced scatter, especially, close to the surface,
i.e. H is found to be in the range NW-SE to SW-NE. This is due primarily to two
factors: the measurement scale relative to the small-scale heterogeneity in the
bedrock, and the effects of large-scale geological discontinuities, i.e. the brittle
deformation zones.



The applicability of direct hydraulic fracturing, as opposed to hydraulic testing of
pre-existing fractures, HTPF, is problematic from a fundamental perspective. If the
Olkiluoto stress regime is one of a geological thrust environment, then all the stress
magnitude results from the hydraulic fracturing are questionable. Given this
situation, it was decided to present two alternative stress models: one based mainly
on hydraulic results and the semi-integration analysis, and the other based on LVDT
measurements only. The reliability of the LVDT measurements is supported by the
core disking observations from the same locations.

Stress modelling concludes that low friction and/or cohesion values for the BFZs can
incline and rotate principal stresses down to depth of around 350 m, which is in
agreement with observed in situ stress data. The proposed stress model, based on
hydraulic and semi-integration results, involves three domains, determined by the
locations of the HZs and BDZs, and is believed to provide a better representation of the
stress conditions at the site, rather than a model with only one stress domain. The first
domain involves data sampled above HZ20; the second domain includes data sampled
between HZ20 and BFZ099 with a mean H orientation 112; and the third domain
involves data collected below BFZ099. In the LVDT measurements results above HZ20
the stress components are close to each other and the stress field is not clear. Below
HZ20 (−345 m to −408 m) the results are quite well-pronounced: the major in situ stress
component is horizontal and the mean trend is 144° (±25°). The intermediate stress
component is also horizontal and the minor is almost vertical. A more consistent
orientation of the major in situ rock stress based on the stress measurements and stress
modelling is excepted (or found) with increase in depth. Furthermore, the stress
modelling shows that it is hard for local structures, when using the BDZ properties
estimated from the tunnel mapping, to rotate the stress very much at depths in excess of
about 350 m – at shallower depths rotation of stresses does take place due to the
presence of BDZs.
In conclusion, the confidence in the understanding of the stress is improving, but
additional reliable data are still required and stress modelling work needs to continue.
Additional data using the LVDT cell and tunnel observations are still needed while the
ONKALO construction proceeds. The POSE test (see Section 2.7 and McEwen et al.
2012, in prep.) can also give information on the stress orientation. It is intended that
separate reports on these rock mechanics data not covered in SR2011 will be made
ready before the licence application.
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I7: Properties of intact rock

Intact rock strengths and related properties are needed for the safety case. These
properties are assessed in Chapter 5.
As already stated in SR2006 and reiterated in SR2008, there is a good understanding of
the distribution of the intact rock mechanical properties. The metamorphic rock types
can be considered as one rock domain, with only the pegmatite granite being considered
a separate rock domain. The anisotropic strength and deformation characteristics of the
rock are quite well understood, in terms of the foliation and, based on a few tests, it has
been observed that the altered rock may be as strong as the unaltered/fresh rock.
Since SR2008, the POSE experiment, which currently is still underway, has given
preliminary results on the spalling strength. The lithological model appears to be
sufficient for judging the spatial distribution of properties in the potential repository
volume. The current strength data show no clear spatial differences at the repository
depth, slightly lower strength values can be observed only in a few drillholes north of
the ONKALO (see Figure 5-29). Some uncertainties, however, remain.


The rock types at Olkiluoto are very heterogeneous, and the rock types and the
degree of foliation changes rapidly over short distances, which leads to a poor
spatial predictability of intact rock properties.



Since the lithological distribution is less well established in the eastern part of
the Island (see I1) there is an associated uncertainty in the rock mechanics
properties of the intact rock of that part.



Long-term strength properties are based on published literature rather than on
local observations.

However, confidence in the determination of spalling (rock mass) strength and the state
of stress has been enhanced, especially considering the preliminary findings from the
POSE experiment, showing no spalling before heating. Also, no clear spalling has been
observed in the ONKALO tunnels that have now reached 420 m depth or in the
ONKALO shafts that have reached 290 m depth.
In order to further reduce uncertainty, the POSE in situ spalling experiment will be
completed. Further observations in the ONKALO tunnels and monitoring data will
provide information on the long-term mechanical properties.
I8: Mechanical properties of the brittle deformation zones (BDZs)

BDZs represent major weaknesses in the rock mass continuum and their preferential
southeasterly dip at Olkiluoto may have a major meaning in understanding the in situ
stress conditions at the site. This could potentially affect the design of the repository, in
the event that these properties are shown to be important in controlling the stress field.
There is good geological knowledge of the location and geometry of the BDZs at
Olkiluoto, and an initial estimate of their mechanical properties has been achieved via
the use of rock mass classification..
The stress modelling conducted (Valli et al. 2011) suggests that the mechanical
properties of the BDZs have limited importance for long-term safety, but are important
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for controlling the rock mechanics responses during construction and rock excavation.
Therefore, rock mechanics characterisation of the BDZs, including those penetrated by
the ONKALO tunnels, should continue.
I9: Thermal properties

The thermal properties are important, because the location and spacing of deposition
holes and tunnels is a function of the thermal conductivity and diffusivity of the rock
mass; they are also necessary for calculating the thermal stresses.
As further discussed in Chapter 5, and already concluded in SR2008, there is generally
high confidence in the thermal data. Thermal properties are mainly measured in the
laboratory on small-scale samples, but additional in situ data are obtained from the
TERO probe, that also measures at the more relevant metre scale. Current results
suggest reasonable correlation between these larger-scale data and the upscaling of the
laboratory data, thereby enhancing confidence in the upscaling. Laboratory data suggest
some thermal anisotropy, but the potential thermal anisotropy at the larger scale, i.e. the
deposition hole and deposition tunnel scales, is not known in detail. Scoping
calculations suggest that the effect of this potential anisotropy depends on the repository
orientation in relation to the foliation, and that, at least for the assessment of the most
stable tunnel orientation in relation to the foliation angle, the thermal evolution does not
play a major role.
Since SR2008, a set of small-scale samples from repository depth have been tested and
thermal expansion properties have been determined from core samples. An in situ scale
heater test was performed in one of the POSE pilot holes. The lithological and ductile
geological models appear to be sufficient for judging the spatial distribution of
properties in the potential repository volume and, although some uncertainties remain,
these can and will be assessed and handled during the detailed investigation and design
of individual deposition tunnels.
The first thermal block model was created for the ONKALO area, based on the
lithological model with numerical thermal property values assigned to the 10 m size
blocks. Although in this first model the foliation has not been used in assessing the
anisotropy of the thermal conductivity, it has been stored in the block model for
possible future use.
Additional in situ heater tests with temperature monitoring will be required. Later,
during the construction and operational phase of the repository, monitoring of the
thermal properties of the rock locally will be necessary for verifying the thermal
dimensioning of the repository.
10.3.3 Hydrogeochemistry and hydrogeology issues

I10: Distribution of water types and consistency with flow field

The groundwater composition is needed for the safety case. An explanation of the
distribution of water types, consistent with the hydrogeological modelling, is essential
for building confidence, not only in the hydrogeochemistry model, but also in the
hydrogeology and geology models. Furthermore, this understanding is essential in order
to have sufficient confidence in predicting the future evolution of the groundwater
chemistry.
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As discussed in Chapter 7, most water chemistry data are from fractures with relatively
high transmissivities. However, an increasing number of samples from poorly
transmissive fractures (<10−8 m2/s) particularly those obtainable from the ONKALO,
and an integrated evaluation of groundwater samples with electrical conductivity
measurements from fracture-specific groundwaters, have improved the representativity
of groundwater information, both at the site and also at the detailed scale. Given the
wealth of data and their consistency, we are confident in the distribution and relative
residence times of water types in the transmissive part of the system. New data,
including water samples from poorly-transmissive fractures, fracture minerals and
matrix pore waters, also support earlier observations, although the salinities of pore
waters are lower than in the transmissive features. The understanding of residence times
and the low fraction of fresh (i.e. very dilute) meltwater, supports the idea of a
hydrogeological system at Olkiluoto with a strong resistance to external changes.
However, some uncertainties remain:


The water type distribution appears to be generally governed by the flow and its
variation due to past climate changes. It can be generally reproduced by the
hydrogeological simulations, see Chapter 6, but in places in the drillholes some
differences between the model predictions and the measured data remain. In these
cases, the calculated result tends to overestimate the penetration of meteoric water
and underestimate the extent of Littorina infiltration. It is possible to reduce such
differences by local- and detailed-scale adjustments in the modelled initial state or in
the model properties (i.e. flow/diffusion porosity, effective conductivity, etc.)
around the drillholes assessed.



Salinity and chemical data in Chapter 7 indicate deeper meteoric and Littorina water
infiltration along major hydrogeological features, such as HZ19 and HZ20,
compared with the less transmissive bedrock. Dilution to some degree is evident in
the uppermost 100 to 150 m in HZ19 and probably also in HZ20A, but
contamination problems caused by open drillhole flow from the intersections with
this feature hinder direct observations from groundwater samples.



Chemical data also suggest that HZ19 is not a simple infiltration zone, rather it is a
mixing and even a discharge zone, at least close to the surface.



In particular, the data gathered from the ONKALO show that the salinity and water
type in poorly-transmissive fractures at the depth of the Littorina-derived, brackish
SO4-type groundwater layer (down to 300 m depth) is different from that in the HZ.
It appears, therefore, that the infiltration of Littorina water at these depths has not
reached a high fraction within the poorly permeable parts of the rock. The
groundwater is brackish Cl-type and relatively older than SO4-type groundwater,
commonly sampled at the surface from the more transmissive fractures in deep
drillholes. Correspondingly, SO4-rich groundwater and notable fractions of glacial
meltwater are conserved in poorly-transmissive fractures in the upper HCO3-rich
groundwater zone. Deeper, below the SO4-rich groundwater zone, salinity data
generally obtained from poorly transmissive fractures in the ONKALO correspond
well with the groundwater data sampled from deep drillholes at the surface.
Groundwater chemistry shows that the dilution of the highly saline brine component
in the deep bedrock is a considerably older process than the postglacial mixing
phenomena of the uppermost 300 m. Matrix pore waters, which represent lower
salinity and clearly warmer climate conditions (and so very long residence times)
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cannot explain the brine dilution. The interpreted information from matrix pore
water data (Eichinger et al. 2006, 2010a, 2012) differs from the other results
(geochemical and hydrogeological), which suggests uncertainties in the long-term
interaction between matrix pores and fracture waters, or in understanding the pore
water data. Anion exclusion may be an important process, which might allow a
consistent interpretation of the results, together with the impact of variable diffusion
properties in the very heterogeneous migmatitic mica gneiss-granite system (see also
alternative interpretations in Section 7.5.4). Uncertainties in the long-term stability
of the saline groundwater layer also contribute to inconsistencies between the
hydrogeological model and saline groundwater upwelling in the
palaeohydrogeological model in order to adjust the interpretations from matrix pore
water data.
The following planned or possible actions could help in resolving these uncertainties:


The infiltration experiment investigating groundwater recharge to HZ19 started at
the end of 2008. The experiment will continue for a few years, and the first full
analyses will be available during 2012.



More data are needed from the matrix pores and the poorly-connected fracture
system. Hydrogeological and chemical investigations and experiments on poorly
transmissive fracture systems are an important step in obtaining more detailed
information on groundwaters and salinity in different hydrogeological conditions in
the past and at the present.



Experiments carried out at different scales in the ONKALO may provide more
detailed information on the interaction between groundwater flow and chemistry in
single fractures and matrix porosity. Information on groundwater and matrix
porosity conditions from the very deep bedrock will contribute to the understanding
of interaction between fracture and matrix waters. A deep drillhole to a depth in
excess of 1000 m depth will be drilled in the eastern area to address this issue.
Furthermore, the feasibility of having a deep offshore drillhole is to be assessed.
Careful measurements of groundwater and porewater salinity and groundwater
pressures, not disturbed by the presence of Olkiluoto Island, in such an offshore
drillhole may also yield information on the regional flow field and on possible slow
upwelling of saline groundwater

I11: Evolution of groundwater composition - flow paths to/from the host rock,
especially the near-surface interface and evidence of deep infiltration of dilute
waters

Understanding the flow paths to and from the repository host rock affects the ability to
predict future groundwater compositions. Of particular importance, dilute waters, sea
water and dissolved oxygen may be detrimental to buffer stability and causes canister
corrosion, respectively. (This issue is the combination of issues I11 and 14 of SR2008).
As discussed in Chapter 6, the observed groundwater pressures representative of natural
or baseline conditions in deep drillholes usually exhibit very weak vertical hydraulic
gradients. This in turn, indicates that the freshwater infiltration into deep rock is weak,
which is in broad agreement with hydrogeochemical analyses that show the intrusion
depth of recent recharge is at most to depths of 50–100 m.
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As assessed in Chapter 7, the infiltration of dilute waters to repository depth in the past,
such as glacial meltwater or meteoric recharge has been limited for the Quaternary
period, although matrix pore waters suggest fresh water infiltration has potentially taken
place during Tertiary times. Essentially, all fractures are covered by fracture minerals
and there is no evidence of the recent corrosion of these minerals.
In the operational phase local, but stronger, intrusion of freshwater is expected, although
inflows will generally decrease with time in underground openings - a process that is
usually attributed to calcite precipitation, although the understanding is incomplete. It
seems likely that the carbonate is taken from the surface and the calcium from grout in
the rock. It is the availability of carbonate that limits the formation of calcite.
Monitoring in the ONKALO will provide further information on this issue.
The above issues are being resolved. The current infiltration experiment, see I10, will
provide additional data and modelling of the near-surface interface will continue.
Further studies of the interaction between fracture and matrix waters will contribute
more information on dilute water in deep bedrock fractures during the Quaternary.
I12: Evolution of groundwater composition - Impact of surficial water intrusion
(pH, Redox and buffering capacity)

Seawater and meteoric water intruding the site or the mixing with former marine waters
will affect the groundwater composition. Understanding pH, redox and the buffering
capacity of the rock is essential for predicting the impact of surficial water intrusion.
The status of this issue has not essentially changed since Pitkänen et al. (2004), but
Chapter 7 concludes that more data enhance the level of confidence. Reducing and
neutral hydrogeochemical conditions are clearly buffered in the natural state. Previous
modelling calculations suggest that a significant consumption of buffering minerals
would take place, if aggressive meteoric infiltration were to be high, but the first results
from the Infiltration Experiment predict that the buffering capacity is sufficient also for
this situation and thus that the stability of the system is high. Some key uncertainties
remain:


Samples with elevated sulphide concentrations are found. Conceptually, the process
of sulphate reduction is clear and is only possible through microbial activity at these
temperatures, but the quantification of the microbial activity, particularly the
suitability of the hydrogeochemical system and the lifetime of dissolved sulphide, is
uncertain.



There are also uncertainties in the flow paths (see I11). This especially concerns
conditions during the construction and operational phase, when the possibility of
direct connections from the sea down to the open tunnels has to be considered. The
rate of migration (advection) would also depend on the porosity, although the
processes that contribute to retention (e.g. matrix diffusion, sorption) may be
dominant in many cases.

There is evidence that the presence of elevated levels of dissolved sulphides is due to
disturbances caused by the investigations (e.g. open drillhole flow, pumping effects etc.)
and that, in natural conditions, mixing between SO4- and CH4-rich groundwaters is
limited and the microbial process would stabilised. The results of stable isotope
analyses of groundwater and fracture calcites indicate that microbial sulphate reduction
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with anaerobic methane oxidation has been very limited (not pervasive) at the site.
However, isotopic results from fracture pyrites indicate that microbial SO4 reduction has
occurred at relatively low temperatures.
Dealing with this issue includes both numerical flow modelling and in situ monitoring
of the chemical composition of water samples and the flow field. The following
activities are relevant:


The experiment to study meteoric infiltration that has started, see I10.



Processes activated by seawater intrusion can be evaluated, using the long-term OLKR6 pumping test as a starting point. The analyses of chemical and microbial data,
integrated with improved hydrogeological understanding around the drillhole, is
continuing.



A biogeochemical experiment in an investigation niche, immediately below HZ20B,
has been taking place in the CH4- and SO4-rich groundwater mixed system to
evaluate SO4 reduction due to groundwater mixing. The second phase of methanic
conditions will be performed in winter 2012 at the planned repository level. The
data on C and S species in groundwater, gases, isotopic compositions and microbes,
compiled during the experiment, may give further insight on past processes.



The monitoring programme will also provide information on the movements of
marine and meteoric waters, on chemical changes and on the lifetime of dissolved
sulphide.



Numerical flow modelling is also able to guide sampling from locations that are
anticipated to be experiencing seawater intrusion.

I13: Evolution of groundwater composition: Formation of gas phase/ dissolved
gases in groundwater.

Methane data suggest that there is a potential gas phase in the deepest groundwaters.
Near-saturated groundwaters may form a gas phase due to upward migration (leading to
decrease of ambient water pressure) and/or the warming of the groundwater. Upward
migrating methane may also cause sulphate reduction.
Chapter 7 and previous reports assess the current site knowledge, based on a large
number of deep gas samples, and show that the situation at Olkiluoto is not anomalous,
as there are several other locations with similar geological conditions in the
Fennoscandian Shield with high methane concentrations, which could be the effect of a
well-buffered system with reducing conditions. There is a good understanding of the
origin of the methane, and there are bacterial and thermal end-members. Bacterial
methane is formed at ambient temperatures but its volume is essentially lower than the
thermal methane, which is most probably abiogenic and formed at considerably higher
temperatures. The isotopic data on fracture calcites indicate long-term microbial CH4
production, but very limited consumption in the upper 500 m. However, both the current
accumulation rate and the source of methane production are uncertain, although recent
calculations suggest a very slow rate of supply to the current methane profile. Specific
observations are as follow.

85



At depth the methane concentration is close to the saturation limit. Secondary fluid
inclusions have been observed to contain high methane contents, therefore thermal
methane can have an in situ source and has not necessarily diffused from great
depths.



The current rate and source of methane production is unclear. Is its production really
common in the upper 1000 m? If it were a fast process, the whole volume should be
saturated with methane – but it is not. It is probably limited by the availability of
source compounds, particularly hydrogen and/or an organic precursor. Active
methanogens are observed although small in number.



The thermodynamic data of the gas mixtures are poorly known.

It is essential to obtain more data (gas contents, microbes, isotopic) from deep, saline
groundwaters; specifically from drillholes deeper than the existing ones. Isotopic data
on fracture calcites and pyrites, which provide information on methane consumption
and production will be collected more from the deep bedrock zone. It is also planned to
obtain new gas data from the matrix pore space. The existence of the gas phase is an
uncertainty that probably cannot be resolved by the use of current direct groundwater
sampling methods. Modelling may help in understanding the accumulation of methane
in the system and whether oversaturation is possible. Methane diffusion can be further
evaluated by studying helium gas evolution, which may give more information on the
methane fraction from different sources and on its rate of accumulation.
I14: Evolution of groundwater composition: Evidence of deep infiltration of dilute
waters

Combined with issue I11.
I15: Evolution of groundwater composition: Potential for upconing of very saline
water

High salinity affects the stability of the buffer/backfill. High salinities in the repository
host rock block may have a great impact on the technical planning (and cost) of the final
repository. Knowledge of the salinity also supports the site-specific groundwater flow
modelling.
Predicting upconing requires – besides knowledge of spatial groundwater extraction
rates and evolution of the water table – site-specific information about the HZs, their
properties (transmissivity and flow porosities), the location of the freshwater–saltwater
interface, and the salinities of deep groundwaters. Groundwater samples are taken from
locations of good yield, i.e. hydrogeologically well-connected locations, which means
that the samples are mixtures of less and more saline waters than those representative of
the sample point. Model calculations to date have indicated the potential for meeting
higher than current salinities at repository depths, provided that the excavated rock
galleries are kept open long enough. However, mitigating technical measures, such as
grouting, are projected to be effective in delaying the intrusion of deep saline
groundwaters to the tunnels.
It should be noted that the literature on upconing usually concerns a more idealised
situation, in which an (eventually) sharp steady-state saltwater interface is maintained
below the “sink” (usually a drillhole) and the conditions that should be met so as to
prevent the interface’s movement to the sink. In the Olkiluoto bedrock, no sharp
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interface exists at the site scale, but there seems to a well-defined transition zone with a
width of a couple of hundred metres – something that may be interpreted as being due to
hydrodynamic dispersion on the site scale. On a more detailed scale, and especially in a
heterogeneous fractured rock, a sharp and steady or coherent interface is not expected.
At such a scale, the detailed temporal evolution and exact locations of these intrusions
can only be dealt with in a stochastic manner. The database may include uncertainties in
salinity at the lowest investigated depths and below the level where the current
hydrogeological model has placed its lower boundary. This is indicated by the slow
increase in TDS to about 125 g/L at 910 m depth in the bottom of OL-KR1 (Ahokas et
al. 2013). Recent hydrogeochemical data do not indicate significant vertical movements
of saline groundwater, but suggest rather stagnant conditions. However, the results of
determinations of matrix pore water composition may be interpreted as suggesting some
long-term upward movement of saline groundwater in the past, e.g. due to a regional
gradient, which has resulted in the observed transient state between fracture and matrix
groundwater salinities. On the other hand difficulties in interpreting this transient state
may result from uncertainties in understanding the interaction between these two water
reservoirs.
In conclusion, the potential for upconing is resolved from the site modelling point of
view, but upconing still needs to be monitored and managed - something that is taking
place.
10.3.4 Transport properties

I16: Site evidence for flow-related transport properties of migration paths from
the potential repository panels.

The flow-related transport properties of the potential migration paths are needed for the
safety case. A typical range of the flow-related transport properties is assessed in
Chapter 8.
Direct site evidence on the migration properties in parts of the rock containing few and
poorly-transmissive fractures is hard to obtain, and the properties have to be assessed
via modelling. The approach is the same as in SR2008, but the updated Hydro-DFN
model is now used:


Several alternatives regarding, e.g. the intensity of flowing fractures, fracture size
and the correlation between size and transmissivity, see Chapter 8, are presented and
assessed.



Characterising the flow distribution is mainly related to the description of how the
potentially transmissive fractures form a connected network. The flow cannot be
measured for future conditions; the flow path distribution has to be based on
modelling, i.e. on the Hydro-DFN model and estimates of the future boundary
conditions.



Properties of the migration paths are also compared to the corresponding properties
in the calibrated palaeohydrogeological simulations, in order to assess consistency
of the migration model with other site evidence.

The question is whether the Hydro-DFN model is sufficiently bounded by the available
hydrogeological data. As already discussed in issue I4, the uncertainties appear
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sufficiently bounded at the site scale, but more detailed descriptions will be obtained
locally as part of the RSC implementation process. The site-scale Hydro-DFN model
will continue to be updated as the database develops, but no substantial changes are
expected.
It should be noted that the HYDCO experiment, see TKS-2009 (Posiva 2009), is set up
at a scale relevant to migration in the near-field and in the “near” far-field of the
repository and is thus of special importance with regards to migration.
I17 Site evidence for the retention properties of the rock from the potential
repository panels

Matrix retention properties are needed for the safety case and are assessed in Chapter 8.
Data on retention properties are obtained from laboratory tests on core samples. The
existing data have been interpreted as providing estimates of matrix porosity profiles
and mineralogical compositions. These are used in the definition and classification of
the fracture transport classes presented in Chapter 8:


There are samples from the HZs, but these contribute little to retention, though they
are important for the buffering of intruding waters.



There are also samples from the less conductive parts of the rock mass, but coupling
these to the migration paths in this rock can only be made using a statistical
approach. In SR2011 this is implemented through classification of the fractures to
different transport classes.



Another issue worth consideration is whether long-term changes in the minerals on
fractures and in the matrix, due to precipitation and dissolution, would imply that
retention properties change over time. The great age of the fracture minerals
suggests this is not an issue – but this has not yet been formally assessed.



There may also be a bias associated with porosities measured in the laboratory, as
these may possibly be affected by stress release.



The in situ REPRO experiment was started in autumn 2010 to enhance confidence
in the in situ retention properties. It will provide in situ tracer test data on retention
properties, core samples for the supplementary laboratory programme and electrical
logging for estimating the formation factor. Preliminary analysis of the formation
factor from ONK-PH10 and ONK-KR13 indicate that formation factor values are in
the same order of magnitude as those indicated by the laboratory He gas
measurements of the effective diffusion coefficient.

10.3.5 Overall site understanding and predictability issues

I2027 Relationship between pilot hole data and conditions in the excavated tunnel
and its environment

Pilot hole information is considered essential for judging whether a specific deposition
tunnel is acceptable. It is thus necessary to establish how well the pilot hole data are
correlated with the local rock mass properties around the hole. This is also important
27

There are no issues I18 and I19.
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from the perspective of an overall understanding of the site. This issue is a key part of
the Prediction/Outcome studies presented in Chapter 9.
There is generally a reasonable correlation between what has been seen in pilot holes
and what is then encountered when mapping the excavated tunnel, but there are some
discrepancies:


The fracture frequencies measured on the pilot hole drill cores are currently
measured as being higher than the frequencies mapped on the adjacent tunnel walls.
It is still unclear whether this is mainly due to the difference in the resolution of the
mapping of the tunnel walls and the pilot hole core, or if the core contains artificial
breaks. This generally raises questions regarding the reliability of the fracture
mapping of any drill core, but similarly also of the mapping of tunnel walls.



Predictions of rock mass stability and the actual behaviour of the ONKALO tunnel,
or measures taken for its reinforcement, show some discrepancies. Pilot hole data
generally show that the rock is between good and very good and this is also
generally the case in the excavated tunnels. However, the pilot holes do not supply
sufficient information to allow the identification of isolated stability problems. The
diameter of the pilot holes is too small to reveal the exact locations and extent of
potential unstable rock blocks, even though the pilot hole data usually are sufficient
to tell what type of rock fracturing has been intersected.



Inflows into the ONKALO tunnel are disturbed by “skin effects” and grouting,
making quantitative comparisons between pilot hole data and actual tunnel
conditions difficult. In addition, the fracture transmissivity varies within the plane of
a fracture; however, some qualitative observations can be made. Usually, the pilot
holes predict higher inflows than those actually observed, but there are several
occasions where the pilot holes suggested dry conditions – but where it eventually
was necessary to grout (based on probe hole data) or post-grout due to unacceptably
high inflows. Closely-spaced pilot holes, i.e. in the shaft, showed quite variable
hydraulic conditions: the levels in the drill hole showing inflow points for the high T
fractures are essentially the same, whereas for the low T fractures the inflow point
levels differ between holes. Transmissivity values differ by up to an order of
magnitude between the pilot holes.



Water samples taken from the ONKALO appear similar to the water samples taken
from the pilot holes. Samples taken from the ONKALO also correspond well with
field data, in general. However, pilot hole samples from sections of low
transmissivity or high matrix porosity, i.e. with hydraulic conditions which differ
from those outside the ONKALO, also deviate to a certain extent from the general
trends (cf. issue I11) in the upper 300 m depth. Such samples are, for example,
found in ONK-PH2, ONK-PH6, ONK-PVA2 and ONK-PVA4.

An effort is needed to further explore the reason for the differences between the fracture
frequency in pilot hole cores and the mapped fracture frequency on the tunnel walls. It
may be considered sensible to remap a drill core section (e.g. discarding mapped
fractures parallel to the foliation) and remap a section of the tunnel wall at high
resolution with scanline type mapping, and then to compare the outcomes.
A numerical analysis of the correlation between transmissive sections in closely-spaced
pilot holes should be made using the Hydro-DFN model. It would also be of interest if
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the number of “inflow points” in the tunnel and in the pilot holes could be compared, cf.
discussion of issue I4.
Detailed hydrogeological characterisation of, for example, a niche, would give some
further indication of the spatial heterogeneity of the flow system (see also I4).
I21 What is the scale of natural variability of deformation zones?

Information about deformation zones is needed for the safety case. Establishing
guidelines for the definition of the deformation zones (i.e. their cores and zones of
influence) would be very useful for verifying the location of the layout-determining
features from investigations carried out underground. The current level of knowledge is
addressed in Chapter 4.
The cores and influence zones are established for the larger deformation and hydraulic
zones (LDFs, see Chapter 4) which show the variability of the properties of the zones in
drillhole intersections. For site-scale zones, the core sections are usually from 10 cm to
a metre in width, whereas the zones of influence are in the order of tens of metres,
averaging between 15 - 45 m. Tunnel observations also indicate that the intersected
local deformation zones usually have a variability in the core thickness from a few cm
to a few tens of cm and influence zones of a few metres at maximum.
The characterisation of influence zones is part of the RSC work (McEwen et al. 2012, in
prep.).
I22 Capability to predict spalling

The occurrence of spalling is of direct relevance to the safety case, and for the
construction work. The basic data for making predictions of spalling are provided in
Chapter 5, whereas Section 9.3 addresses the observed and potential spalling during the
construction of the ONKALO.
Based on strength and stress estimates, it is possible to assess whether spalling is likely
to occur. It seems that the few occasions of observed spalling/damage in the ONKALO
occur at the expected tunnel orientations:


The uncertainty in the stress (see I6) and the spatial variability of rock strength (see
I7) result in uncertainty regarding spalling predictions.



In relation to the potential for spalling in the deposition holes, there is uncertainty in
fully understanding and quantifying the importance of a counter-pressure to
suppress the spalling, even though it is clear that a quite moderate counter-pressures
(in the order of hundreds of kPa) would be sufficient.

However, the fact that the vertical holes drilled at the POSE experiment (McEwen et al.
2012, in prep.) did not experience spalling prior to heating confirms that current
estimates do not underestimate the stress/strength ratio and increases our confidence in
understanding the strength of the rock mass.
Uncertainty will be reduced by reducing uncertainty in the magnitudes of the principal
stresses and the rock strength (see I6 and I7), but there is a spatial variability in these
values that additional measurements cannot reduce further. Scoping calculations,
including representation of the thermal evolution, on the importance of counter-
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pressures to suppress the spalling will continue. The POSE in situ experiment will
provide additional important information in this context and for predicting the amount
of damage/spalling.
I23 Characterisation of the Excavation Damage Zone (EDZ) of the ONKALO
tunnel system

The properties of a potential excavation damage zone are of importance for the safety
case. Tunnel excavation, in particular with rock blasting, is seen as susceptible to the
creation of an EDZ. The EDZ may alter the rock’s hydrogeological characteristics
significantly. The hydrogeological characteristics may change through blast-induced
fracturing but also due to spalling, if it occurs. The current knowledge regarding the
EDZ is discussed in Chapter 9.
Over the period from 2006 to 2008 Posiva carried out a series of investigations
concerning the EDZ. These involved studies on blast-induced fracturing, the use of
different characterisation methods for examining the EDZ and analysing the
significance of the EDZ in terms of long-term safety (Mellanen et al. 2009). More
recent work has included the EDZ300 Project (Mustonen et al. 2010), where
considerably greater details regarding the excavation and investigative techniques
employed can be found. The EDZ09 Project was established so as to enhance the drill
and blast method, to try and limit the extent of the EDZ and to verify the feasibility of
using Ground Penetrating Radar (GPR) for characterising the EDZ. In the project, a
series of drillholes was made and geophysical tests were carried out before and after
excavation in the special “EDZ niche” at chainage 3620 m in the ONKALO tunnel.
Differences in the results obtained before and after excavation were compared, using the
portions of the drillholes remaining after excavation and using data from immediately
adjacent to the tunnel wall. A comparison between the baseline conditions and the
results obtained after excavation indicates how the properties of the rock mass have
been modified due to excavation; however, it needs to be appreciated that the drillhole
data relate only to quite limited and localised volumes of the rock mass, possibly
implying that any changes evidenced from these drillholes are not necessarily
representative of the rock mass in general. The geophysical techniques have, however,
investigated considerably larger volumes of the rock mass and do suggest the same
types and magnitudes of changes have taken place and that they are, therefore,
ubiquitous. The differences in seismic results serve as a direct indication of the effects
of blasting.
The following conclusions can be drawn:


The comparison between GPR and other methods shows that the responses to these
geophysical methods are located in the same parts of the rock mass, although there
are differences, due both to the electrical and acoustic physical parameters being
investigated, as well as the measurement geometries of the different techniques.



The GPR measurements indicate that some new fracturing has taken place due to the
excavation However, inspection of the data suggests that this new fracturing is not
continuous, even along the tunnel floor, and even less so in the tunnel wall.



The water loss measurements and interference tests performed before the excavation
of the EDZ tunnel show very low transmissivities (T= 1.5•10−12 ... 5 •10−12 m2/s)
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and poor hydraulic connections between holes. Measurements after the excavation
indicate the possibility of the existence of excavation-induced fractures with low
transmissivities (T= 10−12 ... 10−8 m2/s).
In conclusion, the EDZ09 experiment shows that blast-induced fracturing is likely to
occur, whatever form of drill and blast system is employed, and that some of these
fractures may be water-conducting. However, the GPR data also suggest that this blastinduced fracturing does not form a continuous, connected network over larger distances
along the tunnel – even in the floor of the tunnel where the EDZ is best developed.
Whilst the number of data is limited, this proposition gains further support from similar
findings made by SKB in exploring the potential EDZ in the Äspö HRL (Olsson et al.
2009, Ericsson et al. 2009).
I25: Impact of the open drillholes on the hydraulic connections of natural
deformation zones (resolved).

This issue has now been resolved, even though the recovery of the salinity has taken
longer than expected. As already indicated in SR2008, this will not be listed as an issue
anymore.
I26: Existence of high pH plume and other impacts of grouting

A high pH is potentially detrimental to the buffer and the potential for such plumes is
essential information for the safety case.
Since SR2008, only monitoring has taken place. Where low alkaline cement grout has
been used the pH level has decreased to almost normal levels (below pH 9). As noted in
SR2008, the influence of grouting cement has also been monitored in drillhole
experiments at shallow depth in the ONKALO. The results showed a significant
decrease in pH values over a few years, but the experiments were not hydrogeologically
well controlled (Arenius et al. 2008).
The monitoring of pH will continue. A hydrogeologically well-controlled experiment
could possibly provide further insights into whether a pH plume really develops.
Reactive transport modelling exercises (e.g. as part of the Prediction/Outcome studies),
to improve the understanding of the ability of local water-rock systems to neutralise
high pH water, may also be worthwhile.
10.4 Data support, confidence and uncertainty in the resulting SDM input
to the safety case

For reasons of traceability in the safety case, it is also important to document the source
of information for the SDM (Site Descriptive Model), the quality of this information
and the resulting uncertainty and confidence. The following topics have been
considered:


For a specific SDM property, how this is used as input to the safety case.



Characterisation data and other aspects supporting the estimate of the property (just
a list with reference to the appropriate section in the main text).



Has all available, relevant information been used for assessing this property?
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Is there a low level of accuracy or any pronounced bias in the information used to
estimate the property? If so, what is the extent of this inaccuracy or bias and how
has it been accounted for?



Are there other sources of uncertainty in estimating the property (e.g. low spatial
coverage, poor process understanding, lack of useable site data, etc.)?



Are uncertainties in the property bounded, and with what confidence? Are there
contradictory data that suggest a potential for alternative interpretation/models?



What are the main reasons for confidence (or lack of confidence)?

These inputs to the safety case are described in the following subsections.
10.4.1 Geology

The lithological model, presented in Chapter 4, is based on core logging, surface
mapping, the ONKALO tunnel data, petrophysical sampling and magnetic
measurements, as well as on the understanding of geological history of the site,
especially of the ductile deformation, which directly affects the lithological distribution.


The relationship between block faulting and the lithological distribution has been
assessed in only in a few cases, via displacements in the 3D models of rock units.
Any particularly significant displacements should be addressed in a more detailed
manner in the lithological model. The lack of proper key markers and (for this
purpose) sparse drillholes and outcrops makes this assessment difficult, but will
nevertheless be considered in future work.



There is no bias at the site scale, as the new drillholes, trenches and tunnel mapping
seem, more or less, to confirm the results of earlier models.



In the eastern area there is limited data coverage, but new drillholes will resolve this
issue. The uncertainties, but also the advances, in the understanding of ductile
deformation are directly linked to the lithological model.



Uncertainties in the site-scale lithological model are considered to be bounded, as
the key aspects controlling the lithological distribution are known and the data
coverage is mainly good. However, the borders between certain migmatite types are
based on statistical considerations and without sharp contacts alternative 3D
interpretations based on new data are still possible.

The confidence in the site-scale lithological model is considered as high in the central
area, as shown by the results of prediction-outcome studies. Due to poorer data
coverage, the confidence in the eastern area is lower, but the data from new trenches in
the eastern area are in agreement with the previously-developed lithological model.
The ductile deformation model is based on core logging, surface mapping, ONKALO
tunnel data, magnetic measurements and on the understanding of the ductile
deformation history:


The relationship between block faulting and the ductile deformation model has not
yet been fully assessed, e.g. studies of the relationships between the last ductile
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phases and the first brittle phases can probably be assessed more efficiently by
suitable sampling of features of different deformation phases. For a more detailed
understanding of the ductile deformation history, new trench and outcrop data need
to be processed.


There is no bias at the site scale, as new drillholes seem, more or less, to confirm the
results of earlier models. However, the ductile deformation model has been
modified considerably since SR2008, as new data have been acquired and also as
new age determinations and studies on metamorphic petrology are now included in
the ductile description. The precision of the model is still continuously increasing.



There is good data coverage in the site-scale model of large structures and tectonic
units, but for the modelling of small-scale variations inside the units, for example,
domains dominated by a certain deformation phase(s), the site-scale coverage may
not be sufficiently high.



Uncertainties in the site-scale ductile deformation model are considered to be
bounded, as the site-scale understanding of the ductile deformation and tectonic
units seem to be quite robust with respect to newly-acquired data. For small-scale
variations, the uncertainties are not that well-bounded and further work is needed to
assess the effect of such variations.

There is a high level of confidence in the model, since it seems to explain the current
observations, is conceptually logical and agrees with regional interpretations.
The spatial alteration model is based on core logging, surface mapping, ONKALO
tunnel data, gamma measurements and the understanding of the alteration processes:


The relationship between fracturing, faulting and alteration has been assessed in the
current models, but this assessment should be further continued in order to increase
the understanding of the alteration processes. Knowledge of the mineralogy and
chemistry of the altered rock types has advanced since SR2008, but there are still
additional data which should be taken into account in future modelling.



There is no bias in the data and they are considered precise. However, the alteration
processes observed at Olkiluoto are very heterogeneous and depend partly on brittle
features, tectonic units, lithology and mineralogical and chemical variation inside
rock units. The interpretation of the core logging can, therefore, be subjective and
uncertain. Because of the natural variations and uncertain interpretations, 3D models
of pervasive alteration are sketchy compared, for example, with the brittle
deformation model (see below).



The low spatial coverage, especially in the eastern area, with very heterogeneous
alteration products, affects the confidence in the model in the eastern part of the
Island.



The alteration model only accounts for the spatial distribution of pervasive
alteration, whereas fracture-controlled alteration is also common. The phenomena
are too heterogeneous and variable at the small scale, to allow fracture-controlled
alteration to be properly modelled in 3D.

86



The current understanding of the spatial distribution of the pervasive alteration is
considered to be fairly good, yet the discontinuous characteristics of alteration at
Olkiluoto result in additional uncertainties in the current model. The modelled
volumes of pervasive alteration are more detailed than in SR2008, but they still may
contain far more heterogeneous, smaller variations with respect to their physicochemical properties. The effects of new data on the current model need to be
assessed.

The level of confidence in the model is judged to be high, since the new data obtained to
date have more or less confirmed the results of the model. However, the issues stated
above need to be taken into account in future modelling work.
The brittle deformation model is based on core logging, surface mapping, ONKALO
tunnel data, magnetic measurements, mise-à-la-masse measurements, VSP, 3D seismics
and the understanding of the brittle deformation history. Modelled deformation zones
outside the central area are mainly based on geophysical and seismic data and the
understanding of the brittle deformation zone history:


New geophysical and kinematic data can be further explored to obtain an
understanding of the age relationship of various faults and the relationship of
modelled local-scale faults and site-scale faults should be further assessed. Also, the
truncation of BDZs can be further studied with new data.



The current drillhole geometry potentially fails to identify subvertical faults.
Nevertheless, the data density in the central part of the Island is high enough to
reveal any site-scale subvertical faults, so this bias is therefore related primarily to
local-scale faults.



The extrapolation of site-scale faults outside the central part of the Island is a source
of uncertainty. The extrapolation is based on some geophysical data and lineament
interpretations, but also on expert judgment – direct control is lacking in these areas.



The exact nature of the bounding lineaments is still mainly unknown, due to lack of
data. In several figures they are depicted as vertical BDZs, but new drillholes show
evidence of dipping BDZs and two of the bounding lineaments are now described as
BFZs in the model.

There is considerable confidence in the geometry and extent of the site-scale faults
within the central area, as demonstrated by the new data. The level of confidence
regarding the extent and geometry of the site-scale faults in the eastern area is lower.
The fracture description and the Geological DFN model are based on core logging,
mapping of trenches and ONKALO mapping:


There is a good understanding of the fracture filling mineralogy and since SD2008
also some correlation with other fracture attributes. However, further studies are
needed to clarify the properties of typical fractures in the bedrock.



A fracture network is described for each tectonic unit, and uncertainties in the
locations of borders of units affect the geometry of fracturing domains in the DFN
model.
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The Geological DFN modelling is based on the fractures mapped in the drillcores,
investigation trenches and in the tunnel. These data are strongly concentrated close
to the surface. This and the potential for better-developed surface fracturing can
cause biases in the fracturing models. This bias is already less significant compared
with the first Geological DFN models, and will be better addressed when mapped
tunnel data from the repository level become available.



There is uncertainty in the DFN modelling, indicated by having different alternative
DFN models, based on different weightings of the data. These models predict
slightly different fracture patterns.

Nevertheless, there is a reasonable level of confidence in the Geological DFN model,
since the fracture data collected from the tunnel and drillholes and from the surface
mapping show general similarities.
10.4.2 Rock mechanics

The stress model is based on direct in situ stress measurements (overcoring, LVDT cell,
LSG and hydraulic fracturing), indirect methods/observations (DRA, core discing,
borehole breakouts), shaft convergence measurements made in the ONKALO and a
semi-integrated stress analysis.


All the stress data have been considered, but data that are judged of poor quality
have not been used in specifying the stress state.



There is still low spatial coverage (no stress data yet from the eastern area) and there
could be areas at the site where the stress field is different because of the influence
of BDZs in deflecting the stresses. However, this latter issue is being rectified by
numerical stress modelling.



The uncertainties are not well bounded, since the range between the highest and
lowest estimated values is large. There is also scatter in the orientation of the major
principal stress. However, there is now evidence based on the LVDT cell
measurements that at the anticipated repository level the major principal stress will
be orientated horizontally between E-W and NW-SE.

There is an overall confidence in the stress model, because of its consistency with the
regional stress state in Finland and because of understanding of the potential stress
rotations via the stress modelling, but there is less confidence in its details, because of
the potential for local deviations in the magnitudes and orientations of the principal
stresses.
Intact rock properties are determined from laboratory tests on rock core samples, point
load and Schmidt hammer tests on site:


Correlation between different strength estimation methods have been studied, also
checking for possible correlations with geological and geophysical mapping data.



The data are unbiased, but somewhat imprecise, because there is a large standard
deviation due to the heterogeneity and foliation of the rock. However, this is typical
and accounted for by using the full distribution of rock strengths in the analyses, e.g.
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in the spalling analyses. Furthermore, the long-term strength and spalling strength
data are not yet fully understood.


The uncertainties in rock modulus and strength are bounded.

Confidence is achieved by using the full distributions of the various parameters in the
analysis to estimate possible rock damage/spalling.
Fracture properties and potentially unstable rock blocks are based on the Q mapping
data. Laboratory tests exist only for few fractures samples:


All data are considered.



There is no bias in the fracture property data, but they are somewhat imprecise due
to the heterogeneity of the fracture surfaces. There is no bias in fracture orientations,
but possibly a bias in fracture frequencies as measured in the different mapping
situations; however, this bias is understood and can be taken into account.



Uncertainties are bounded.

There is a very high confidence in the fracture geometry for rock mechanics purposes,
because of the wealth of mapping data on fractures. There is less confidence in the
mechanical properties of fractures.
Deformation zone properties are based on the Q mapping data where there are drillhole
or tunnel intersections:


Data are somewhat imprecise due to the heterogeneity of the fracture zones.



There is low spatial coverage.

Confidence in the values given is limited, since no relevant direct measurements can be
made.
Rock mass properties are assessed from the intact rock and fracture properties (see
above):


Information on in situ strength (at the tunnel scale) is currently being tested (as part
of the POSE experiment).



There is low spatial coverage regarding the spalling strength, but geostatistical
analyses and numerical modelling provide additional confidence.



There are many estimates possible, based on the Q values from drillhole, pilot hole,
and tunnel mapping work. There is some incompatibility in the different Q values
thus determined, but the estimates can be sufficiently well bounded.



Long-term strengths and spalling strengths are not yet fully understood.

Confidence is based on the ability to make sufficient empirical estimates, based on the
large number of mapping data available from the drillholes, pilot holes and tunnel
mapping supported by numerical modelling.
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10.4.3 Thermal

Thermal properties are based on laboratory measurements from drillcores and some
preliminary in situ measurements with the TERO probe, as further discussed in Chapter
5:


All data are used.



The data have no bias and have high precision, but show a large variation, which is
due to the heterogeneity of the rocks at Olkiluoto.



The spatial coverage is relatively low since data are obtained only from relatively
few drillcores.



The uncertainty is bounded. The lower end and the anisotropy of the thermal
conductivity distribution, which are important for the thermal dimensioning, are
well bounded.

Confidence is high, since there are several data, which are well supported by the
geological descriptions, where the anisotropy is related to the occurrence of mica,
whereas the spatial variability is essentially at a very local scale and averages out at
larger scales. The TERO probe data suggest that the upscaling does not overestimate the
thermal conductivity. However, very few in situ data exist today to understand the
thermal properties at larger scales (i.e. at the deposition hole scale), but the heater
aspects of the POSE experiment will enable further understanding to be developed.
The in situ temperature is based on temperature logging in drillholes. All data are used
and considered to be unbiased and of high precision, resulting in a high level of
confidence.
10.4.4 Hydrogeology

As described in Chapter 6, the model properties of the Hydrogeological Zones (HZs) are
based on the geological brittle deformation model (including the model for lineaments),
on PFL observations for high transmissivities, on the observed responses to field
activities, such as new drillholes, on pumping tests and water samplings, and the
responses to ONKALO inflow waters:


All data are used, i.e. at least have been reviewed and considered.



Data are considered precise and unbiased, at least in the central area. "Precision" is
intimately connected to the scale of the model (and this basically is determined by
knowledge from the drillholes). Whilst some bias may be associated with the
drillhole observations, as the dominant orientation of the drillholes is close to the
vertical, the supporting (geological) information implies a gently-dipping, even, subhorizontal, dominant fabric within the bedrock on the site scale, making it amenable
to investigations with high angle drillholes.



Outside the central area, the description of the hydrogeological zones is clearly more
inaccurate, but this has only a limited impact on the flow in the central area.
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Uncertainties are related to the continuation of some of the hydrogeological zones
beyond the central part of the Island. Also some alternative interpretations are
described in Chapter 6.

There is a very high confidence in the location and effective or average hydraulic
properties of the hydrogeological zones in the central area. The existence and
description of HZ19 and HZ20 is consistent with all hydraulic data and is also largely
consistent with the geological model. There is less confidence in the location and
properties of the potential vertical hydrogeological zones, but the fact that very few such
zones are found in the ONKALO, suggests there are very few. The SDM2011 model
implies a little greater population of vertical of BFZs and HZs in the eastern area.
The hydraulic properties of the rock volumes between the hydrogeological zones, as
described in the Hydrogeological DFN model (Hydro-DFN) and including the division
into different depth zones, are based on the Geological DFN model and on PFL
measurements, and the division into fracture domains arising from the Geological DFN
model:


Pilot hole and ONKALO data could be used more for calibration and testing of the
Hydro-DFN model in the future.



Data are judged to be largely unbiased. The Hydro-DFN description of the sparsely
fractured rock is made or calibrated to agree with PFL flow observations, that
should be seen as the most reliable and objective basis to establish the Hydro-DFN
model.



Some bias may arise from the fact that rather few observations are available from
the uppermost 50 m of the bedrock, as most of the deep drillholes have been
equipped with surface casing.



There are many representative data from the central area, but few from the eastern
area. Also, the intensity of PFL data is low below approximately 400 m depth,
thereby increasing the uncertainty.



The uncertainty in the Hydro-DFN model concerning fracture size and frequency is
handled using different alternatives. It is judged that the range of these alternatives
bounds the uncertainty.

The confidence in the model stems from the huge number of data on which the model is
based. The Hydro-DFN model, with its alternatives, reflects the measured PFL data.
This means that there is high level of confidence in the central area, but less confidence
outside this volume. There is less confidence with regard to fractures with
transmissivities less than the PFL measurement threshold.
The equivalent porous medium (EPM) model at the site scale is based on the HZ model
and properties that have been obtained upscaling the underlying hydro-DFN model.
Thereby the uncertainties in the site scale HZ model and hydro-DFN model propagate
to the EPM model:


All data are used.
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The present day boundary conditions for groundwater flow are based on
determining local recharge/discharge on the surface. This is achieved through
iterations solving for the elevation of the water table and the local
recharge/discharge of water, which depend on the overburden's hydraulic
conductivity and are constrained by the net precipitation (precipitation minus
evapotranspiration (P − E) minus overland flow and flow through the unsaturated
zone) and surface topography of Olkiluoto. For the model area covered by the sea,
the hydraulic boundary condition is equal to the hydraulic head datum (i.e. 0 m).
The boundary conditions for salinity are based on the seawater salinity on the top
surface of the model.



For the present day situation, the uncertainties in the boundary conditions on the top
of the model are generally small, but they are greater for periods in the past, due to
the general lack of direct information, e.g. on past shorelines. However, the surface
hydrological model has now been developed (Chapter 3) in order to describe the
past evolution of surface hydrology. This has then provided another basis for
defining the transient boundary condition of the model's top boundary.



The salinity of the Littorina Sea has been inferred indirectly. Similar uncertainties
are associated with the initial state of the salinity field, whereas the uncertainty in
the initial state of the water pressure for the submerged island 8000 years ago is
considered to be small.



On the top of the model the hydraulic boundary condition is bounded by the
topography and the sea water elevation; the boundary condition for the salinity is
bounded by the seawater salinity and the fresh water (i.e. zero) salinity.

The presence of the sea makes the general boundary conditions well known and well
defined. On land there is quite a large number of hydraulic head data, resulting in a
well-defined hydraulic boundary condition. With regard to the initial state, the greatest
uncertainties are associated with the salinity field. At depth the salinity distribution is
well known – and bounding estimates could be made – though, at shallow depths, this is
more difficult, due to the strong spatial variability of permeability (see also issue I15,
Section 10.3.3).
10.4.5 Hydrogeochemistry

The description of the current groundwater composition is based on groundwater
samples with gas data, fracture mineral data, matrix pore water data, fluid inclusions,
isotopic data of these various materials, hydrogeological measurements and fracture EC
data, and general geological and palaeo-climatic information, as described in Chapter 7:


All data are used.



The number of data from poorly permeable fractures is still relatively low, but the
number is increasing as a result of the ONKALO investigations (pilot holes,
groundwater stations, characterisation holes, holes in experiment niches).
Substantial differences exist between the matrix pore water and the water sampled
from fractures, regardless of the transmissivity of the sampled fractures or of the
distance between a pore water sample and a transmissive fractures (cf. issue I10,
Section 10.3.3).
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The near-field groundwater compositions will depend on the hydrogeological
conditions and the disturbance caused by the repository. The original conditions
within HZ20A are uncertain, due to the influence of open drillholes and, therefore, it
is difficult to estimate its real hydrogeochemical significance. However, salinity
simulations with flow modelling do not indicate any outstandingly fast infiltration
paths.



The groundwater composition varies slightly according to the hydrogeological
properties of the host rock (low permeable vs. highly transmissive, older vs.
younger), but this is bounded for uncertainty and sensitivity analyses by the
observed range of groundwater compositions and types.



The information from pore water data suggest a different evolution of the salinity
compared to the groundwater samples or site scale flow/salinity simulations. The
issue will be discussed after more data from low transmissivity fractures, matrix
pore waters and diffusion properties have been obtained, e.g. from the REPRO and
HYDCO experiments as well as from depths in excess of 1000 m from the new deep
drillhole.

Nevertheless, there is reasonable confidence in the distribution of water types and
increasing numbers of data have not revealed any significant surprises. However, matrix
pore water data from rocks at depth generally show more dilute water than in the
permeable system; and the pore waters also appear to be very old. The origin of these
dilute waters is uncertain, but their presence suggests a very low rate of exchange
between the deep and near-surface groundwaters.
The assessment of chemical processes is based on groundwater samples, isotopic data,
microbial data, dissolved gas data, fracture mineral mapping, analyses of mineral
compositions, isotopic studies of fracture minerals, information from other sites
(analogy studies) and thermodynamic constraints:


Although microbial SO4 reduction is an evident process in groundwater, its actual
mechanism is still unknown, which causes uncertainty in assessing dissolved
sulphide production. The life time of dissolved sulphide in groundwater is also
uncertain. The SURE experiment and hydrogeochemical monitoring will give more
information on this issue.



All data are used at the general level. Focussed integration of different data may
give more detailed information at the local scale.



The potentially variable representativity of different data sets may imply some bias
and different data describe different volume scales of the bedrock. Groundwater
samples are the averaged compositions of pumped water, a process which may
effectively smooth any chemical differences, whereas mineralogical studies are
sporadic and potentially important information may not have been obtained, due to
the resulting limited volumetric representativity. Different data may represent
different time episodes, thus integrated interpretations may be misleading,
particularly when older episodes (i.e. preglacial) are evaluated. The development of
larger datasets since SD 2008 has not revealed any new features; however, detailed
mineralogical studies of the latest fracture precipitates and pore water studies,
together with sampling from low transmissive features, have produce a more
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coherent picture of ancient episodes, including also variations in groundwater
composition.


Ancient episodes are not fully represented in the different databases (groundwater,
fracture minerals, alteration).

There is a fair level of confidence in recent processes since the Weichselian glaciation.
Confidence is enhanced by the general understanding of hydrogeochemical processes,
by the fact that geochemical reactions are universal, and from the evidence that the
palaeohydrogeological evolution is well understood.
10.4.6 Transport properties

The transport model uses the Hydrogeological DFN model, as described in Chapter 6,
and is the main input for deriving flow-related retention properties:


Flow logging of the shaft drillholes has not yet been used as input into the HydroDFN model and subsequent transport modelling. These data could be used to assess
the heterogeneity of the fracture planes and such an analysis is planned for the next
update of the model. Also, the connectivity of the Hydro-DFN model depends on
the ratio of open (potentially water-conducting) to flowing fractures, but no clear
geological indicator has been interpreted for the presence of open fractures.



Updating of the Hydro-DFN model has also required a preliminary comparison
between HTU and PFL data on fracture transmissivities that indicates a broad
agreement between these two methods. The fracture transmissivity distribution in
the SR2011 Hydro-DFN model has been extended towards less transmissive
fractures using PFL data from the ONKALO pilot holes ONK-PH2 to ONK-PH14,
and PH16-17. PFL data from these holes is associated with a detection limit of about
2·10−11 m2/s that is lower than that for the surface-based drillholes (about 1·10−9
m2/s), due to higher drawdowns operating in the pilot holes. This increases
confidence in the hydraulic properties of the Hydro-DFN model at the repository
depth.



The present Hydro-DFN model is based on drillhole data from the central area, thus
the fracture statistics from the eastern area are not well sampled.



An estimate for of the lower bound of the “transport resistance” (WL/Q) over all
fractures and for the whole Island is feasible, as there are correlations between flowrelated retention properties and other hydraulic properties. The bounds of the WL/Q
distribution can be estimated when flow paths are conditioned on, for example,
observed flow rates. The WL/Q values estimated for the migration paths are also
consistent with the estimated “transport resistance” resulting from the
palaeohydrogeological simulations for movements of the different water types.

Uncertainties related to the structure of the Hydro-DFN model are handled by
alternative models and variants of the fracture transmissivity model. The Hydro-DFN
model description is considered robust, given the model predicts the frequency and flow
rate distribution of flowing fractures quite well. Simulation results also show less or
similar variability in flow-related retention properties between different model
alternatives than between different realisations. This indicates that PFL data are able to
constrain flow properties in the alternative models to be similar within the “natural”
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stochastic variability of the background fracturing. PFL measures flow into an open
drillhole under, in practice, steady state conditions, with the whole drillhole acting as a
boundary conditions for the flow. This means that the flow field is activated in the
whole fracture network surrounding the drillhole, and the long-term pumping ensures
that the flow rates from individual fractures to the drillhole are representative of the
connected flow path behind the fracture (i.e. into the rock mass) and not only the
fracture that intersects the drillhole. The nature of the transport resistance is so close to
what is actually measured by the PFL, that confidence that the models can be calibrated
to the relevant data is high. There are still uncertainties in the Hydro-DFN model, but
these can be bounded using alternative models (see above). Although total confidence in
the precise predictions of the models is lacking, there is confidence that the uncertainty
in the models and in the results of the model can be sufficiently well bounded.
The input to the determination of the matrix properties is the geological
conceptualisation and resulting definition of the immobile zones, see Chapter 8, which
in turn are based on core samples taken from drillholes OL-KR11, OL-KR13, OLKR14, OL-KR20 and OL-KR25 for the diffusion, porosity and pore structure studies
undertaken by applying PMMA and X-ray tomography techniques. No sorption data are
assessed in this report:


More use could possibly be made of the geological data in determining matrix
migration properties. Properties of the immobile zones of the retention models are
not directly measured; they are based on fitted relationships between the measured
diffusivities and porosities for the rock mass at Olkiluoto (c.f. Figure 8-9). Sorption
properties for some of the immobile zones need to be scaled, using for example
cation exchange capacity, from the measured data, taking into account the main
sorbing mineral(s) as well as surface area and solution speciation.



The conceptual retention models are inherently quite uncertain, because of the
significant heterogeneity of and variability between hydraulic features. An in situ
measurement programme REPRO, has been initiated in order to collect appropriate
migration data.



There is uncertainty as to whether laboratory data are biased compared to in situ
data. The means of bounding this uncertainty are being explored (see issue I17,
Section 10.3.4) and the in situ programme REPRO will also include a
supplementary laboratory programme that gives additional information on this issue.



Inevitably, matrix data will be measured at a few scattered locations in the
ONKALO. However, data can be compared with relevant information from other
sites, for example SKB data.

The fact that only limited matrix data are available reduces confidence in the matrixrelated retention properties. In general, matrix data from different sites, e.g. the SKB
sites, tend to show rather similar values of formation factors and sorption properties.
This is also the case with the evaluated preliminary formation factor values from the
ONK-PH10 and ONK-KR13 that are similar to the formation factor values from
Forsmark. This could suggest that the fact that there are few matrix data from Olkiluoto
is of less concern, at least for justifying the lower bound values. Current models
simplify the spatial variability and limit the differences between fractures.
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10.4.7 Conclusions

The following general observations are considered to apply:


The SDM usually depends on a multitude of data, and also uses the outputs from
several disciplines to arrive at the final description. The Site Model properties
seldom depend only on direct, specific measurements.



Generally, all data available and identified in Chapter 2 have, with a few exceptions,
been considered in the modelling. In the very few number of instances where data
are not used, it is generally due to concerns over the quality control of the data. The
impact of not using the few excluded data is judged to be moderate to small.



Poor precision or measurement biases in the field data are, with some important
exceptions identified above, judged to be a minor source of uncertainty in the
resulting model description.



Low spatial coverage or lack of useable site data is an important reason for the
uncertainty in the eastern part of the model domain, as well as for the uncertainty in
the stress model.

Most uncertainties are bounded or handled by alternative interpretations. Compared to
SR2008 there is also enhanced confidence in the eastern area, but uncertainties are
higher than in the central area. If areas outside the central area (see Figure 2-1) are to be
used for the repository, more surface-based drillholes may be needed in these volumes
of rock in order to more firmly establish the location of the large BFZs. However, it is
possible to assess the general suitability of these volumes of rock based on current
knowledge.
10.5

Potential for alternative interpretations

In general, few alternative models are presented in SR2011. Areas with high
uncertainty, especially in the eastern area still exists, but it is usually judged more
meaningful to await more data, or to provide broad uncertainty bounds for the models,
rather than to develop alternative models. Alternative models are formulated where
there is judged to be a limited prospect of obtaining data that would resolve the
uncertainty.
10.5.1 Geological model

As discussed in Chapter 4, there is no alternative geological model presented. The
confidence in the central area is now quite high and no alternative model is developed.
The overall concept that the rock mass consists of competent intact rock intersected by
fractures and deformation zones of different sizes has remained since the start of the
geological model development.
There was a fundamental change in the geological modelling approach in SR2006 when
an "initial version" (version 0) of the Geological Site Model (GSM) became available.
SR2006, included GSM version 0.1, GSM version 1.0 was subsequently developed and
GSM version 1.1 reported in SR2008. GSM version 2.0 was published this year
(Aaltonen et al. 2010) and GSM version 2.1 is included in this report.
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In the latest GSM, the whole of Olkiluoto Island is included in the modelled volume and
no alternative models have been developed, e.g. for the eastern area. Due to the
advanced level of knowledge, it is now judged more meaningful to develop the GSM in
an iterative manner, rather than to formulate different alternative models to handle the
uncertainties.
There are four alternatives in the geological DFN model, depending on which input data
are given the highest weight, see Chapter 4.
10.5.2 Rock mechanics model

As discussed in Chapter 5, there is no alternative rock mechanics model but it is noted
that in the central area the precise stress orientation and magnitude are uncertain. The
uncertainty is expressed by having wide bounds on model parameter values:


Within the precision of the stress data, it is possible that the orientation of the major
principal stress changes with depth due to BDZs within and/or beyond Olkiluoto
Island.



A more detailed stress model is anticipated, following numerical stress modelling
and the evaluation of reliable stress data measured from the ONKALO below HZ20.
This will enable consideration of whether any alternative hypotheses are required.

There has been increased understanding of the rock damage/spalling concept over the
years, but fundamentally the ratio of the in situ stress concentrations to the in situ
strength of the rock has always been the important issue to consider. There are no
alternative hypotheses but more precise data are being developed (e.g. the POSE work).
10.5.3 Hydrogeological model

As further discussed in Chapter 6, there are no significant alternatives to the site scale
hydrostructure model in the central area, since there is considerable confidence in the
model in this area. However, there are alternative interpretations for some detailed
structures, see Chapter 6. There is also greater uncertainty outside the central area.
Both equivalent porous medium (EPM) and discrete fracture network (DFN) models
have been derived. These are conceptually different descriptions of the hydraulic
properties, but are judged to be consistent, i.e. their apparent differences are more a
matter of scale and resolution. The uncertainty in the hydrogeological DFN model
concerning the frequency and correlation between size and transmissivity is handled
using different alternatives.
The concept of site-scale HZs has been consistent from the start of the modelling, under
the coordination of the OMTF. The description of the sparsely fractured rock between
the site-scale HZs has been updated (since its introduction in SR2008) as the alternative
to the homogeneous (EPM) description. The DFN concept has evolved due to an
increased understanding of the characteristics of sparsely fractured rock and an
increased capability for adjusting such models to real site data.
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10.5.4 Hydrogeochemistry model

As further discussed in Chapter 7, there is no alternative hydrogeochemical model
concerning recent postglacial hydrogeochemical evolution, but there is uncertainty in
the importance and/or strength of the different hydrogeochemical processes operating.
However, uncertainties have decreased due to the large number of isotope and fracture
filling data, which have clarified the processes operating at shallow depths during
infiltration. The overall process regarding the reduction of sulphide is understood,
although the rate, kinetics and constraints on the process are less well known.
Some not yet fully explored hypotheses concern the origin and past distribution of the
saline groundwater. The difference between fracture groundwater and matrix pore water
may be false, due to anion exclusion, i.e. the diffusion porosity for Cl and other anions
is smaller than water-loss porosities, which are used to calculate pore water
concentrations. Thus, pore water salinities may be incorrectly low, balance may prevail
between fracture matrix pore groundwaters and a Tertiary age dilute groundwater period
is not necessarily evident. Nevertheless, the heavy stable isotope compositions of pore
waters need further study and the uncertainty in these data is significant compared to
fracture groundwater data. Knowledge of their equilibration and fractionation under low
water/mineral surface area conditions and low temperatures is needed, for example data
from very low transmissive fractures would be helpful.
10.5.5 Transport model

As further discussed in Chapters 6 and 8, the uncertainty in the connectivity of the
hydrogeological DFN model is handled by different alternatives regarding fracture
frequency, and by different alternatives regarding the correlation between transmissivity
and fracture size.
There is uncertainty in the internal correlation structure between fractures that would
affect the connectivity of the fracture network. However, the Hydro-DFN model is
calibrated against the PFL data (that actually is sensitive to connectivity) and it is
judged that the remaining uncertainties are covered by the different alternatives
employed. In addition, connectivity will be studied by the in situ hydraulic interference
testing as part of the HYDCO project. It is known that fractures are internally
heterogeneous and sensitivity analyses are used to bound the importance of this effect,
for example, the Hydro-DFN model directly addresses the heterogeneity of the HZs and
one model alternative also adopts heterogeneity in the largest stochastic fractures. There
is still an issue as to how to derive the effective (upscaled) properties of the network.
The influence of the heterogeneity on flow has been studied using flow logging data
from the shaft drillholes. In parallel with this, flow-related retention properties under PA
flow conditions in heterogeneous fractures are explored using modelling studies. These
studies aim to develop a methodology for relating the effective flow and the description
of the retention properties in a consistent manner for heterogeneous fractures.
The conceptual model for migration in the geosphere has been stable at least since
TVO-92 (Vieno & Nordman 1992). The same concept is still the basis for the model
presented in SR2011, and it is now substantiated with site data, both with regard to the
flow-related properties (WL/Q derived from the Hydrogeological DFN) and fracture
mineral and matrix porosity properties.
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10.6

Consistency between disciplines

Another prerequisite for developing confidence is consistency (i.e. minimal conflicts)
between the different discipline models. A protocol has been developed, using an
interdisciplinary interaction matrix for documentation purposes. For each interaction,
the following questions have been addressed:


Which aspects of the “source” discipline would it be valuable to consider in
developing the “target” discipline?



Which aspects of the “source” discipline have actually been used when developing
the “target” discipline?



Are there any discrepancies between answers to the first and second question, and if
so why?

Discrepancies between what it would be valuable to consider and what is actually
considered affects confidence in the model. Again, it is primarily for the users to
determine whether these discrepancies are significant or acceptable; however, an
overview of this issue is provided at the conclusion of this section. In addressing the
questions, effort is spent primarily on issues judged to be important and not in
explaining why unimportant interactions are indeed as they appear.
The assessment demonstrates the integrated character of the Site Descriptive Modelling.
Different disciplines depend on the outcome of other disciplines and provide important
feedbacks to those disciplines. Furthermore, to a large extent the interactions judged to
be important are also considered in the modelling, and the current discrepancies
between the required interactions and the interactions considered are not assessed to be
a major problem in terms of the level of confidence in Site Model 2011.
Specifically, considerable attention has been paid to reaching an integrated
understanding between geology and rock mechanics, see Chapter 5, between
hydrogeology and geology, see Chapter 6, and between hydrogeology and
hydrogeochemistry, see Chapter 7.
Nevertheless, some further improvements are identified as being useful:


Stress release in cores could bias laboratory tests on matrix retention properties
(formation factor). This effect has been recognized but has not yet been formally
analysed. The effect may also increase below the -300 m level, as the in situ stress
increases.



Precipitation/dissolution in fractures alters their mechanical properties. This could
possibly be a factor over the long-term when considering the structural integrity of
the repository, but is currently not taken into account.



The presence of a gas phase affects the flow. This is seen as one reason for the skin
needed in the inflow modelling. Detailed modelling of this is not considered in
SR2011. The gas phase will, however, not remain after saturation is achieved.



The migration properties derived should be consistent with the migration properties
used in large-scale simulations of groundwater flow and evolution (cf. the Littorina
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studies). This was not been checked in SR2008, but the consistency has been
confirmed for the SR2011 models.
Compared with the development needs suggested in SR2008, there have been some
improvements:


The rock mechanics understanding of BFZs has been assessed, e.g. in the modelling
of end-glacial earthquakes at Olkiluoto made for RSC purposes (Fälth & Hökmark
2011).



Information on the BDZs from the geological model is used in the numerical stress
modelling (Valli et al. 2011).

The impact of an altered stress state due to thermal expansion has been initially
evaluated in studies on the mechanisms and rock properties of importance for thermallyinduced spalling, as part of the POSE experiment. A prediction of the spalling due to the
thermal loading from the repository lies outside the scope of SR2011 and will be
addressed in other reports. It should also be noted, that whilst a change in stress can
alter the transmissivities of fractures, and that there is reason to believe that a
relationship exists between the stress orientation and the potential anisotropy of the
hydraulic properties, there is probably no need to consider this coupling in a more direct
manner as part of the Site Description. The hydrogeological model developed in
SR2011 is based on the observed data and there is no need to incorporate less precise
relations between stress and hydraulic properties in the model.
10.7

Advances since Site Model 2008

The most important changes between SR2011 and SR2008 are the following:


The geological model has been revised according to new data and interpretations.



The lithological and ductile deformation 2D and 3D models are better connected and
integrated, due to an increase in the number of data from drillholes, trenches and the
ONKALO tunnel.



The conceptual understanding of the ductile deformation history is more advanced,
which has allowed it to be better described.



The alteration model has been revised and improved, showing more detailed rock
volumes and their correspondence with certain fault zones. In addition, the
chemistry and mineralogy of the altered rocks are better understood.



The conceptual basis of the brittle deformation history has been revised, with new
kinematic data from Olkiluoto and the surrounding area of Satakunta. Also, the
deterministic model of brittle fault zones has been developed based on new data,
especially in the eastern area. The incorporation of new high-resolution reflection
seismic data in the model has been helpful in this regard.



The geological DFN model has been updated. This revision considers considerably
more ONKALO mapping data, but the revision is also driven by modifications to
features such as the fracture domains etc.
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A revised stress model has been developed via new measurement data, semiintegration data analysis and numerical stress simulations.



The thermal properties model now includes data on the rock in situ temperature,
temperature gradient, heat flow density and radiogenic heat production of the rocks.



A new version (v2) of the rock mechanics model has been developed which includes
rock mechanics and thermal property data. The current POSE experiment has
provided further data on the spalling mechanisms.



A revised HZ model has been developed that focuses on consistency with the BFZ
model, although the new model is essentially consistent with the HZ models
presented in earlier Site Reports.



A revised Hydro-DFN model has been developed that considers the updated HZ
model and the fracture domains of the updated geological DFN model. The model
revisions are not driven primarily by new data, except for the ONKALO pilot hole
PFL data, but have resulted from a revision in the methodology.



Revised hydrogeological flow modelling of the past evolution has been carried out.
Besides addressing the evolution of groundwater salinity, the hydrogeological flow
modelling for SR2011 also covered the evolution of five reference waters: glacial,
Littorina, subglacial, brine, meteoric.



The EDZ09 experiment shows that blast-induced fracturing is likely to occur,
whatever form of drill and blast system is employed, and that some of these
fractures may be water-conducting. However, the GPR data also suggest that this
blast-induced fracturing does not form a continuous, connected network over larger
distances along the tunnel – even in the floor of the tunnel where the EDZ is best
developed.



The concept of palaeohydrogeochemical evolution has been developed. This
contributes new information on the origin of groundwaters, prevailing chemical
conditions in the past and the limited influence of post-glacial infiltration on the
buffering capacity of fracture minerals in the bedrock. There has been an
improvement in the understanding of groundwater composition under poorlytransmissive conditions.



Important information has been achieved on the behaviour of dissolved sulphide
under varying groundwater conditions, although more details of its lifetime in
groundwater is needed. The role of CH4 in sulphate reduction seems to be smaller
than suspected earlier.



A revision of the flow-related parts of the transport model, based on the updated
Hydro-DFN model. Matrix properties have been revised based on updated porosity
data and fractures have been classified on the basis of the rock alteration and
fracture-filling minerals.

In other aspects of the Site Report, the 2011 model version is more a refinement of the
2008 model.
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Generally, there have been few surprises in the data obtained from the ONKALO and
the Olkiluoto characterisation programmes and the revisions to the model are concerned
with details. The general descriptions are clearly stabilising. For example, despite the
revision to the HZ model, it is actually quite similar to previous HZ models. However,
the observation that the E-W stress orientation suggested in SR2008 appears to change
towards the regional NW-SE principal stress direction at repository depths and then
again towards E-W at greater depths was not fully expected, although SR2008 noted
that the stress orientation was uncertain. In other aspects the description of rock
mechanics and thermal properties has been stable for rather a long time.
10.8

Overall confidence

Eventually, the SDM will be used to support the safety case, and it is thus essential to
establish the level of confidence in the SDM, based on the available data. Subsequent
analyses within engineering and long-term safety assessment will then address whether
this confidence is sufficient to warrant the programme continuing to its phase of
repository construction. For this reason a new set of questions are addressed within each
discipline:


What aspects of the model (properties, specific volumes) are associated with the
highest levels of confidence?



What aspects have the lowest levels of confidence?



What are the main reasons for confidence in the model: e.g. wealth of data,
consistency with other disciplines, consistency with past evolution, stability over
time (i.e. few surprises as new data arrive), other.

These questions are addressed in the following subsections.
10.8.1 Geology

The following aspects of the geological model are associated with the highest
confidence:


the geometry of the site-scale structures in both the ductile and brittle deformation
models,



the large lithological units and the general trend of the foliation in the central area.

This confidence is due to the density and number of data used in the modelling and the
understanding of the geological history.
The following aspects have the lowest level of confidence:


the continuation and truncations of the deformation zones in the eastern area,



the spatial distribution of small-scale lithological units and the altered rock volumes.
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10.8.2 Rock mechanics

The following aspect of the rock mechanics model is associated with the highest
confidence:


the intact rock properties,



the thermal rock properties.

This confidence is due to the large and consistent number of data and tests now
available from the ONKALO.
The following aspects have the lowest confidence:


the details of the stress state, especially the orientations of the principal stresses,



the mechanical properties of the fractures and BFZs.

Confidence in the stress state will be improved by additional measurements and
observations in the ONKALO tunnels and following the completion of the current fullscale in situ POSE experiment.
10.8.3 Hydrogeology

The following aspects of the hydrogeological model are associated with the highest
levels of confidence:


the effective properties, transmissivities and hydraulic conductivities, of the
hydrogeological zones and the sparsely-fractured rock in the EPM model,



the descriptions of the orientations and flow properties for fractures well above the
PFL measurement threshold in the hydrogeological DFN model,



hydraulic and saline boundary conditions.

This confidence is due to the large number of fracture data for the central area and for
the large number of fractures above the PFL measurement limit. The EPM model is in
good agreement with the geological model. The calculated pressures in drillholes are in
good agreement with observations and the calculated salinities also show a fair
agreement.
The following aspects have the lowest level of confidence:


the description of the storage of saline groundwater in the matrix blocks of the EPM
model,



the connectivity and the description of the flow paths that are below or close to the
PFL measurement threshold in the Hydro-DFN model.

10.8.4 Hydrogeochemistry

The following aspects of the hydrogeochemical model are associated with the highest
level of confidence:
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the general distribution of water types and gases,



the range of salinity,



the origin of groundwaters,



the main hydrogeochemical reactions, their distribution with depth and significant
buffering capacity in modern hydrogeochemical conditions.

This confidence is due to the large database and due to observations of coherent data
with depth for comparable hydrogeological conditions. New data support the previous
concept reported in SR2008.
The following aspects have the lowest level of confidence:


the long-term evolution of saline groundwater at the detailed scale,



the rates of hydrogeochemical reactions and role of CH4 in microbial anaerobic
processes,



the baseline hydrogeochemical conditions in HZ20A,



the origin of the matrix pore water and its relationship with the groundwaters.

10.8.5 Transport

The following aspects of the transport model are associated with the highest level of
confidence:


the geometry of the site-scale flow paths, which is well defined by the topography
and the HZs,



the distribution of the flow-related retention properties, which is well bounded by
the PFL data.

This high level of confidence originates from the well-established geometry of the HZs
(see Section 10.8.3) and the extensive database of PFL data that directly measures the
connected transmissivity of the flow paths in the rock mass, including those outside the
hydrogeological zones.
The aspects with the lowest level of confidence are:


the heterogeneity of the transport properties in the fracture planes, where there are
few data,



the migration properties of the rock matrix (“the immobile zones”) since there are
few site-specific data on these.

However, the importance of the fracture heterogeneity could be bounded by numerical
simulations. The uncertainties caused by the scarcity of site-specific, in situ data from
Olkiluoto could be handled by also considering matrix data from similar sites, e.g. in
Sweden and Finland.
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10.9 General statement of confidence and preliminary conclusion on site
suitability

There is a high level of confidence in key aspects of the Olkiluoto SDM. The main
reason for this confidence is the relative wealth of data from the central area and the
consistency between independent data from different disciplines. There is, however, less
confidence in some aspects of the SDM. This lack of confidence is handled by
providing wide uncertainty ranges and bounding estimates, or by the development of
alternative models. Most, but not all, of the low confidence aspects are judged to be of
relatively limited importance for long-term safety, considering the data needs discussed
in Section 10.2.
More specifically, a preliminary assessment of site suitability against the Suitability
Factors according to Guide STUK-YVL D.5 (§406) and against the Factors indicating
unsuitability according to Guide STUK-YVL D.5 (§410) has been undertaken. It is
found that the site fulfils all these factors. Nevertheless, the final assessment of the site
suitability will be made within the subsequent repository engineering and safety
assessment activities, and the judgement presented here is only indicative in nature.
10.9.1 Suitable factors and factors indicating unsuitability

It is found that the rock at repository level is stable and intact with low groundwater
flow around disposal canisters. The rock has low groundwater flow, reducing and also
otherwise favourable groundwater chemistry and the retardation of dissolved
substances in rock limit the mobility of radionuclides.
On the broad scale the Satakunta region is tectonically stable and has been for a
considerable time, as described in more detail below.


The Precambrian Fennoscandian shield of Finland is one of most seismically
stable parts of the world (see summary in EIA 2008 report for Olkiluoto,
Chapter 8.5.2 and Saari 2008). There has been no significant tectonic activity in
the Satakunta region since the 1-2 km of uplift that was associated with the
opening of the Atlantic Ocean in Palaeogene and Neogene times, and which
resulted in the erosion of the Palaeozoic sediments that covered the basement
(see GSM report, Aaltonen et al. 2010, Chapter 4.5); and before that faulting that
cut both the basement and the overlying Palaeozoic sediments in post-Devonian
times.



The current uplift is due to postglacial isostatic rebound. There is a small
number of putative postglacial faults in the Olkiluoto area (Hutri & Kotilainen
2007), associated with the reactivation of existing BFZs, but it is thought that
these are immediately postglacial and not recent. Based on computer
simulations, together with acoustic-seismic, sedimentological and dating
methods, there are direct and indirect indicators of postglacial palaeoseismicity
in the Olkiluoto area and in the adjacent marine areas (Hutri 2007).



Saari (2008) discusses the seismicity of the Olkiluoto area in relation to the
general seismicity of the Fennoscandian Shield and southwestern Finland in
particular. Olkiluoto lies within a zone of lower seismicity between two
seismically-active belts, Åland – Paldis - Pskov and Bothnian Bay – Ladoga,
and all significant earthquakes (M ≥ 3.5) in central and southern Finland have
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occurred within these belts. It appears probable that all future significant seismic
activity will also take place within these belts and that, based on a statistical
analysis of seismicity, the maximum magnitude of current and future activity is
ML = 5.0 (neglecting any possible future seismic activity associated with the
early stages of glacial retreat that may have a greater magnitude). The
conclusions of his study are that the historical earthquakes in the area within a
radius of 100 km from Olkiluoto are small (M<3.1) and their recurrence
intervals long. According to Saari (2008) the two nearest tectonically-active
zones to Olkiluoto (classed as I-order fracture zones and associated with seismic
activity of only low magnitude) are one that lies along the contact of the Laitila
rapakivi massif, about 20 km southwest from Olkiluoto, and the Arlanda fault
running along the northern boundary of the Satakunta sandstone about 35 km
northeast of Olkiluoto. The 2007 Laitila reverse faulting, minor seismic event
(ML =1.9), 40 km from Olkiluoto, was different, in that it was associated with
mafic dykes; otherwise, all earthquakes tend to occur on old zones of crustal
weakness reactivated by the present stress field.


The orientation of the stress field related to Finnish earthquakes is consistent
with the orientation expected from the tectonic forces associated with continued
opening of the North Atlantic. The orientation is confirmed by in situ stress
measurements and from the interpretation of geodetic measurements, although
the stress pattern is more complex, as both locally and regionally it represents a
combination of plate boundary forces, isostatic glacial rebound and the effects of
local geology. The bedrock of Finland is sufficiently well fractured that, as
stated above, all earthquakes occur on existing faults and shear zones.
Regionally and locally the most favourably-oriented zones of weakness
(approximately NW-SE) are the structures where stresses are most likely to be
released.



In the future there is the potential for postglacial faulting on some of the BFZs.
The location of these BFZs is well known within the potential repository area
and the influence zones around such BFZs that should be avoided have been
identified, see Issue I1. Apart from the potentially unstable BFZs, there are
BFZs and large volumes of the rock mass that appear to have been mechanically
stable for a very long time.



Large fractures, along which there could be unacceptable displacement in future
seismic events, are avoided where they might intersect a deposition hole.
Furthermore, modelling of end-glacial earthquakes at Olkiluoto made for RSC
purposes (Fälth & Hökmark 2011) show that these secondary movements are
very limited.

Experience from the ONKALO (which has now reached the repository depth of 420 m)
shows that the rock can be excavated without any major stability problems and the
POSE experiment shows that deposition holes can be drilled without significant spalling
occurring.
The Site Model also demonstrates that the groundwater flow is confined to a limited set
of HZs and to a sparse fracture network between these HZs. This means there are large
volumes of the rock mass without flowing fractures and, thus, deposition holes can be
selected so as to avoid locations with unacceptably high flow (for further detail see the
two RSC reports: Hellä et al. 2009; McEwen et al. 2012).
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The frequency of water-conducting fractures at repository depths is low, i.e. there are
large volumes of rock with low groundwater flow. The present groundwater
composition is reducing. The hydrogeochemical model also shows that the rock has
sufficient buffering capacity for these conditions to prevail in the future.
No factors indicating unsuitability are found. More specifically the following points are
noted.


Proximity of exploitable natural resources. No natural resources are currently
exploited near the site. Based on the results of geological mapping, analyses,
drill core studies and modelling (e.g. Kärki & Paulamäki 2006, Aaltonen et al.
2010) there is no evidence of ore or other rare natural resource potential at
Olkiluoto. After extensive site investigations, we can agree with Ilveskivi and
Niini (1985) that, from the point of view of avoiding future mining operations at
the proposed repository site, Olkiluoto is a suitable location. Any presentlyknown types of ore deposits - including the Sn-W-Mo deposits possibly
associated with the greisen dykes, which are themselves associated with the
Eurajoki rapakivi intrusion - are less likely to be found in the Olkiluoto area than
elsewhere in Finland (Ilveskivi & Niini 1985). Information on ores,
mineralisations and metallogenic areas in Finland is freely available, for
example in the Fennoscandian Ore Deposit Database (Eilu et al. 2009,
http://en.gtk.fi/ExplorationFinland/fodd/) with the Geological Survey of Finland
as one of its participants. This database and also in other databases which
present information and maps of ore deposits in Finland, show that the closest
known ore deposit is located approximately 12 km southeast of Olkiluoto. It is a
tin-bearing deposit in greisen associated with the rapakivi intrusion, and was
discovered in 1967 by the Geological Survey of Finland.



Abnormally high rock stresses with regard to the strength of the rock. Stress and
strength data suggest that the stress levels in relation to strength are not
abnormally high at Olkiluoto. Furthermore, the successful excavation of the
ONKALO and the experience from the POSE experiment, see Chapter 5, shows
that magnitude of the in situ stress in relation to the strength of the rock is likely
to be sufficiently low to allow for the safe excavation of underground facilities
at the suggested repository depth.



Predictable anomalously high seismic or tectonic activity. As already concluded
in Section 10.9.1 the Satakunta region is tectonically stable and has been for a
considerable time.



Exceptionally adverse groundwater characteristics, such as lack of reducing
buffering capacity and high concentrations of substances which might impair
the safety functions. With regard to the stability of the EBS, the current
groundwater composition, e.g. in terms of salinity, pH and sulphide levels is
favourable at repository level (further details can be found in the first RSC
report (Hellä et al. 2009) regarding what is favourable). The hydrogeochemical
model allows predictions to be made regarding the potential for future evolution
of the groundwater composition within reasonable bounds, see further Chapter 7.
The stability of the hydrogeochemical system depends to a large extent on the
stability of the groundwater flow field. If the current understanding of very
limited flow from the surface below about 300 m depth prevails in the future, the
current favourable groundwater composition will be maintained.
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Furthermore, according to Guide STUK-YVL D.5 (§411): The characteristics of the
host rock shall be favourable regarding the long-term performance of engineered
barriers. Such conditions in the bedrock as are of importance to long-term safety, shall
be stable or predictable up to at least several thousands of years. The range of
geological changes which occur thereafter, particularly due to the large scale climate
changes, shall be estimable and be considered in specifying the performance targets for
the safety functions” Based on the arguments already presented, and the fact that the
rock has undergone several glaciations, it is judged that the characteristics of the
Olkiluoto host rock at repository level will be stable or predictable up to at least several
thousands of years, and that the range of geological changes which occur thereafter,
particularly due to the large-scale climate changes, are estimable.
10.9.2 Key remaining issues

The key remaining issues concern the following matters.


If areas outside the central area are to be used for repository development, more
surface-based drillholes may be needed in these volumes of rock in order to more
firmly establish the location of the large BFZs. However, it is possible to assess the
general suitability of these volumes based on current knowledge.



Further advancing the understanding of the rock stress and rock strength regime for
stability estimations at relevant repository depths. However, the uncertainty is much
reduced compared with SR2008. Since SR2008 new stress data have been obtained,
including convergence measurements, overcoring stress measurements with the new
LVDT cell, hydraulic fracturing data, core disking observations, borehole breakout
observations and observations from the ONKALO tunnels. Furthermore, the stress
modelling shows that it is hard for local structures below 350 m depth to induce
substantial rotations of the stress under the conditions at Olkiluoto.



Further advancing the hydrogeochemical understanding of processes of importance
for long-term safety, e.g. processes affecting dissolved sulphide content and the
relationship between groundwaters and matrix pore waters.



Further advancing the understanding of detailed-scale migration properties,
including site-specific data on matrix properties. However, it is already judged
possible to provide bounding estimates of the retention capability of the rock.

88

11

INTEGRATED SITE DESCRIPTION

This chapter presents an integrated description of the understanding of the Olkiluoto
site, based on the characterisation and observations carried out up to the end of
September 2010. The description and understanding are founded on a substantial
amount of site-specific data, especially from the area in the central part of the Island
(referred to as the central area), but compared to SR2008 there are now also more data
from its eastern part (referred to as the eastern area).
The main part of the chapter is an integrated summary of the Site Description, set out in
detail in previous chapters, which forms the basis for the site understanding. The
chapter concludes by presenting a general statement on the confidence in the site
understanding, a list of key remaining issues to be resolved and a preliminary
assessment of site suitability.
11.1

Geological setting

The geological setting is summarised in Section 4.4. The crystalline bedrock of Finland
is a part of the Precambrian Fennoscandian Shield. Olkiluoto is located in the southern
Satakunta region in south-western Finland and its geology presents features typical of
southern parts of Finland. The bedrock consists mainly of Early Palaeoproterozoic
metamorphic and igneous rocks, belonging to the Svecofennian Domain. This domain
developed between 1930 Ma and 1800 Ma before present, either during one long
Svecofennian orogeny, or during several, separate orogenies. Later the crust was
intruded by Mesoproterozoic anorogenic rapakivi granites, 1650 – 1540 Ma in age. The
youngest basement rocks in this part of Finland are the so-called Jotnian sandstones, ca.
1400 – 1300 Ma in age and 1270 – 1250 Ma old olivine diabase dykes. The bedrock
was eroded almost to its present level before the beginning of the Cambrian (about 600
million years ago). Due to erosion and continental conditions, it is almost totally lacking
in sedimentary rocks younger than the Precambrian.
The rocks in south-western Finland have undergone polyphase ductile deformation. The
earliest observed tectonic structure is biotite foliation S1 parallel to the bedding. The
dominant foliation is usually penetrative S2 with tectonic/metamorphic segregation. D2
deformation is characterised by recumbent or reclined F2 folds with NE-SW-trending
subhorizontal to gently-plunging fold axes and axial planes. Synorogenic tonalitic to
granodioritic intrusions were emplaced before or during deformation phase D2 and the
deformation is thought to be close to the age of these granitoids, at 1.89-1.88 Ga. Both
D1 and D2 structures are deformed by regional F3 folding. The fold axes are generally
horizontal or moderately-plunging, and the fold limbs are often strongly sheared. The
deformation has been inferred to be in the range 1.85-1.82 Ga or older. In addition,
there are D4 localised subvertical or SE-dipping shear zones that strike N-S to NNESSW and cross-cut the previous structures. D4 shear zones may be associated with the
postorogenic granite-intrusions of south-western Finland dated at 1.82-1.77 Ga.
In summary, the deformation zones found at Olkiluoto are very old and there are no
signs that any more recent deformation has taken place during the last few hundred
million years. In particular, there are no sign of recent, undisputedly postglacial, faulting
in the Olkiluoto area. Postglacial faults with a length of 4-36 km and a scarp height of 012 m do occur further to the north in Finnish Lapland and in Swedish Lapland
postglacial faults with a length up to 150 km and a maximum scarp height of 35 m are
also found. The postglacial faults studied in Finnish Lapland are situated in old,
reactivated fracture zones.
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At the present stage of investigations at Olkiluoto, the geological model is divided into
five thematic submodels: the lithological model, the ductile deformation model, the
alteration model, the brittle deformation model and the statistical model of fracturing
(the DFN model). In addition to geometrical considerations, the emphasis is on
understanding the mode of formation of the geological features being modelled. The
subdivision is considered practical and logical from the deterministic modelling point of
view, although it is obviously partly artificial, since the submodels are not independent
entities and the corresponding geological processes are closely interrelated – for
example, the ductile fabric is an important precursor to the subsequent brittle
deformation.
11.1.1 Rock type, mineralogy and alteration

The site lithology, i.e. the occurrence and distribution of rock types, as well as the
alteration and ductile deformation of the rock, reveals important aspects of the structure
of the site. Furthermore, it is directly related to the potential for mineral resources, or
rather their lack, as well as to the thermal, rock mechanics and migration properties of
the intact rock.
In order to achieve a consistent view of the properties of the bedrock at Olkiluoto,
selected submodels have been analysed in an integrated manner and a short summary of
the correlations of the four deterministic sub-models is presented in Table 4-10. The
lithological model makes use of the ductile deformation model directly in the modelling
work and, for example, the alignments of the major lithological units closely follow the
trends of the ductile deformation phases, depending on the structural sub-domains in
which they are located. The lithology is also affected by brittle deformation. Examples
exist where the lithological units are considered to have been displaced by faulting.
Some of this faulting, e.g. thrusts, appears to have exploited the existing lithological
boundaries and ductile fabric, as it quite closely follows the existing lithological
boundaries. Illitisation has a clear correspondence to several brittle zones, whereas no
direct correlation between the alteration and site-scale faulting can be observed.
Lithology

The bedrock at Olkiluoto is mainly comprised of supracrustal high-grade metamorphic
rocks, which are variably migmatised. The most important rock forming minerals in the
Olkiluoto rocks are quartz, potassium feldspar, plagioclase, biotite (± other micas) and
hornblende (± other amphiboles). The mineral composition affects, among other things
the thermal and rock mechanics properties of the rock, see Section 11.2.
On the basis of their major mineral composition, texture and migmatite structure, the
rocks at Olkiluoto can be divided into four major classes:


migmatitic gneisses (VGN and DGN),



tonalitic-granodioritic-granitic gneisses (TGG),



other gneisses, including mica gneisses (MGN), quartz gneisses (QGN) and mafic
gneisses and



pegmatitic granites (PGR).
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These rocks are cut by occasional diabase dykes. The migmatites can be further
subdivided into several types on the basis of their migmatite structures and degree of
migmatisation. A typical cross section is shown in. Figure 11-1 and for further
information, see Section 4.6.

Figure 11-1. N-S vertical section along the coordinate lines y = 1525400 and y =
1526000 (taken from Figure 4-9).

Alteration

The bedrock at Olkiluoto has been subjected to extensive hydrothermal alteration
processes, which are estimated to have taken place at temperatures from slightly over
300°C down to 50°C (Gehör et al. 2002). Based on the grade of alteration, two different
types of hydrothermal alteration can be distinguished; a fracture-controlled type and a
pervasive (or disseminated) type. The fracture-controlled alteration indicates that
hydrothermal fluids have passed through the rock along planar features, with the
alteration being restricted to incipient fractures or narrow zones adjacent to them. The
pervasive alteration indicates the strongest type of alteration - it occurs as spots or is
finely disseminated throughout the rock and in the fracture fillings.
Three main hydrothermal alteration types have been identified at Olkiluoto: i) clay
mineral formation, which has two main subtypes; illitisation and kaolinisation, ii)
sulphidisation and iii) carbonatisation.


Illite, which is expected to be generated as a result of more energetic hydrothermal
fluid circulation than kaolinite, occurs as a green, transparent, soap-like mass or
forms grey to green waxy or powdered coverings. In fractures where illite is the
dominating phase, it usually lines the fracture walls, whereas kaolinite typically
forms the incohesive filling. The parts of the bedrock that are illitised are modelled
as seven distinct volumes of altered rock.



The kaolinite alteration zones constitute numerous spots and lenses, which occur at
irregular intervals, and the lengths of these zones usually vary from tens of
centimetres to tens of metres in drill core intersections. Kaolinite appears to be an
important constituent of these rocks, forming 5–30% of the volume, or locally
exceeding even these values. The zones, which have experienced kaolinisation,
contain various amounts of illite on slickensides and in fracture fillings.



Sulphidisation is evidenced mainly as disseminated pyrrhotite, with pyritic coatings
and pyrite stockworks occurring to a lesser extent. Pyrite is common in places where
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the rock shows signs of any kind of hydrothermal fluid activity and the typical
textural types of pyrite are hair dykes, idiomorphic crystals or aggregates.
Sulphidisation occurs in the same assemblages as clay minerals (chlorite, kaolinite,
illite) and calcite. Sulphidised host rocks, usually migmatites, contain several
percent of disseminated pyrrhotite, which also occurs along fractures in these zones.
The thickness of the alteration varies from centimetres to several metres. Pyrrhotite
is the main sulphide phase in graphitic fracture fillings. The volumes of sulphidised
rock reach a depth of 300 m in the ONKALO area and are also present to the north
of the ONKALO at shallower depths, see Figure 11-2.


In a manner similar to kaolinisation, illitisation and sulphidisation, carbonatisation
plays a significant role in alteration events. The total volume of calcite, the principal
carbonate phase in the hydrothermally-altered zones, appears to be considerable.
Carbonate typically occurs as stockworks and forms the matrix for the clay fillings.

Figure 11-2. Sulphides are located in the uppermost part of the model volume,
approximately following the lithological trend (dipping at low angles to the SE). Dark
brown = pervasive sulphidisation, brown = fracture-controlled sulphidisation. The
brown blocks represent volumes with the highest probability of occurrence of
sulphidisation. View to 030°/-5° (from Aaltonen et al. 2010, central part of Figure 829).
11.1.2 Potential for exploitable natural resources

As concluded in Section 10.9.1, no natural resources are currently exploited near the
site. Minor mineralisations, for example indium, have been found in the vicinity of
Olkiluoto Island and also on the Island, when excavating the ONKALO. The
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mineralisations found at Olkiluoto are far too small to be economically attractive to
mine - and are thus not exploitable.
11.1.3 Ductile and brittle deformation

There are several reasons why it is important to understand the brittle deformation
characteristics of the rock, as the large brittle deformation zones 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, although many of the
fractures have only limited conductivity and contribute little or not at all to the
groundwater flow in the rock.
Ductile deformation

Based on the occurrence, type and intensity of the products of different deformation
phases, the Olkiluoto site can be divided into three tectonic units: the Northern Tectonic
Unit (NTU), the Central Tectonic Unit (CTU, subdivided into CTU1, CTU2 and CTU3)
and the Southern Tectonic Unit (STU, subdivided into STU1, STU2 and STU3), see
Figure 11-3 and Section 4.7.3. Each tectonic unit has a characteristic range of
orientation and type of foliation, a typical orientation of axial surfaces and contains the
elements of a particular deformation phase(s). These tectonic units are bordered or
intersected by deformation zones: the Selkänummi Deformation Zone (SDZ), the
Flutanperä Deformation Zone (FDZ), (D4-1 and D4-2) and the Liikla Shear Zone,
LSZ), in which shear-related structures are important elements. The 3D model which
illustrates the division of the bedrock into the NTU, CTU and STU tectonic units,
separated by the SDZ and the LSZ, the FDZ and the D4-1 deformation zones, is shown
in Figure 11-4. In addition, several S4 shape surfaces are shown in the model which
aims to visualise the spatial orientation of these elements.
The NTU is characterised by E-W striking planar structural elements that dip 40 – 50°
southwards and by sub-parallel, elongate TGG gneiss and pegmatite granite units. The
products of the D2 deformation are preserved as the dominant elements, although in
places coplanar products of D3 locally overprint these structures. Except for its western
part, the CTU is affected by intense D3 deformation. Pervasive S3 foliations, migmatite
structures and wide pegmatitic granites, or units rich in granitic leucosome, all strike NE
– SW within the CTU. The STU is characterised by large blocks dominated by D2
structures. Foliations within the STU dip 50 – 70° southward and D2 elements are
overprinted by narrow zones of D3 and D4 deformations, leading to the development of
mesoscopic interference structures. As in the CTU, the dips of the planar elements are
steeper in the eastern parts than in the western parts of this unit. Ductile D4 deformation
structures have a scattered occurrence over Olkiluoto Island, but they are most
prominent in the central and southeastern parts of the area. They appear as NNE-SSW
striking zones which vary in width from narrow cm wide bands to 200 – 300 m wide
zones intensely deformed by D4.
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Figure 11-3. Tectonic units and major ductile deformation zones at Olkiluoto. For an
explanation of the acronyms see the text (from Aaltonen et al. 2010, Figure 7-13).

Brittle deformation zones

The modelled brittle deformation zones are classified into two categories, based on their
size: i) site-scale brittle deformation zones and ii) repository-scale brittle deformation
zones. If the lateral dimension of the modelled zone at any depth and direction is 1000
m or greater and its extent is based on several drillhole intersections and/or geophysical
or topographic data, the zone is classified as site-scale. The remaining zones are
automatically classified as repository-scale.
The level of confidence associated with the zones has been defined empirically, based
on the number of supportive data and modelling methods used. For site-scale
deformation zones, the confidence is inherently medium or high, due to multiple
intersections and supporting geophysical data; the final judgement being based on the
modellers’ assessment of the internal consistency and extent of the data sets. For
repository-scale deformation zones the confidence is automatically set as low or
medium.
The dips of the site-scale zones are concentrated in three main orientations: gently to the
SSE (120°–170°/ 10°– 40°), steeply to ENE-E (060°–100°/65°–70°) and very steeply to
the NE (040°–055°/85°). The majority of the repository-scale fault zones are dipping to
the ESE-S with dip values varying between 0° and 65° (120°–180°/0°–65°). Another
main orientation dips steeply to the E (090°–100°/80°–85°).
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Figure 11-4. 3D model of the deformation zones in which shear-related structures are
important elements, defining the boundaries between the NTU, CTU and STU major
tectonic units. View to the NE (from Aaltonen et al. 2010, Figure 7-16).

In the current brittle model version 2.0 (Aaltonen et al. 2010) and its updated version
2.1, a number of important modifications and additions have been made with respect to
GSM version 1.1 (Posiva 2009). The brittle deformation model version 2.0 includes 178
modelled cores of fault zones and a detailed description of each modelled feature is
presented in tabular form in Appendix VIII of Aaltonen et al. (2010). Figure 11-5 shows
the geometry of fault zones OL-BFZ011, OL-BFZ012, OL-BFZ053, OL-BFZ019C,
OL-BFZ020A, OL-BFZ020B and OL-BFZ146, which are key features in the central
part of Olkiluoto Island.
The fault zones can be conceptualised as consisting of one or more fault core zone(s)
with a zone of influence adjacent to the core (see Chapter 4 for a discussion of these
concepts). The concept of the influence zone is addressed in detail in the RSC report
(Hellä et al. 2009, Section 5.2.2) and the conceptual model of such zones is shown in
Figure 9-8 of Aaltonen et al. (2010). Influence zones for the fault zones in the Olkiluoto
brittle deformation model have been defined systematically only for the site-scale zones,
due to the higher level of confidence in the modelled features, the greater number of
zone intersection data from drillholes, tunnels and investigation trenches and the greater
significance of these zones for the repository layout. In addition, the influence zones are
more visible and easily identifiable for the larger features. Eventually, influence zones
for the repository scale zones will be determined for the ones intersecting repository
tunnels. It is only for these that this information is needed.
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Figure 11-5. Geometry of fault zones OL-BFZ011, OL-BFZ012, OL-BFZ053, OLBFZ019C, OL-BFZ020A, OL-BFZ020B and OL-BFZ146, fixed to brittle fault
intersection locations in drillholes OL-KR40 and OL-KR40B. The naming of some
zones (e.g. BFZ019) has been changed to better match the nomenclature used within the
hydrostructure model. View from the S (from Aaltonen et al. 2010, Figure 9-20).

Fracturing outside the deterministically defined brittle deformations zones –
geological DFN model

Fractures between the BFZ (Brittle Fracture Zones) are modelled statistically in a
geological Discrete Fracture Network (DFN) model. The modelled geometry of these
fractures is outlined below, whereas the mineral content and other properties of
relevance for migration are described together with other migration properties in
Section 11.5.1.
During 2007 and 2008, an initial detailed analysis of the geometrical properties of
fractures at Olkiluoto was carried out (Buoro et al. 2009). In 2010, a revision of the
geological DFN model was undertaken, with the goals of developing a better
understanding of the spatial variability of fracture properties, of updating the model
using new and revised data from cored drillholes and the ONKALO access tunnel, and
of extending the use made of analytical methods at Forsmark and Laxemar in Sweden to
Olkiluoto. The resulting version 2.0 model is discussed in detail in Fox et al. (2011) and
summarised in Section 4.10. It has the following characteristics.
The model is structured on fracture domains, being rock volumes with fracture
characteristics such that the variability between volumes is larger than the variability
within volumes. The fracture domains used are based on the tectonic units defined in the
context of the ductile deformation model, see Figure 11.6:


A total of 13 unique fracture sets were identified from drillhole, outcrop and
ONKALO data; the probability models for these sets as a function of fracture
domain are presented in Table 4-7. Of these, only three sets (described below)
are considered Global in scope, such that they should be accounted for in all
fracture domains. The Global fracture sets in the version 2.0 geological DFN

89

model are “Vertical EW” (VEW): composed of east-west striking fractures with
generally subvertical dips to both the north and south, “Vertical NS” (VNS):
composed of north-south striking fractures with generally subvertical dips to
both the east and the west and “Foliation Parallel” (FP): composed of a large
range of moderately-dipping to gently-dipping fractures with strikes that are
generally subparallel to the aggregate foliation directions in a particular fracture
domain.


Although the intensity of all fractures outside deformation zones appears
clustered, the pattern is not fractal. The best fit is shown by either a gamma
distribution (which is characteristic of multiple independent Poisson processes)
or by a Weibull distribution, which would be expected from a 'weakest link'
system of cascading flaws radiating from a series of Poissonian-distributed
initial flaws (La Pointe et al. 2008, Iacopino 1996).



The “number” of fractures in the rock mass is often referred to as the fracture
intensity. Fracture intensity is modelled as a function of fracture domain and
fracture orientation set. Fracture intensity as a function of elevation was also
evaluated, but in general little to no elevation dependence was noted in the
subvertical global sets (VEW, VNS), whereas the foliation-subparallel sets did
show some degree of elevation dependence. At scales of 10 m or larger, it was
concluded that fracture intensity should be simulated according to a gamma
distribution in all fracture domains, except LSZ.



Two different conceptual models for describing fracture size were tested using
the Olkiluoto Island fracture data set: The 'tectonic continuum' model (TCM) is
a coupled size-intensity model based on a power-law fracture radius distribution.
The assumption is that fracture size forms a continuous distribution from
drillhole- to regional-scales, such that the radius distributions for all features
follow the same size-scaling exponent. The "outcrop-scale and Minor
Deformation Zone model" (OSM+MDZ) assumes that the features mapped at
the outcrop and tunnel scale follow different scaling exponents, although both
scales are assumed to follow a power law. Of these, the Tectonic Continuum
model assumption is the preferred alternative for describing the size of fractures
at Olkiluoto. The advantages of computational simplicity, its applicability at
multiple scales, its success at sites in Sweden, and its usefulness to downstream
modellers, outweigh most disadvantages relative to the (OSM+TFM) alternative.
The results of the size modelling for surface outcrops are summarised in Table
4-9; for more details refer to the geological DFN summary report (Fox et al.
2011).
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Figure 11-6. Fracture domains in the version 2.0 geological DFN model at Olkiluoto,
as viewed from above and its relation to the ductile deformation model. The ONKALO
and the Olkiluoto local model boundaries are included as references.
11.1.4 Geological Predictability

Comparisons between the predicted geology and that actually mapped have been taking
place since SR2006 (Anderson et al. 2007). Currently, there is a total of 18 predictions
made from the Geological Site Model (called A predictions), 12 predictions without
pilot hole data (BwithoutPH), 8 predictions with pilot hole data (B-predictions) and two
separate drillhole interpretations that replace the B predictions with pilot hole data
(BPH) (see Table 9-1). Based on all the prediction-outcome studies the following has
been found.


The predictions of the lithology and the results of the tunnel mapping correspond to
a certain degree, but it was not possible to predict the distributions and occurrences
of SGN, KFP and MGN. This is largely attributed to differences in the resolution
between the detailed mapping and the predictions made using the site-scale model.



The predictions and outcomes regarding ductile deformation agree very well - since
the mean orientation of the foliation is known to be relatively constant at Olkiluoto,
this should be no surprise. The small deviations in the data sets may be related to the
effects of local deformation, such as folding – again this is to be expected.



The predictions and the outcomes with regard to alteration seem to correspond, but
only to a limited extent. This may be due, in part, to the fact that systematic
alteration mapping has not been carried out in a scientifically-rigorous manner or
reported in the outcomes.



Large scale (larger than 1 km) brittle deformation zone intersections are generally
predictable. In contrast, the number of intersections with small deformation zones is
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significantly underestimated in the site-scale deterministic modelling. At the site
scale, such zones are currently only captured in the statistical DFN modelling.


With regard to fractures, the horizontal to subhorizontal fracture set was
successfully anticipated in all predictions, but the two vertical fracture sets were not
always predicted, even when using local pilot hole data. However, the predictions
are often based on one or only a few drillholes, which may cause some directional
bias in the fracture statistics and this bias is not always possible to account for, e.g.
using Terzaghi-corrected data. A more direct use of the DFN model for the
predictions would possibly improve the situation.

Despite the problems referred to above, it can nevertheless be concluded that the sitescale geological model is generally a good foundation for the description of the rock
mass at Olkiluoto. Locally, however, there are deviations, in particular in relation to the
differences in scale between the predictions and the scale considered when assessing the
outcomes. High resolution and deterministic predictions can only be made using data
obtained locally, e.g. from pilot holes and tunnel mapping.
11.1.5 Seismic activity

Assessing the seismic activity of the site has not been a main aim of the Site modelling.
However, as briefly discussed in Section 10.9.1, Saari (2008) discusses the seismicity of
the Olkiluoto area in relation to the general seismicity of the Fennoscandian Shield and
southwestern Finland in particular.
Olkiluoto lies within a zone of lower seismicity between two seismically-active belts,
Åland – Paldis – Pskov (Å-P-P) and Bothnian Bay – Ladoga (B-L), and all significant
earthquakes (M ≥ 3.5) in central and southern Finland have occurred within these belts.
It appears probable that all future significant seismic activity will also take place within
these belts and that, based on a statistical analysis of seismicity, the maximum
magnitude of current and future activity is M 5.0 (neglecting any possible future seismic
activity associated with the early stages of glacial retreat that may have a greater
magnitude). The conclusions of Saari (2008) are that the historical earthquakes in the
area within a radius of 100 km from Olkiluoto are small (M<3.1) and their recurrence
intervals long.
According to Saari (2008) the two nearest tectonically-active zones to Olkiluoto
(classed as I-order fracture zones and associated with seismic activity of only low
magnitude) are one that lies along the contact of the Laitila rapakivi massif, about 20
km southwest from Olkiluoto, and the Arlanda fault running along the northern
boundary of the Satakunta sandstone about 35 km northeast of Olkiluoto. The 2007
Laitila reverse faulting, minor seismic event (ML =1.9), 40 km from Olkiluoto, was
different, in that it was associated with mafic dykes; otherwise, all earthquakes tend to
occur on old zones of crustal weakness reactivated by the present stress field.
11.2

Thermal properties and rock mechanics

The rock mechanics and thermal state and properties of the Olkiluoto site are described
in detail in Chapter 5. The strength and deformation properties of the intact rock, as well
as its thermal properties, affect the rock’s stability, the extent of spalling in particular,
and the potential for dissipating the heat produced in the spent fuel, respectively. These
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properties depend essentially on the intact rock’s mineral composition and structure.
The rock mechanics and thermal property models are thus strongly linked to the site
lithology, the alteration of the rock and the extent and form of the ductile deformation.
11.2.1 Temperature and thermal properties
Temperature, temperature gradient and heat flow density

Drillhole temperature data was obtained from difference flow logs and normal downhole geophysical logs. Measured temperatures range from 9.7-10.7 °C at 350 m to 11.912.4 °C at 500 m (Figure 11-7). The average temperature gradient at 350-500 m is 14.1
mKm-1. Heat flow density values determined as products of the temperature gradient
and the average thermal conductivity range from 33.1 to 49.5 mWm-2 and the average
heat flow density is 41.0 mWm-2.

Temperature vs. depth

20
18

Temperature (°C)

16
14

OL-KR1
OL-KR2

12

OL-KR4

10

OL-KR12

8

OL-KR13
OL-KR19

6

OL-KR25
OL-KR29

4

OL-KR40

2

OL-KR46

0
0

100

200

300

400

500

600

700

800

900 1000

Vertical depth (m)
Figure 11-7. Temperature vs. depth in drillholes. Depth values are measured from the
drillhole collar.

Thermal properties

The thermal properties of a rock are controlled by its mineral composition, the thermal
properties of the minerals, the texture of the rock (its anisotropy), its porosity, the pore
fluids present, and the temperature and pressure. The thermal properties investigated at
Olkiluoto include: thermal conductivity, specific heat capacity, thermal diffusivity,
density and thermal expansion coefficient. These properties have been investigated
using several techniques, including laboratory measurements of drill core samples, the
theoretical estimation and modelling of thermal properties, as well as in situ
measurements in drillholes, with instruments especially designed for the purpose.
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As stated in Section 11.1.1, the most important rock forming minerals in the Olkiluoto
rocks are quartz, potassium feldspar, plagioclase, biotite (±other micas) and hornblende
(±other amphiboles). From the petrophysical point of view, quartz is a mineral with low
density but high thermal conductivity; whereas the feldspars have similarly low
densities but relatively low thermal conductivities. Mica and amphiboles have high
densities but relatively low thermal conductivities. These basic factors are also reflected
in the thermal properties of the rock and in their mutual relations. An increase in quartz
content is expected to increase the thermal conductivity and diffusivity, but to decrease
the density; conversely, an increase in the content of mafic minerals would have the
opposite effect. The mean thermal properties of the Olkiluoto rock types at room
temperature are given in Table 11-1 and the corresponding mean values corrected to
60°C and 100°C are given in Chapter 5.
Table 11-1. Summary of rock thermal rock properties in Olkiluoto (Kukkonen et al.
2011, Åkesson 2012).
Rock type Conductivity Std

N

W m-1K-1

Specific heat Std
capacity
J kg-1 K-1

N

Diffusivity Std

N Density Std

10-6 m2 s-1

N

kg m-3

Coefficient of Std N
heat expansion
10-6 K-1

VGN
TGG
DGN
MGN
PGR
KFP
QGN

2.83
2.78
2.95
2.66
3.20
2.78
2.49

0.53 216
0.39 56
0.64 20
0.49 6
0.41 89
n.a.
1
n.a.
2

725
696
708
724
689
687
714

33 149
19 22
28 17
41
6
17 61
n.a. 1
n.a. 1

1.37
1.35
1.53
1.34
1.75
1.48
1.01

0.25 147
0.12 21
0.34 17
0.28 6
0.18 61
n.a.
1
n.a.
1

2741
2700
2742
2742
2635
2729
2766

43 217
29 54
51 20
33 6
38 89
n.a. 1
n.a. 2

10.6
n.a.
8.3
n.a.
7.2
n.a.
n.a.

2.2 10

All samples

2.91

0.51 390

712

32

1.47

0.29 254

2711

59 389

9.0

2.5 22

257

0.7

6

2.8

6

Values are given at room temperature; Coefficient of heat expansion was determined
between 20-60°C; Std = standard deviation; N = number of samples; Rock types: VGN,
veined gneiss; TGG, tonalitic-granodioritic-granitic gneiss; DGN, diatexitic gneiss;
MGN, mica gneiss; PGR, pegmatitic granite; KFP, potassium-feldspar porphyry; QGN,
quartzitic gneiss.
All the main minerals are also thermally anisotropic, which strongly influences the
measured thermal properties in gneissic rocks with well-developed foliation and
gneissic banding. Therefore, the gneissic rocks in Olkiluoto are expected to show
anisotropy of thermal conductivity and diffusivity. Conductivity and core angle data
show that the thermal conductivity varies considerably, depending on whether it is
measured along the foliation and gneissic banding (Figure 11-8). The maximum
conductivity is observed along the foliation with values of about 3.4 Wm-1K-1; whereas
the minimum is observed perpendicular to foliation with values of about 2.4 W m-1K-1.
The scatter of single data points is large, but a trend is definitely observed and the
results suggest a mean anisotropy factor of 1.4 (max/min).



All Rock types: Conductivity vs. core angle
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Figure 11-8. Thermal conductivity vs. core angle of different rock types (Kukkonen et
al. 2011).

The scaling effects of thermal conductivity (or other thermal properties) can be studied
with the aid of direct measurements at different scales, or alternatively with theoretical
simulations based on the spatial correlation of thermal conductivity, i.e. variograms and
autocorrelation diagrams. At Olkiluoto, the thermal properties of the rocks are
controlled by the properties of the migmatitic rock mixture, as the rock can be
considered as a two-component system, consisting of a lower conductivity gneissic
component, and a higher conductivity component, which would correspond to
pegmatitic granite. The spatial correlation of thermal properties was investigated with
geostatistical methods, using variogram analysis and conditional simulations with
kriging. The results indicate that a spatial correlation structure of thermal conductivity
exists. Thermal conductivity values determined from core samples correlate to a
distance of about 7-10 m and provide useful information for scaling effects from sample
scale to TERO in situ measurement scale and further to the canister scale. The variance
of thermal conductivity decreases with increasing volume of investigation and this also
affects the number of blocks below a given conductivity value. For example, assuming
the distribution is normal and taking an illustrative limiting conductivity value of 2.2
Wm-1K-1 it is possible to estimate that only about 1-2% of 10 m3 blocks would have an
average thermal conductivity below this limit, whereas the normal distribution
corresponding to the core sample data has about 8% below this limit.
A thermal block model was created by utilizing the 3D lithological model of GSM 2.0
(see Chapter 4 and Aaltonen et al. 2010) and the mean thermal properties determined
for each rock type, see Figure 11-9. The constructed thermal block model is actually a
numerical manifestation of the lithological model, since the rock type solids have been
used as guides in assigning the thermal parameters to the blocks.
The determined thermal conductivity values vary between 2.66 – 3.20 Wm-1K-1, the
highest values being related to pegmatitic granites (3.20) and diatexitic gneisses (2.95)
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and the lowest (2.66) being related to mica gneiss. TGG gneisses appear to have only
slightly lower conductivity values than the vein gneisses (2.78 and 2.83). The measured
values represent thermal conductivity along the drillholes; accordingly the effect of
anisotropy is not considered. It is known that, especially in gneisses at Olkiluoto,
anisotropy may obscure the effect of lithological variation. Most of the drillholes are
almost normal to the general foliation trend, so it is likely that the measured values are
close to the minimum conductivity. The maximum conductivity is expected to be
obtained in directions parallel to the foliation.

650 m
-350

3.20
2.95
2.83
2.78
2.66
Wm-1K-1

-500

100 m

Figure 11-9. Sliced block model of thermal conductivity. Spacing of slices is 100 m.
View from S.
11.2.2 Mechanical properties of intact rock fractures, rock mass and BFZs

The mechanical properties of fractures, rock mass and BFZs are used as input to rock
stability analyses for engineering purposes, but also for assessing the consequences of
potential postglacial faulting. The intact rock strength is a key input to the assessment of
spalling, including thermally induced spalling.
Intact rock strength

The term ‘intact rock’ refers to visually unfractured rock. In reality, rock behaviour
under loading depends on loading conditions, sample size, degree of saturation, loading
rate, past loading history, etc; therefore, the tunnel-scale strength of intact rock, i.e. the
spalling strength, is considerably lower than the intact rock strength established on
small laboratory samples.
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Based on the fact that the Olkiluoto rock types are very heterogeneous and that the type
and degree of foliation change rapidly, all gneisses can be considered in this context as
one rock domain (type) with only the pegmatitic granite being considered a separate
type – observed as several metre thick layers with their own parameter values (see Table
5-3). A study of the clearly-foliated VGN and TGG samples from two different
drillholes showed that uniaxial compressive strength, crack damage and tensile strength
may vary, depending on the loading orientation (Hakala et al. 2005). This same study
indicated a mean anisotropy factor of 1.4 for the Young’s modulus.
Following the progress reported in SR2008 (Posiva 2009), the work has been focused
on the intact rock strength, because this, together with the rock stress, is a key issue
when predicting rock spalling. The mechanical properties of intact rock, i.e. the visually
unfractured rock, can, in general, be characterised by the complete stress-strain curve,
which is established by using standard test methods and procedures, as suggested by the
International Society for Rock Mechanics (ISRM).
In order to define homogeneous units for modelling rock strength and to explain the
observed variations in strength, lithological units, the type and degree of foliation,
geophysical data and rock density data have been used. The following is found from this
data assessment.


For metamorphic rocks, the variation in strength is high, with 95% confidence limits
for peak uniaxial strength between 58 MPa and 161 MPa and with 50% confidence
limits of 92 MPa and 121 MPa.



Based on the lithology, only the pegmatite, which represents about 20% of the rock
types at Olkiluoto, can be separated in terms of its strength, having a mean tensile
strength that is approximately 25% lower than the gneissic rock types. The ranges of
the other strength and deformation parameters of pegmatite lie within the variations
of these parameters for the gneissic rock types.



When considering the combined type and intensity of the foliation, no real trend can
be seen between the uniaxial compressive strength and the foliation. The magnitudes
of the tensile strength, the crack damage stress and the peak strength are dominated
by the orientation of the foliation, in a manner that would be expected from
theoretical considerations, whereas the magnitude of the crack initiation stress is
determined only by the favourably-oriented weakest minerals.



The tests (point load and laboratory tests) on altered rocks have not indicated
significant strength differences between altered and fresh rocks.



The spatial distribution of rock strength is not determined by rock type, alteration or
by ductile domains described in Chapter 4. Instead the NE sector from the
ONKALO centre seems to have a lower strength than that of the SW sector. At the
repository depth this difference is not so obvious and lower strengths can be
observed only in few drillholes north of the ONKALO.

Fractures

The stability of the rock mass is affected by the presence of fractures. For rock
mechanics design it is the mapped fracture data from the tunnel that are used as input to
the empirical Q system, which in turn can be used to assess the rock mass stability. For
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this reason, the rock mechanics team has made its own assessment of the mapped
fracture tunnel data from the ONKALO. The identified sets correspond well with the
global fracture sets identified for the DFN model.
It is found that the number of fracture sets present in the tunnel, varies with tunnel
chainage. Over the first 300 m, there can be three or more fracture sets present, which
means that occasional or systematic rock blocks can be present. From chainage 300 m
to about 1200 m, there are usually only two sets present and below chainage 1200 m
there are essentially only one or two sets present. Since rock block fall-out due to
fractures can occur only when three or more fracture sets are present, such events are
not likely to occur below chainage 300 m, except occasionally when adverselyorientated and weakly-bonded foliation acts as an additional block face.
The geological DFN model has more fracture sets. However, it should be noted that the
rock mechanics interpretation of the tunnel mapping focuses on fractures that
potentially could form rock blocks. It thereby excludes fractures with length less than 1
m and also fractures terminating in intact rock. This procedure differs from geological
DFN modelling; in which all recorded observations are used in defining fracture sets
(refer to Chapter 4). Furthermore, the interpretation of the major fracture sets is
normally carried out for each 5 m long tunnel section, whereas the geological DFN is a
statistical description of much larger volumes. Possibly, not all fracture sets of the DFN
model occur at the same location.
The mapped fracture data are also used to estimate the fracture intensity (RQD value),
the mapped fracture trace length and end type, and the values of fracture surface
parameters Jr and Ja. For details, see Chapter 5. In addition, a few direct tests have been
conducted on fracture samples to establish their shear strength; however, no new tests
have been conducted since the publication of SR2008 (Posiva 2009).
Brittle deformation zones

Estimates of the mechanical properties of the brittle deformation zones (BDZs) are
based on data from the Olkiluoto drillholes and from the ONKALO tunnel mapping. In
Mönkkönen et al. (2011a), 24 fracture zones have been analysed. The location and size
of these zones is described in Aaltonen et al. (2010) and summarised in Chapter 4.
Analysed brittle deformation zones have been selected based on their size and location
and available data, noting that a direct geological observation of a deformation zone
must exist, i.e. the deformation zone must intersect a drillhole or the ONKALO access
tunnel, so that any parameters can be estimated. All site-scale zones fulfilling the
criteria of direct geological observation and also the repository-scale zones included in
stress modelling have been analysed.
Determinations of the strength and deformability properties were based on the rock
mass classification technique, as described by Hudson et al. (2008) and Hudson et al.
(2010). The strength and deformation properties of the brittle deformation zones were
calculated based on the equations of the Hoek-Brown failure criterion (Hoek et al. 2002,
Hoek & Diederichs, 2006). The strength of the intact rock within the BDZs has not been
updated since the data provided in 2009, the friction angles of the BDZs vary from to
30 to 40 and the cohesion from 0.7 to 1.4 MPa. All the results are presented in Table
5-10.
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Rock mass properties

Rock mass parameters are assessed using empirical methods, and are based on intact
rock strength and rock mass quality. The rock mass quality is based on the Q or GSI
mapping of drillholes, pilot holes and tunnels.
After chainage 1300 m, the mean rock mass quality is 90 (Extremely good, Q is close
to 200); furthermore, there are only six sections with the rock mass quality below GSI
65 (Fair). The results generally imply Very Good or Extremely Good rock mass
qualities, although the strength of the intact rock itself may still be an issue.
In unfractured or sparsely-fractured rock, the in situ strength of the rock, i.e. its spalling
strength, is estimated to be between the crack initiation and crack damage strengths.
Using the mean values, this results in a spalling strength of 52-99 MPa for gneissic
rocks. Based on experiments from the Äspö HRL in Sweden and the URL in Canada
(Martin & Christianson 2008), the spalling strength of the Äspö granodiorite and the
URL granite is about 57% of the uniaxial compressive strength – with a corresponding
mean value of 62 MPa for the gneissic rocks at Olkiluoto, assuming the same
relationship between spalling strength and uniaxial compressive strength as above. The
preliminary results from the POSE experiment show that a tangential stress of about 65
MPa causes shear (spalling) failure on the wall of 1.5 m diameter full-face bored holes.
11.2.3 Rock stress

The in situ state of stress at Olkiluoto has been characterised using a description of the
geological-tectonic history of Olkiluoto, information on regional stresses and direct and
indirect stress measurement data from the site.
The tectonic history of Olkiluoto implies significantly varying stress conditions over
geological time. Thus, it is conceivable that evidence of the complex history is reflected
in present-day stress measurements, although the most recent and current tectonic
events are believed to be the primary sources that constrain the present stress condition.
In Fennoscandia, the orientation of the major principal stress is attributed to an E-W
compression from the mid-Atlantic ridge push and a N-S compression from the Alpine
margin, resulting in a roughly NW-SE orientation of major principal stress (Heidbach et
al. 2008). In addition, regional in situ data from Veitsivaara, Romuvaara, Syyry,
Kivetty, and Olkiluoto down to 1 km depth all support the hypothesis that the principal
stresses are orientated in the horizontal and vertical planes, H being directed NW-SE to
E-W, and that thrust conditions prevail (Stephansson 1986, 1987). Hence, the major
principal stress is the maximum horizontal stress, H, and H > h > v; where h and v
are the minimum horizontal and vertical principal stresses, respectively. The vertical
stress is predominantly well represented by the weight of the overlying rock mass. Focal
mechanisms of earthquakes in Finland support these general conclusions.
At the site scale, in situ direct stress measurements have been conducted down to 985 m
depth, using a variety of methods. The majority of these data have been subject to
critical review, which has indicated that the principal stresses measured by in situ
methods can be approximated by horizontal and vertical stresses, where the vertical
component is in close agreement with the weight of the overlying rock mass. The
review also noted that several measurement results from various methods are associated
with measurement-related problems, malfunctioning equipment, and obvious violations
of inherent theoretical considerations.
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In contrast with the stress magnitudes, the orientation of H based on in situ stress data
displays a pronounced scatter. The re-evaluated stress data suggest this orientation to be
in the range NW-SE to SW-NE. Seismic events in the ONKALO block, primarily
during 2008 (48 events), have been concentrated in locations where the tunnel direction
is NE-SW, whereas the number of events in tunnels directed NW-SE is considerably
smaller. This result speaks in favour of a H direction closer to NW-SE rather than NESW at the repository depth. However, a correlation between the predicted normal
traction distribution and the orientation of transmissive fractures has been identified,
leading support to an E-W-orientation of H. This somewhat confusing outcome is
believed to be caused primarily by the measurement scale relative to the small-scale
heterogeneity.
The overcoring measurements with different reference lengths indicated clearly that 10
mm strain gauges, used in normal overcoring methods, are too short and thus extremely
vulnerable to the rock’s heterogeneity. Measurements with long strain gauges (60 mm)
and the LVDT probe (127 mm reference length) have provided consistent results at the
tunnel scale. The applicability of direct hydraulic fracturing, as opposed to hydraulic
testing of pre-existing fractures, HTPF, is problematic from a fundamental perspective
(Rutqvist et al. 2000, Doe et al. 2006, Evans & Engelder 1989). If the Olkiluoto stress
regime is one of a geological thrust environment, then all the stress magnitude results
from the hydraulic fracturing are questionable. Given this situation, it was decided to
present two alternative stress models: one based mainly on hydraulic results and the
semi-integration analysis, and the other based on LVDT measurements only. The
reliability of the LVDT measurements is supported by the core disking observations
from the same locations.


Proposed In Situ Stress Model 1 based on hydraulic and semi-integration results:
The proposed stress model based on hydraulic and semi-integration results involves
three domains, determined by the locations of HZs and BDZs (Figure 11-10). The
first domain involves data sampled above HZ20; the second domain includes data
sampled between HZ20 and BFZ099; and the third domain involves data collected
below BFZ099. The intervals displayed are regarded as corresponding to the 99%
confidence intervals, thereby yielding estimated standard deviations of 4, 4, and 3.5
MPa for H in the upper, intermediate, and lower domains, respectively. The
corresponding results for h are 3, 2.5 and 2 MPa, and for the orientations of H 26,
20 and 10



Proposed In Situ Stress Model 2 based on the LVDT results: The LVDT
measurement results above and below BFZ20 belong to different regimes. Above
HZ20 (-156 m to -265 m) the stress components are close to each other and the
stress field is not clear. Below HZ20 (-345 m to -408 m) the results are quite well
pronounced: the major in situ stress component is horizontal and the mean trend is
144° (±25°). The intermediate stress component is also horizontal and the minor is
almost vertical. The mean magnitudes and standard deviations of the horizontal and
vertical components for the depth range from -345 m to -400 m are: H = 28.8 MPa
± 4.7 MPa, h = 19.9 MPa ± 3.3 MPa and V = 13.3 MPa ± 4.0 MPa.

Furthermore, at the time of writing, the ONKALO ramp has reached the repository
depth of -420 m and several indications of the increased stress field with depth have
been made. These observations are mainly the occurrences of rock noises and loose rock
slabs (known as ‘events’) during scaling and have been made by the excavation
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personnel and the tunnel surveyors. However, no clear spalling or unstable key block
type behaviour has been observed, indicating that the concentrated stress magnitude is
still generally below the strength of the rock, although it must be remembered that more
complex repository geometries will increase the stress concentrations.

Figure 11-10. General state of stress at the Olkiluoto site; magnitude of H and its
orientation based on Stress Model I. Blue symbols and confidence intervals denote data
located above HZ20B, green data located between HZ20B and BFZ099, and red data
located below BFZ099

11.2.4 Impact of ONKALO construction

Prediction-outcome exercises have been carried out, primarily in the POSE niche, as
further discussed in Section 9.2. The relatively good match between predictions and
outcomes enhances the confidence in the thermal and rock mechanics descriptions,
despite the uncertainties noted above.
Thermal rock response

Before the drilling of the POSE holes, the pilot hole for hole 3 was heated with the
objective of seeing if this resulted in damage at the hole wall, and thus having some
preliminary indication of the stress orientation in the POSE niche. However, the
outcome was that no visual signs of hole wall damage were seen. Acoustic televiewer
measurements indicated some possible damage but, due to the hole size, this was hard to
identify. During the heating period, the rock temperatures were monitored around the
hole and the predicted temperatures in the monitoring holes matched well with those
measured (Figure 11-11).
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Figure 11-11. Predicted (solid lines) and measured (circles and triangles) temperatures
around the pilot holes at different distances (0.5 and 1.5) of the POSE hole 3. The black
line represents the calculated maximum thermal stress at the hole wall.

Rock stability and occurrence of spalling

The stability of the ONKALO ramp is an important consideration, not only for ensuring
continued ramp access but also as an indicator of the stability of the various excavated
components of the anticipated repository. At the time of writing, the ONKALO ramp
has reached the repository depth of -420 m and several indications of the increased
stress field with depth have been observed.
The events are mainly rock falls or the opening of fractures or weak mica-rich layers,
where block diameters vary from centimetres to metres. Typical block thicknesses are
100 to 300 mm with surface areas in the range 0.5–3 m2. At 420 m depth, all excavated
tunnels are potential locations for recording rock noises. These can occur just after
blasting, after scaling, or a long time afterwards, and even in the rockbolted areas.
The factors governing the reasons for rock damage/failure in the ONKALO tunnel can
be summarised as follows:


the natural stress field (directions and magnitudes of the principal stresses),



local changes in rock type and rock strength,



the foliation type and intensity,



the presence of fractures and fracture zones,
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blasting (i.e. causing additional stress), which among other things is affected by
the accuracy of drilling and



the tunnel geometry and its orientation.

The rock mechanics prediction-outcome work has concentrated on predictions of rock
spalling in the ONKALO ramp and in the POSE niche and on comparisons with the
observations. The predictions involve knowledge of the rock stress and the rock strength
and vary according to the orientation of the ONKALO tunnel sections and their depth.
Spalling predictions, based on the current understanding of rock strength, have been
compared with observed rock damage/falls for the ONKALO ramp. It is found that the
observed rock damage/block falls/rock noises do not seem to fit with the spalling
prediction; however, no clear spalling or unstable keyblock type behaviour has been
observed. The observed damage is more a combination of several factors, as listed
above.
Spalling predictions were also made for the two large holes drilled in the POSE niche at
a depth of 345 m (chainage 3620 m). Predictions were made using two different
approaches: one based on fracture mechanics (Siren 2011); and the other based on
traditional continuum thermomechanics. Based on both predictions, damage or spalling
should occur in the pillar between the two adjacent holes after drilling the second hole.
In the 3DEC analyses, the effect of the heating was also studied: after two weeks
heating in the pillar area, the stresses will be increased to a level of 130 MPa.
The POSE test is still in operation at the time of writing this report, but the drilling of
the two holes did not induce any spalling in the pillar side walls. This is an indication
that the spalling strength is higher than anticipated, or that the stress state is different
from that estimated, or that perhaps the effect is due to combination of both these. The
only damage that was observed was the development of two sub-vertical fractures on
the wall of Hole 1 and one sub-vertical fracture on the wall of Hole 2, all of which were
formed after drilling had been completed.
Displacement measurements (rock responses)

During the POSE niche excavation, extensometer and convergence measurements were
performed. Based on the outcome, the wall-to-wall convergence results showed a good
match to the predicted values, but not those for the wall-to-roof results. The
extensometer values were also about half the values predicted; and currently the reasons
for the disagreements are unknown. In the POSE Hole 1 the elastic behaviour for all
strain gauges at different depths corresponded well with the modelled responses.
Potential excavation damage

The potential formation of an EDZ (Excavation Damaged Zone) is one of the issues
when evaluating the long-term safety of a disposal facility and there have been various
research and development programmes carried out concerning the EDZ. More recent
work has included the EDZ300 Project (Mustonen et al. 2010), where considerably
greater details regarding the excavation and investigative techniques employed can be
found. The EDZ09 Project was established so as to enhance the drill and blast method,
to try and limit the extent of the EDZ and to verify the feasibility of using Ground
Penetrating Radar (GPR) for characterising the EDZ. In the project, a series of drillholes
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and geophysical tests were carried out before and after excavation of the special “EDZ
niche” at chainage 3620 m in the ONKALO tunnel.
The results obtained before and after excavation were compared, using the portions of
the drillholes remaining after excavation and using data from immediately adjacent to
the tunnel wall. A comparison between the baseline conditions and the results obtained
after excavation indicates how the properties of the rock mass have been modified due
to excavation; however, it needs to be appreciated that the drillhole data relate only to
quite limited and localised volumes of the rock mass, possibly implying that any
changes evidenced from these drillholes are not necessarily representative of the rock
mass in general. The geophysical techniques have, however, investigated considerably
larger volumes of the rock mass and do suggest the same types and magnitudes of
changes have taken place and that they are, therefore, ubiquitous. The differences in
seismic results serve as a direct indication of the effects of blasting.
The following conclusions can be drawn.


The comparison between GPR and other methods shows that the responses to these
geophysical methods are located in the same parts of the rock mass, although there
are differences, due both to the electrical and acoustic physical parameters being
investigated, as well as to the measurement geometries of the different techniques.



The GPR measurements indicate that some new fracturing has taken place due to the
excavation. However, inspection of the data suggests that this new fracturing is not
continuous, even along the tunnel floor, and even less so in the tunnel wall.



The water loss measurements and interference tests performed before the excavation
of the EDZ tunnel show very low transmissivities (T= 1.5•10-12 ... 5 •10-12 m2/s) and
poor hydraulic connections between holes. Measurements after the excavation
indicate the possibility of the existence of excavation-induced fractures with low
transmissivities (T= 10-12 ... 10-8 m2/s).

In conclusion, the EDZ09 experiment shows that blast-induced fracturing is likely to
occur, whatever form of drill and blast system is employed, and that some of these
fractures may be water-conducting. However, the GPR data also suggest that this blastinduced fracturing does not form a continuous, connected network over larger distances
along the tunnel – even in the floor of the tunnel where the EDZ is best developed.
Whilst the number of data is limited, this proposition gains further support from similar
findings made by SKB in exploring the potential EDZ in the Äspö HRL (Olsson et al,
2009, Ericsson et al. 2009).
11.3

Hydrogeological properties and groundwater flow

Chapter 6 describes the hydrogeological model of the Olkiluoto site. The groundwater
flow, being a function of the hydraulic driving forces and the permeability distribution
of the rock, is of key importance for safety, as the flow could effect the evolution of the
groundwater composition and offers the only significant potential pathway for transport
of components which may be harmful for containment and for radionuclides that are
released from the spent fuel through the engineered barriers (EBS). The hydraulic
properties depend on the fracturing of the rock, i.e. on the hydraulic properties of
fractures and deformation zones, and how these are connected in space. The properties
are described at different scales. The site-scale flow model is used to describe the past
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evolution of the site and the near-future hydrogeological impact of the ONKALO. The
detailed-scale model, on the other hand, is appropriate to describing the distribution of
groundwater flow in the immediate vicinity of the planned spent fuel repository and the
deposition holes for the waste canisters.
A cornerstone of the hydrogeological description of the bedrock concerns the hydraulic
characterisation of the more intensely-fractured hydrogeological zones (HZ) and the less
fractured bedrock lying between (outside) these zones. The approach in the
hydrogeological modelling combines a deterministic representation of the
hydrogeologically-active deformation zones (i.e. hydrogeological zones, HZs) with a
stochastic representation of the less fractured bedrock outside these zones, using a
hydrogeological discrete fracture network (Hydro-DFN) concept. The hydrogeological
zones and Hydro-DFN models are parameterised hydraulically with data from singlehole Posiva Flow Log (PFL) pumping tests. Additional data are used to characterise the
transport properties of these structures.
11.3.1 Hydraulic properties of hydraulically-active deformation zones – the HZ
model

The model of hydrogeological structures on the site scale, that is the deterministic
structural model, is constructed using an approach that brings together the site-scale
geological brittle deformation zone (BFZ) model, measured high transmissivities, the
hydrogeological responses to pumping and interference tests, and information obtained
during the construction of the ONKALO. These zones intersect a large part of the
drillholes, and account for most of the transmissive fractures found in these drillholes.
This means that they carry the larger part of the volumetric water flow rate in the deep
rock at Olkiluoto.
The current update of the site-scale hydrogeological structure model mostly follows the
approach taken in the previous version of the model in 2008 (Chapter 6 in Posiva 2009).
However, to consider the measured transmissivities in more detail and in a
comprehensive manner, a systematic approach, which included all drillholes up to OLKR53, available B-drillholes, and pilot holes up to ONK-PH17 (not including PH15)
was carried out. As the transmissivity is a practical measure of the volumetric flow rate,
the hydrogeological zones were adjusted (or conditioned) such that they followed the
highest measured transmissivities in the drillholes, whilst maintaining an overall
consistency with the geological brittle deformation zones. Overall, the measured
transmissivities exhibit a strong decrease with depth, and it is assumed that a similar
decrease applies to the transmissivities of the hydrogeological zones. The continuity –
or extent – of the hydrogeological zones, in turn, is mainly based on hydraulic responses
observed during pumping tests, overpressure tests, and various field activities.
The resulting site-scale hydrogeological structure model 2011 version is an upgrade of
the 2008 version. It describes 14 hydrogeological zones within the perimeter of
Olkiluoto island (Figure 11-12) and introduces new hydrogeological site-scale zones
HZ039 and OL-BFZ100. In addition, hydrogeological zone HZ004 is replaced by zone
HZ146, which follows the Liikla Shear Zone and brittle fault zone OL-BFZ146, and
hydrogeological zone HZ21B is now included in base case model. The updated model
also introduces some smaller changes to the previous hydrogeological site-scale model.
Its details are discussed in Chapter 6, and presented in further detail in Vaittinen et al.
(2011).
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Figure 11-12. Overview of the hydrogeological structure model. View from the
southeast.

Nearly all the site-scale hydrogeological zones are modelled as having a surface
expression, although, there are no direct observations at the surface that could
unequivocally be associated with any of the modelled hydrogeological zones. This is
attributed to the fact that the topmost few tens of metres are intensively fractured, so it
is likely that within this layer, the hydrogeological zones become subsumed within the
general fracturing.
The descriptions of the hydrogeological zones in the central area are supported by a
wealth of geological, geophysical and hydrogeological data. For example the HZ20
system, considered to be the most important hydrogeological feature to be intersected
by the ONKALO access tunnel and shafts, is intersected by a multitude of drillholes, is
a clearly-identified seismic feature, shows clear hydraulic connections between
intersecting drillholes and its hydraulic impacts have been observed during the
excavation of the ONKALO (Figure 11-13).
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Figure 11-13. There is a substantial amount of data supporting the descriptions of the
hydrogeological zones. The example shows the drillholes intersecting HZ20A.

Figure 11-14. Estimate of effective HZ transmissivity as a function of depth for HZ20.

At the site scale a simple scheme for estimating the effective transmissivities of the
modelled hydrogeological zones is applied, by linearly fitting the measured log
transmissivities to depth, see e.g. Figure 11-14. It should be noted, however, that the
model is conditioned so that transmissivity values measured at drillhole intercepts (the
blue and green markers in the figure) with the HZ20 zones are prescribed to the finite
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elements representing the intersection points in the model. Alternatively, at the site scale
the model may assume that the effective transmissivity is equal to the geometric mean
of the measured values.
11.3.2 Hydraulic properties of the less fractured bedrock – the hydrogeological
DFN model

The hydrogeological properties of the less-fractured bedrock outside the
hydrogeologically active deformation zones are characterised using a stochastic
hydrogeological discrete fracture network (Hydro-DFN) concept.
Hydraulic domains

Based on the geological DFN model, see Section 11.1.3 and also Chapter 4,
hydrogeological domains are formed out of the fracture domains defined for the
geological DFN model (Figure 11-6). All these domains have different characteristics,
but there may also be many characteristics of each domain that are shared with other
domains. Hartley et al. (2011) investigated the similarities between each of the domains
to determine the scope for merging together the nine fracture domains into four larger
hydraulic units (domains), see Figure 11-15.
Depth zones

Following the 2008 study, Hartley et al. (2012) reviewed the definition of depth zones,
integrating geological, hydraulic and chemical data. In particular, they defined four
depth zones for each drillhole, rather than for domains as a whole; the objective being to
map the variability in key fracture characteristics between drillholes. The main
justification for the zones is the variability in fracture frequency. There is a slight
reduction of the fracture intensity in the uppermost 150 m of the bedrock from a P10 of
about 5 m–1 near the surface to a relatively uniform 2–3 m−1 below −150 m. The depth
trend in PFL intensity (“conductive fracture frequency”) is far more striking, reducing
P10 from about 1.6 m–1 near the surface to less than 0.19 m−1 below −400 m. These
significant changes in PFL intensity imply a rapid reduction in groundwater flow rates
and associated advective transport of solutes. Confirmation of this is seen in the
hydrochemical data for the site by considering the chemical signatures of chloride (Cl),
sulphate (SO4) and alkalinity (HCO3), see further the description in Chapter 6. The
variation in PFL intensity generally corresponds well with variations in the chemical
data; however, on the boundary between depth zones 2 and 3 at −150 m, large variations
in the chemical data occur, which is due to the transition from fresh water to brackish
(HCO3) water in this region.
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Figure 11-15. Hydraulic domains (named NHU, CHUW, CHUE, SHU) formed by
merging fracture domains with similar hydraulic properties.

Orientation

Based on the orientation analysis in Hartley et al. (2011) it was noted that the fracture
sets used in Hartley et al. (2009), i.e. a North-South (NS), an East-West (EW) and a
sub-horizontal (SH) set, are still valid.
Fracture intensity

From a hydrogeological DFN viewpoint, not all fractures are potential hydraulically
conductive. For a fracture to be hydraulically conductive it must have an aperture (i.e.
be internally transmissive) and be connected, i.e. there must also be connectivity
between transmissive fractures. Open fractures are a subset of all fractures which have
an apparent aperture, at least on the scale of the drillhole core, and hence are potentially
hydraulically conductive fractures, if they are connected to other fractures, to repository
structures or to drillholes.
The geological DFN model defines “open” fractures based on a number of fracture
properties and, in addition, also defines a “flowing” fracture, where the transmissivity of
the fracture is greater than zero. According to the Geo-DFN definitions, open and
flowing fractures account for 31.2% of all fractures. However, a few of the observed
PFL fractures (217 out for a total of 3734 observed PFL fractures) are not connected to
open or flowing fractures, according to the definitions used in the geological DFN
modelling.
Hartley et al. (2011) analysed fracture intensities for all fractures and PFL fractures,
both inside and outside hydrogeological zones, by hydraulic domain, by depth zone and
by fracture set. Figure 11-16 shows that the PFL fracture intensity outside
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hydrogeological zones is highest in Depth Zone 1, is lower in Depth Zone 2 even lower
in Depth Zone 3, with the lowest intensity found in Depth Zone 4. In all depth zones,
the fracture intensity was lower outside than inside hydrogeological zones. A similar
picture is found for the intensities of all fracture, i.e. they are lower outside than inside
hydrogeological zones and decline with depth.

Figure 11-16. Drillhole intervals coloured by interpreted Depth Zones, based on the
classifications given in Chapter 6 (DZ1: green, DZ2: yellow, DZ3: red, DZ4: blue).
View from the southeast. A slice is inserted through the model at –400 m and coloured
grey with the shear zone boundaries shown on it.

The Geo-DFN model (Fox et al. 2011) suggests that there are drillhole intervals with
increased fracture intensity, outside the hydrogeological zones, where fractures appear
to occur in “clusters”. Conceptually, these could be described as minor deformation
zones. In terms of hydraulic characteristics, any PFLs within these clusters could also be
grouped together and the transmissivity of the individual PFLs summed for the
combined single feature. Such a treatment of the clusters has not been performed in this
study, because not all the required information is available to make a complete analysis.
Furthermore, this decision is strengthened by a data analysis. The intensity of PFLs
within the drillhole intervals associated with interpreted clusters is indeed much higher
than the surrounding bedrock. However, considering what proportion of PFL fractures
are located within interpreted clusters, it is concluded that, although the clusters
interpreted by the Geo-DFN have clear significance for fracture occurrence, their affect
on the spatial distribution of flowing fractures is relatively minor, only about 5%.
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Size distribution

An appropriate fracture size model also needs to be defined. The updated geological
DFN model suggests two alternative concepts for fracture sizes: the “Tectonic
continuum” model, which assumes a continuous distribution of fracture size over all
length scales, and the “Outcrop-scale and minor deformation zone” model that assumes
a superposition of different size distributions associated with the outcrop and tunnel
scales; although both models are constructed from power-law distributions. For the
Hydro-DFN, this corresponds to models for the size of fracture openings, rather than
necessarily the physical extent of each fracture, which might typically be larger. Three
different intensity-size distribution combinations are assumed for the Hydro-DFN
model cases and can be summarised as follows.


Case A is based on the estimated intensity of Open fractures, using a power law size
model. This is based on a concept that potential flowing fractures are a sub-set of
All fractures, which are distributed as a tectonic continuum. In order to calibrate the
connectivity of this model, so as to be consistent with the intensity of PFL features,
requires the optimisation of the power-law slope parameter.



Case B is based on the intensity of PFL fractures, using a log-normal size model.
This case only considers the flowing fractures from the outset, and so virtually all
fractures need to be connected to give the correct intensity of flowing fractures in
drillholes. Therefore, a more limited range of relatively large fractures is required,
and hence a lognormal distribution is chosen, with mean and spread selected to
ensure that most generated fractures are connected. This size model is more
analogous to the geological DFN minor deformation zone model, although a power
law of lower slope is used within a finite range of sizes.



Case C is model based on the intensity of All fractures, using a global power law
size model, derived for the geological DFN, but removing parts of the fracture area
available for flow according to a probability function that depends on fracture size
(i.e. a larger proportion of fracture area is open in large fractures than in small). A
power law size model is used based on the geological DFN tectonic continuum
model and uses a global size for All fractures, for simplicity. The parameters
determining the amount of fracture area that is open for a given fracture size are
then adjusted to give sufficient connectivity for consistency with the intensity of
PFL features.

The geometrical parameterisations of these models are given in Chapter 6 and in
Hartley et al. (2011).
Hydraulic properties

Within the Hydro-DFN model, transmissivities are specified on an individual fracture
basis, with three different relationships between fracture transmissivity and fracture size
considered: Correlated, Semi-Correlated and Uncorrelated. Having derived
geometrical parameters for the intensity-size model for each case, flow simulations are
performed to calibrate hydraulic parameters to the PFL data, with transmissivity
distributions derived for each set and depth zone. Also the HZ model was included in
the flow simulations, but with deterministic transmissivities.
At this point, it is useful to recollect what is actually measured with the PFL tests. For
each PFL transmissivity value identified, the change in flux (inflow) and head
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(drawdown) after several days of pumping, relative to conditions prior to pumping, are
calculated. A transmissivity value is interpreted for the PFL measurement, based on an
assumed radius of influence, but the interpreted values of transmissivity should not be
viewed as necessarily the transmissivity of an individual fracture, or the transmissivity
of the fracture local to the drillhole intersect. They are more indicative of the effective
transmissivity over a larger scale, a fact which influences the way in which the PFL data
are used in the Hydro-DFN modelling.
Steady-state DFN flow simulations are used to predict the distribution of inflows to
multiple realisations of each representative drillhole, using the geometrical model
configuration and the PFL test configuration. In order to investigate variations with
depth, the calculated values of specific capacity, Q/s, and the PFL measurements are
both subdivided into four depth zones, according to those determined from the analysis
of the individual drillholes. These data are then used as ensembles to compare the
distribution between modelled and measured results within each hydraulic domain and
for each set and depth zone.
The hydraulic parameterisations of these models are given in Chapter 6 and in Hartley
et al. (2011).
Block conductivities

Groundwater flow modelling at larger scales is customarily based on assuming the
effective properties of the fractured rock can be represented by a porous medium, as this
renders the ensuing computational task feasible. In the current study, effective hydraulic
block properties for the bedrock are based on the calibrated hydrogeological DFN
model cases.
A single realisation of the Hydro-DFN model is generated within a cube of side 500 m,
which is then subdivided into an array of 50 m blocks, for which the effective hydraulic
conductivity tensors, Keff, and kinematic porosities, eff are calculated to provide an
ensemble of 50 m block properties. Summary results for the hydraulic domains NHU
are shown in Table 11-2. Results for the other domains, CHUW, CHUE and SHU, are
given in Chapter 6. In summary, the following conclusions can be drawn.


For all domains, fracture size distributions and transmissivity correlations, the
geometric mean of the effective hydraulic conductivity of 50 m blocks decreases by
approximately one order of magnitude per depth zone and for kinematic porosity by
about half an order of magnitude.



These changes by depth are greater than the variability, as quantified by the five
model cases used to explore uncertainties in the Hydro-DFN model, and generally
greater than the variability in effective hydraulic conductivity between 50 m blocks,
although this variability increases with depth.



The sensitivity to the different Hydro-DFN model cases is about half of order of
magnitude for the five calibrated alternatives considered. There is no coherent trend,
although a correlated transmissivity model often seems to be biased toward higher
values, presumably because there is a higher probability of generating extensive
high transmissivity fractures. Case C, based on a channel type model for opening
within All fractures, often gives the lowest hydraulic conductivity.
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Table 11-2. Summary of ECPM upscaling results for effective hydraulic conductivity and
porosity for 50 m blocks in hydraulic domain NHU. Statistical parameters of the average and
standard deviation are denoted with m and s, respectively. The last column is the average of
block-specific Kh/Kz, as a measure of the anisotropy of the block conductivities.



m of
s of
s of
m of
% perc.
log(Keff) log(Keff)
log(eff) log(eff)
[m/s]
[m/s]

Kh/Kz

–7.11

0.43

–3.64

0.05

100%

2.75

DZ1

Case A Semi-Corr. –7.41

0.43

–3.65

0.03

100%

2.89

NHU

DZ1

Case A UnCorr.

–7.55

0.50

–3.61

0.03

100%

2.58

NHU

DZ1

Case B Semi-Corr. –7.68

0.25

–3.79

0.03

100%

2.78

NHU

DZ1

Case C Semi-Corr. –7.28

0.28

–3.62

0.04

100%

2.24

NHU

DZ2

Case A Corr.

–8.52

0.41

–4.15

0.04

100%

1.67

NHU

DZ2

Case A Semi-Corr. –8.78

0.54

–4.17

0.04

100%

2.14

NHU

DZ2

Case A UnCorr.

–8.71

0.62

–4.05

0.04

100%

2.25

NHU

DZ2

Case B Semi-Corr. –8.81

0.30

–4.09

0.03

100%

1.95

NHU

DZ2

Case C Semi-Corr. –8.92

0.47

–4.09

0.05

100%

2.60

NHU

DZ3

Case A Corr.

–9.52

0.75

–4.54

0.05

98%

1.87

NHU

DZ3

Case A Semi-Corr. –9.93

1.01

–4.45

0.06

96%

1.70

NHU

DZ3

Case A UnCorr.

–9.82

0.78

–4.35

0.05

97%

2.13

NHU

DZ3

Case B Semi-Corr. –9.36

0.57

–4.46

0.06

100%

2.57

NHU

DZ3

Case C Semi-Corr. -9.46

0.69

–4.26

0.06

100%

2.27

NHU

DZ4

Case A Corr.

–10.57 0.52

–4.88

0.05

99.9% 1.39

NHU

DZ4

Case A Semi-Corr. –10.66 0.54

–4.87

0.05

99.9% 1.63

NHU

DZ4

Case A UnCorr.

–10.66 0.61

–4.73

0.04

100.0% 1.48

NHU

DZ4

Case B Semi-Corr. –10.66 0.43

–4.64

0.02

100.0% 1.91

NHU

DZ4

Case C Semi-Corr. –10.85 0.48

–4.77

0.04

100.0% 1.75

Domain

Depth
Case
zone

NHU

DZ1

Case A Corr.

NHU

T model

There is a suggestion that hydraulic conductivities are slightly lower in hydraulic
domains CHUE and SHU than NHU and CHUW (see Figure 11-15 for the geometry
of the domains, also refer to Section 6.9). However, the calibrations of NHU and
CHUW are based on a larger number of drillholes than CHUE and SHU, and hence
there is greater probability of encountering some volumes with higher flow-rates;
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The hydraulic conductivities for the 2008 Hydro-DFN model are consistent with the
updated Hydro-DFN model, when comparing depth zones. However, the updated
definition of the depth zones that capture lateral as well as vertical variations in PFL
intensity implies that volumes of low hydraulic conductivity may occur at shallower
depths than in the 2008 model.

11.3.3 Groundwater flow

Initial state

The site has undergone, is undergoing and will continue to undergo a change in its
hydrogeological environment due to various factors. Whilst the origin of the salinity in
the bedrock has been explained as being the result of different processes (Lámpen
1992), it is reasonable to assume that deeper groundwaters – having high salinities at
depths of a few hundred metres - are very old (see Section 11.4 and Chapter 7).
Shallower groundwaters have been affected by climatic changes, especially the
alternating periods of glaciations and interglacials over the last approximately two
million years. However, at Olkiluoto, only traces of the last glacial period, the
Weichselian, can be detected at the surface and at depth in the bedrock only traces of
glacial meltwaters of this origin are found. This last glaciation period spanning c. 100 ka
has all but erased any evidence of the earlier ice ages.
Five reference waters (Saline, Littorina, Meteoric, Glacial and Inter-glacial) have been
defined in order to model the palaeochemical evolution of the groundwater, for the
different geological stages at Olkiluoto over the last 10,000 years, see further Chapter 7
and Section 11.4.
Boundary conditions – affecting areas of recharge and discharge of the deep
groundwater

The evolution of the groundwater system may be explained as being due to its dynamic
response to continuously changing, but fairly well-known, boundary conditions. When
simulating the palaeohydrogeology over the last 10,000 years, as well as when making
predictions for the future, transient variations in surface boundary conditions have to be
considered, both due to changes in the shoreline and the salinity of the Littorina/Baltic
sea. The approach used is to apply the same definition of the boundary conditions as for
the current day, but to calculate heads and elevations relative to a sea level datum that
evolves with time:


For the area under the sea, it is most natural to use a specified head type boundary
condition.



The composition of the groundwater infiltrating the top surface of the model
offshore is determined by the prescribed salinity of the sea at that time.



The solute boundary condition on the vertical sides of the model is taken to be zero
solute flux.



The solute boundary condition on the base of the model was taken to be equal to the
initial condition.
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Palaeohydrogeology

The evolution of the chemical composition of groundwaters in the Olkiluoto area is
driven by the infiltration of waters with glacial, marine and meteoric origins, as
determined by the geological evolution of the site. This evolution can therefore be
thought of as a natural tracer experiment. 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 predictions of transient coupled
groundwater flow and solute transport models. This comparison is intended as a
verification of the current site-scale models, in particular the upscaled properties of the
Hydro-DFN. Similar transport modelling has been carried out previously (Löfman et al,
2009), based on the SDM 2008 (Posiva 2009).
The palaeochemistry simulations performed suggest that a reasonable qualitative
representation of the measured head and the geochemical evolution of Olkiluoto Island
can be achieved using hydraulic properties derived from the upscaled Hydro-DFN,
together with parameters consistent with site data, see Figures 11-17 and 11-18.
A set of model variants shows that some of the key sensitivities are to near-surface
processes and parameters. In particular, the groundwater heads are sensitive to the
conductivity of the overburden, and the permeability of the bedrock in Depth Zone 1.
The infiltration depth of Meteoric water is also influenced by the permeability of the
bedrock in Depth Zone 1.
Increasing the bedrock conductivity generally by a factor of 10 slightly worsens the
match to the HCO3 and SO4 concentration measurements, suggesting the hydraulic
conductivity at depth might be constrained to some degree by these data. The models
are relatively insensitive to both the diffusion porosity and the kinematic porosity.
However, rock matrix diffusion is a key process in modelling the geochemical
evolution, as shown by the sensitivity of the Base Case model to changes to the specific
fracture surface area.
The key points of discrepancy between the models, particularly the base case model,
and the data are the following.


The Base Case model predicts the infiltration of Meteoric water to
approximately 50 m greater depth than is suggested by HCO3 data. This in turn
means that Littorina water is predicted at lower concentration fractions in the top
200 m than suggested by SO4 data. The model variant with increased horizontal
permeability and anisotropy in Depth Zone 1 improved the overall match to
HCO3 and SO4 data.



Part of the reason why the model overestimates the infiltration of Meteoric water
is due to the predicted influence of the hydrozones (Hydrogeological zones,
HZs). The effect of HZs is not apparent from analysis of the hydrochemical data,
therefore it is possible that the models are overestimating transport in the HZs.

A key uncertainty in the groundwater head and solute transport simulation results,
which has not been addressed in the palaeochemistry simulations reported above, is the
influence of heterogeneity within the rock mass and within the HZs. Spatial
heterogeneity in conductivity and specific fracture surface area might be particularly
important, as the model has been shown to be sensitive to these parameters. Spatial
variability in the transmissivity within HZs is a particular example of heterogeneity
which is likely to influence model predictions. Previous modelling studies of the
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Forsmark area suggest that different stochastic realisations of the rock mass
conductivity field predict significant differences in heads and groundwater compositions
(Follin et al. 2008). This study also concluded that the envelope of results from different
realisations captured the variability in the sampled data better than any individual
realisation.
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Figure 11-17. A comparison of the heads predicted in Base case model at 2000 AD with
the measured values in drillholes KR1 to KR15. (from Hartley et al. 2012).
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Figure 11-18. A comparison of the Chloride (left) and SO4 (right) concentrations
predicted by the Base case model with measured data in the fracture water (compiled
from figures in Hartley et al. 2011)
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Current groundwater flow

Aspects of current groundwater of importance for repository safety are discussed further
in Section 11.5.2.
11.3.4 Impact of excavated tunnels on the groundwater flow

Predicting inflow to the ONKALO

The open tunnels and shafts of the ONKALO, and the subsequent repository, are likely
to create a hydraulic disturbance to the site's groundwater system (e.g. inflow of
groundwater to the open tunnels and drawdown of the groundwater table) and related
hydrogeochemical disturbances by intrusion of surface water containing dissolved
oxygen deep into the bedrock, and upconing of deep saline groundwater. Assessment
and prediction of the ONKALO disturbance has already been performed in three
modelling rounds since 2004 when the excavation of the ONKALO was started.
The results of the monitoring programme since 2004 have shown that the various flow
models used in the subsequent modelling rounds tended to overestimate the hydraulic
impact of the ONKALO (Andersson et al. 2007, Löfman et al. 2009). With a growing
history of measured inflows, together with the gradual refinement of the flow models,
more insight was gained about the connectivity of the hydrogeological structures, their
role in connecting the drifts to the near surface hydraulic system and the significance of
the grouted tunnel sections, as well as the proportion of the inflows originating from the
HZs and the sparsely fractured rock (SFR).
In order to minimize inflows grouting has been applied to the HZs and, at shallow
depths above about -100 m, also to the conductive parts of the SFR. This is modelled by
introducing a section of limited hydraulic conductivity of the HZ and the SFR close to
the tunnel. However, using the modelled hydraulic conductivity of the SFR in the
numerical model around ungrouted tunnel sections results in inflows of unacceptably
high magnitude. For this reason a positive skin is introduced around the tunnels, which,
in a similar manner to the grouting, effectively limits the inflow into the tunnel.
This iterative process of accumulating experience from monitoring and then its
interpretation led to the latest predictions for total inflows (Figure 11-19), which, for the
first time in the series of modelling rounds, are not significantly different from the
measured data and from the previous estimates of total inflows (about 35 L/min by the
end of 2010). Note that, in a similar manner to all previous modelling rounds, the
calculated inflows proved sensitive to the applied grouting efficiencies of the HZs. This
property of the stressed flow system is understandable, bearing in mind that there is a
two to three orders of magnitude difference between the transmissivities of the
ungrouted and grouted part of the HZs.
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Figure 11-19. Inflows into the ONKALO in time. The dashed lines denote the inflow
calculated with the previous model for 2008 (Löfman et al. 2009). The markers
represent observations at certain points of chainage, measured at several different
times up to 2010 (Vaittinen et al. 2011), and are related only to the chainage axis of the
figure, not the time axis.

Groundwater level and hydraulic head

The previous modelling round concluded that neither the observed groundwater level
histories nor the calculated ones had exhibited any significant change that could have
been attributed to the excavation of the ONKALO, except perhaps in its immediate
vicinity in the Liiklansuo area (Vaittinen et al. 2008, Löfman et al. 2009). This
conclusion has been further reinforced with the monitoring data collected since then
(Vaittinen et al. 2010b, Vaittinen et al. 2011), even though the depth of the ONKALO
has increased by more than 150 m. For this and other reasons presented in Section 9.3.2
the current predictions do not consider the evolution of the free groundwater surface, as
was done in the previous modelling round. Due to the efficiency of the grouting and the
low conductivity of the SFR, the continued progress of the ONKALO excavations
appears to have had no further effect on the groundwater levels and as long as the
results of the monitoring support this interpretation further prediction studies will
disregard this aspect of the impact of the ONKALO.
While changes in water level are insignificant there are some impacts on the hydraulic
head in the packed-off section in the drillholes. An assessment of the hydraulic heads
was performed along 27 deep packed-off drillholes, from which the most representative
and comprehensive time series of data was obtained. Drawdowns over 10 m were
measured in 19 packed-off sections, some three times as many as in the previous
modelling round.
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It can be concluded that the predictions of the previous modelling round can be
considered as being successful, in that in numerous cases they were able to indicate
where the high drawdowns would occur, identified the distribution of infiltration – not
the ONKALO – as the factor the groundwater levels are the most sensitive to, and
preserved their validity until the realisation of the new ONKALO layout came into
effect. In the case of the latest predictions, the numerical model was able to reproduce
the most important drawdown histories (see Figure 9-6 and Table 9-6).
Most drillholes close to the ONKALO appear to have successfully captured the
dynamics of the evolution in head. In a similar manner to the calculated inflows to the
ONKALO, the simulations predict a stationary period, especially for the upper drillhole
sections from 2011 until the three shafts are drilled in 2015. In many of the lowermost
drillhole sections, however, the head is predicted to keep dropping.
The predictions with the site scale hydrogeological model were unable to reproduce the
drawdowns in drillhole KR03, northwest of the ONKALO. This discrepancy with the
measured data can perhaps be regarded as a verdict on the possible invalidity of the
flow model in that area. A local hydraulic zone was intersected by the ONKALO access
tunnel in autumn 2009 and hydraulic connections to packed-off drillholes OL-KR03 and
OL-KR39 were observed. Two additional local zones were, therefore, included in the
Olkiluoto surface hydrological model: KR3_Frac, that connects drillholes OL-KR03,
OL-KR39 and the ONKALO (see Figure 9-27) and another local zone KR3_Hole, that
runs parallel with drillhole OL-KR03, starting at 420 m and reaching elevation -100 m.
The purpose of local zone KR3_Hole is to allow pressure redistribution along drillhole
OL-KR03. The measured and computed hydraulic heads in packed-off sections L1-L6
of drillhole OL-KR03 are shown in Figure 11-20.
Salinity

The assessment of the TDS concentration was based on the monitoring data from the
deep drillholes up to the end of 2009. Modelling the evolution of the salinities was
performed in two stages: first the evolution of the coupled pressure and salinity fields
was determined from 10 000 years ago until the ONKALO was started, in order to
obtain the initial conditions for the second stage, secondly the advancing drifts were
implemented as gradually-activated, constant pressure boundary conditions. Initial
conditions for the salinity in the first stage were based on the hydrogeochemical
conditions 10 000 years ago (Hartley et al. 2010). The mathematical model was similar
to that used in the previous modelling round (Löfman et al. 2009).
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Figure 11-20. Measured and computed hydraulic heads in packed-off section L1-L6 of
the drillhole OL-KR03. Large drawdowns are caused by a local structure that intersects
the ONKALO tunnel at elevation -300 m and is connected to drillholes OL-KR03 and
OL-KR39.

The calculations showed what was expected qualitatively: the open tunnels draw
groundwater from all directions from the bedrock and the excavations are likely to
cause an increase in the mixing of water types (Figure 11-21). In particular, especially
over the long term, there will be a mixing of fresh and brackish groundwater (from
closer to the surface) with deep saline waters. Following the advance of the excavations,
the tunnels draw increasingly fresh water from the surface, diluting the groundwater to
greater and greater depths. Simultaneously, the salinity of the groundwater gradually
starts to rise around and below the tunnel system.
The rate of the fresh water flow is strongest along the HZ19 and HZ20 systems, which
are directly connected to the tunnels. The upconing of the deep, highly saline
groundwater is relatively strongest by the characterisation level at -435 m and along the
HZ20B structure reaching below -400 m. These two effects (dilution from the surface
and upconing from below) increase the vertical concentration gradient in the vicinity of
the ONKALO. In this time frame the measure of these qualitative expectations is,
however, rather moderate, both in the light of the observations and the predictions. It
was shown (Löfman et al. 2010) that in the larger time frame of up to a hundred years
the measure of upconing is likely to increase several-fold.
Quantitative assessments show that although the inflow is limited by the grouting and
the positive skin, locally the salinity may still rise to a certain extent, especially along
the HZs connected to the deeper parts of the ONKALO. Whereas the previous 2008
flow model predicted the maximum upconing by 9 g/L (from about the initial 21 g/L
value up to 30 g/L) at the lowest ONKALO level by 2015, the current flow model only
suggests a rise in the maximum TDS by 5-6 g/L. Contrary to the previous model’s
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results, which indicated a steady rise of concentration also beneath the shafts, this effect
is significantly smaller in the current model.

Figure 11-21. The calculated (flow model as of 2010) groundwater salinity [TDS, g/L]
at the vertical northwest-southeast cross-section at 2004 (undisturbed initial state
before the excavations, top) and at 2016 (after the whole ONKALO is excavated,
bottom). (Based on Figure 9-42).

The point made during the earlier modelling rounds, that the evolution of the salinity
field depends mainly on the initial conditions, still holds true. Both the observed and
calculated salinity histories along the deep drillholes show a rather stagnant salinity
field (see Figure 9-44 to Figure 9-47). The magnitude of the observations was well
reproduced in all the drillhole sections, which is a consequence of the salinity field's
strong dependence on the initial conditions. The presence of the advancing tunnels is
barely reflected in the observations and in the calculated TDS values at the same
locations.
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In both the previous (2008) and the current (2011) models, the maxima of the dilution or
upconing could not be captured by the observations, as they occurred at locations not
sampled by the drillholes. Where more than one observation was available from the
same drillhole, the models invariably reproduced the observed concentration gradient as
well. The calculated results showed no sensitivity to the applied specific storage values
(0, 5·10-8 and 10-7 m-1).
It can be concluded that, in the light of the observations as well as the modelling results,
the excavation of the ONKALO has so far not resulted in any significant disturbance in
the salinity field, even in the immediate vicinity of the tunnels in the time frame of
2004-2016. The very slight increase in the vertical concentration gradient was only
suggested by the numerical models, but has not yet been fully verified by the field
measurements. The state of the salinity field can, thus, still be considered as being
stagnant.
11.4

Groundwater composition

A favourable groundwater composition is an essential safety function of the geosphere.
As part of the site characterisation programme it is necessary both to characterise the
current composition of the groundwater and to assess the processes controlling its
composition. These two elements also provide the basis for modelling its future
evolution.
11.4.1 Groundwater salinity and its evolution

Past evolution –Palaeohydrogeological information

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 the host rock and
fracture surfaces. The waters have been partly captured in fluid inclusions of calcites in
the walls of fractures. Fluid inclusions indicate salinity variations from 1 to 32 wt%
(calculated as NaCleq) in high temperature circulating fluids in the Precambrian to lower
temperature (c. 50ºC) conditions, even as late as the Palaeozoic, when Olkiluoto was
covered by thick sedimentary formations. The formation of hypersaline fluid inclusions
in platy grey fracture calcites at Olkiluoto may have a connection to the Permian
evaporite formations of northern Europe and to their residual fluids. The sedimentary
cover was probably eroded away during the late Mesozoic and early Cenozoic
(Kohonen & Rämö 2005).
About 116 000 years ago the cold Weichselian Stage started in Fennoscandia. The
Weichselian is divided into three different sub stages: Early (116 000-75 000 years ago),
Middle (75 000-25 000 years ago) and Late (25 000-10 000 years ago) and the Late
Weichselian glaciation reached its maximum (Last Glacial Maximum, LGM) about 22
000-18 000 years ago (Lunkka 2008). At that time Olkiluoto was under an ice cover,
which is estimated to have been about 2-3 km thick. Complete Weichselian deglaciation
started about 11,500 years ago, with Olkiluoto emerging from beneath the ice
approximately 11,000 years ago.
At this time Olkiluoto remained below the surface of the mildly saline Yoldia Sea.
Glacial meltwater, associated with the retreating ice sheet, was able to infiltrate the
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bedrock under pressure. The Yoldia Sea stage was succeeded after a few hundred years
by the fresh water Ancylus Lake stage (starting approximately 10,800 years ago) and
the saline Littorina Sea stage (starting around 8500–8000 years ago). Because the
Yoldia sea stage was relatively short, and the seawater of the Yoldia Sea was probably
fairly dilute close to the ice margin, due to the large volumes of glacial meltwater, it is
thought that this stage did not significantly change the groundwater chemical
composition. During the main part of the Littorina stage, between about 8000 and 4500
years 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 in the modern Baltic Sea 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. As a result of post-glacial
rebound and eustatic sea level changes, Olkiluoto Island begun to emerge from the
Baltic Sea about 3000–2500 years ago (Eronen & Lehtinen 1996). The infiltration of
fresh meteoric water from precipitation dates from this stage in the evolution of the site.
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 had probably decreased due to meltwater infiltration, at
least in its upper part.
The infiltration of fresh meteoric water (precipitation) successively formed a lens on top
of the brackish water, because of its lower density. Infiltrating meteoric water is
aggressive, containing carbonic acid and oxygen, due to aerobic respiration in the
unsaturated organic soil layer, and thus infiltration may also induce weathering
processes in the bedrock, if these agents are not used up within the overburden.
Implications from fracture infillings

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 equilibrate
(precipitate or dissolve) rapidly in high and low temperature environments (Gehör et al.
2002, Blyth et al. 2000, Drake & Tullborg 2009). The present studies have concentrated
on the latest geochemical evolution of the groundwater system (Sahlstedt et al. 2009,
2010, 2012a,b) using fracture mineral samples collected from the near-surface
environment to depths of >500 m. In particular, effort has been focussed on
hydrogeologically important zones (e.g. HZ19 and HZ20). The occurrence, isotopic (C,
O, S and Sr) and geochemical characteristics of the fracture filling minerals (calcite,
sulphides), supplemented by evidence from microscopy and fluid inclusion data from
calcite have been exploited to provide information on the past evolution of the
groundwater system.
It is noteworthy that well-preserved calcite crystals occur in the upper parts of the
bedrock (< -10 m depth) in hydraulically active zones (Sahlstedt et al. 2009, 2010,
2012a, b). Although some calcite dissolution most likely occurs during the infiltration
of meteoric waters with low pH, the preservation of calcite suggests that the effect of
dissolution is restricted to the overburden and the uppermost parts of the bedrock.
Furthermore, sulphides are also typically well preserved in fractures, indicative of only
a very minor influence of oxidative meteoric waters on fracture surfaces. Rust coloured
haloes circling sulphide grains have also been occasionally noted at less than 10 m
depth (Sahlstedt et al. 2009, 2010, 2012a, b).
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The latest calcite infillings have precipitated in a low temperature environment,
according to fluid inclusion studies. The oxygen isotope ratios of these calcites are
generally in equilibrium with present-day groundwaters. In contrast, corresponding
carbon isotope ratios only represent equilibrium with present day groundwaters at low
temperatures in the upper 50 m of the bedrock. At greater depths, below 50 m, the
isotope composition of the calcite fillings is more enriched in 13C, most likely due to
methanogenesis. In the present day groundwater redox regime at Olkiluoto, the
methanic environment is restricted to depths below 300 m, because of the inhibiting
influence of SO4 on methanogens. The methanic environment has existed in the past
closer to ground surface before SO4-rich groundwater infiltrated the system. The most
recent event can be related to the infiltration of sea water from the Littorina Sea at 8-5
ka, but similar earlier events cannot be ruled out, for example during Eemian times.
Current groundwater composition

The groundwater chemistry over the depth range 0-1000 m at Olkiluoto is characterised
by a significant range in salinity, Figure 11-22. Fresh groundwater with low total
dissolved solids (TDS 1 g/l) is found only at shallow depths, in the uppermost tens of
metres. Brackish groundwater, with TDS up to 10 g/l dominates at depths, varying from
30 m to 450 m. Fresh and brackish groundwaters are classified into three groups on the
basis of characteristic anion contents, 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. Saline groundwater (TDS
>10 g/l) dominates below 400 m depth. The highest salinity observed so far is 84 g/L in
groundwater samples, however, monitoring of electrical conductivity in drill hole water
indicates over 100 g/L salinity below 900 m depth in OL-KR1.
Sodium and calcium are the dominant cations in all groundwaters and they show similar
trends to TDS and Cl. Potassium and magnesium are enriched in SO4-rich
groundwaters, supporting their similar origin from seawater as for SO4 in the upper part
of the bedrock. At greater depths their concentrations seem to be controlled by the
salinity increase in brackish Cl-type and saline groundwaters.
Salinity distribution in relation to hydrogeological features

The distribution of water types and salinities has been observed to be approximately
layered at Olkiluoto (Pitkänen et al. 1999, 2004, Andersson et al. 2007, Posiva 2009),
though a certain overlapping has been observed in the data regarding the depths of the
interfaces between the water types. This has been considered to result from variations in
the hydrogeological conditions of the host rock of the sampling sections, such as
differences in hydraulic connectivity, transmissivity and flow porosity, i.e. properties,
which can retard hydrogeological activity and hydrogeochemical changes.
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Figure 11-22. a) TDS, b) Cl, c) DIC, d) SO4, concentrations as a function of depth at
Olkiluoto.
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Figure 11-23 shows the isohaline surface for a concentration of 1 g/l TDS. The salinity
approaches the model surface at the coast and is above the model surface offshore. In
the centre of the study area the isohaline surface form NE-SW -oriented trough caused
by the subhorizontal HZ19 system, where bicarbonate water occurs deeper in the
bedrock. The other almost parallel trough NW is caused by HZ20A. The actual number
of the data from it is limited, but it seems that the influence of the zone is reflected in
nearby measurement results diluting the salinity. The influence of both zones is still
observable in the isohaline surface of 5 g/L, which is located above 100 m depth in the
northern part of the site, dipping below 300 m in the southwest around drillhole OLKR3. However, groundwater represents old brackish Cl-type, without any dilution due
to recent meteoric HCO3-rich groundwater. The salinity range varies between 8 and 18
g/L at the planned repository level. The highest values are reached in the northern and
central parts of the site (near the ONKALO). Lower salinity occurs in southwest near
drillholes OL-KR3 and OL-KR39.

Figure 11-23. The isohaline surface for TDS concentration of 1 g/l in fracture
groundwaters over the study area with the hydraulic features HZ19 and HZ20. Changes
in colour illustrate depth variation of the surface.

Origin of groundwaters

The hydrogeochemical conditions and their distribution in the bedrock are the result of
reactions and progressive mixing between various initial water types, which represent
some of the major events at the site during its geological history. The interpretations of
chemical and isotopic data indicate that there are water types from at least six different
sources 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 groundwaters.
Comparison of 18O and Cl data (Figure 11-24) indicates four extreme reference
groundwaters, which can govern the other groundwater compositions by mixing. The
waters are, according to age, brine reference, glacial reference, Littorina reference and
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meteoric reference water which, with the addition of Baltic seawater and glacial water
(Table 7-2) enable the mixing traces of the other samples to be determined. The
influence from water infiltrating from the Korvensuo reservoir is restricted to shallow
depths in the vicinity of the reservoir.

Figure 11-24. 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 depicts ancient dilution of brine and post glacial
mixing by groundwater derived from Littorina Sea. Indicated reference compositions
are used in hydrogeochemical modelling.

There are several reasons for assuming an extremely long residence time for the saline
groundwater. In particular, the stable isotopic signature above the GMWL, the
observations from fracture infillings and fluid inclusion data from fracture calcite (Blyth
et al. 2000, Sahlstedt 2012a,b, Smellie et al. 2013) indicate elevated temperatures for
hydration and a brine precursor. Therefore, the highly saline 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, Smellie et al. 2013). The
infiltration of residual fluids during the formation of intracontinental evaporites (e.g. the
Zechstein Sea) in central - northern Europe during the late Permian (250 - 260 Ma) may
be the last potential event to produce such brines with a distinct high Br/Cl ratio. The
36
Cl/Cl isotope ratios and He contents of saline and brackish Cl-type groundwaters also
support the millions of years residence times for saline fluids (Gascoyne 2013, Pitkänen
& Partamies 2007, Delos et al. 2010).
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It is, however, noteworthy that obvious mixing trends in the data cannot be described
using the extreme reference ground waters alone. 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. Therefore, it can be assumed that saline groundwater has
also not been diluted by pure glacial meltwater. The dilution of saline groundwater is,
accordingly, due to an event which is earlier than the last glaciation, for example during
earlier Quaternary glacial cycles. The original brine end-member seems to have been
diluted at Olkiluoto with meteoric water from precipitation in a slightly colder climate
than at present, according to 18O signal that is lighter than in present, fresh groundwaters
(Figure 11-24). Brackish Cl-type groundwaters represent the end-product of this
dilution, and subclacial reference water presented in Figure 11-24 and Table 7-2
repesents the modelled end-member composition of it.
The tendency in isotope compositions for brackish Cl - saline groundwaters to become
heavier with an increase in salinity also excludes permafrost as a reason for the increase
in salinity. Therefore the cold climate signal in Olkiluoto groundwaters is essentially
caused by glacial water infiltration, because stable isotopes of groundwater appear to
shift to heavier compositions with depth (Stotler et al. 2012).
The less saline samples of the saline groundwater dilution trend are brackish Cl-type
groundwaters, which have been formed by the mixing between Littorina and glacial
meltwater and the ancient saline groundwater. The association with Littorina mixing
and the contrast with brine dilution also indicates that the meltwater was derived from
the Weichselian glacier and that its main influence was limited to the upper 300 m.
Figure 11-25 presents an integrated model of the hydrogeological evolution since the
Weichselian glaciation. The model is applied in mass balance reaction models
simulating the hydrogeochemical evolution at the site and information is also used to
define the initial and boundary conditions for the flow simulations in the period from
the start of the Littorina stage up to the present day.
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Figure 11-25. Schematic representation of interpreted initial and boundary conditions
at Olkiluoto since the last glacial period (re-drawn from Posiva 2009).

Matrix pore waters

Pore water residing in the inter- and intragranular connected pore space (micro to nano
metre scale) of the rock matrix may act as an archive of the palaeohydrogeological
history of a site. Pore water and circulating fracture groundwater are connected systems
and differences in their solute and isotope composition tend to vanish, given adequate
time and hydrogeochemical stability. Changes in groundwater composition will cause a
transient state, due to a change in the chemical and isotopic gradients, and result in a
change of the pore water chemistry. Such change depends on the interconnected
porosity of the host bedrock (i.e. influencing the rate of diffusion) and the frequency of
water-conducting fractures.
Pore water extracted from drillcores from shallow bedrock intervals (0-150 m depth)
has both similar salinity (Cl concentration) and also lower salinity than fracture
groundwater (Figure 11-26). This indicates that both a steady state and a transient state
between the two reservoirs prevails at these depths, where pore water sample distances
to transmissive fractures are in metres in scale. The Br/Cl ratios suggest a similar origin
for the salinity in pore water as that observed in fracture groundwater. Stable isotope
ratios of matrix water (δ18O, δ2H) vary from similar signature to slightly heavier
compositions within this depth zone.
Deeper in the bedrock, where sample distances to observed transmissive fractures are
mostly tens of metres, matrix pore waters are systematically less saline than fracture
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waters at similar depths (Figure 11-26). Based on the Cl concentrations and Br/Cl mass
ratios, pore water is mainly composed of dilute meteoric water. However, the pore water
concentration profile from hydraulic zone HZ20B indicates that salinity is approaching
equilibrium between matrix and fracture groundwater at a few decimetres distance from
the next conductive fracture at the margin of HZ20B. Pore water δ18O and δ2H ratios are
mainly enriched in heavy isotopes compared to those of fracture groundwater at equal
depths.

Figure 11-26. Pore water chloride concentrations obtained by outdiffusion experiments
from drillcore samples of OL-KR39, OL-KR47 and ONK-PH9, fracture groundwater
compositions of baseline data (GW) and corresponding drillholes, and transmissivities
of sampled drillholes for pore water studies.
11.4.2 Synthesis of palaeohydrogeological evolution

The Olkiluoto site has had a complex geological and environmental history from the
Precambrian until the Quaternary. The Quaternary has been dominated by large climatic
variations of cold glacial cycles with temperate interglacials and sea level changes, all
of which have contributed to the hydrogeochemical evolution at the site.
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Investigation results from matrix pore waters and fracture groundwaters indicate at least
five to six different end-member water types that have contributed to the current
groundwater compositions. The interpreted end-member waters are:
Ancient brine, which is possibly an evaporitic residual fluid from the late Palaeozoic
period (e.g. Permian Zechstein Sea) which has interacted and become altered in the
bedrock. Brine signatures are dominant in saline and brackish Cl-type groundwaters and
are also strengthened in matrix pore waters below 150 m depth.
Warm climate, fresh water, which has infiltrated most probably during Tertiary times.
It has been interpreted from matrix pore waters, where it is a significant, pervasive
component in the deep bedrock, therefore suggesting a long-term circulation of such
fresh waters in the bedrock fracture system under stable hydrological conditions.
Cool climate, meteoric water, which is evidently Quaternary in age and older than the
Weichselian deglaciation. Subglacial water (Figure 11-24) of brine dilution is the best
reference of this water end-member. This end-member could also be a mixture of glacial
and warm climate waters (c.f. above).
Glacial meltwater, which infiltrated during the Weichselian glaciation, is an important
component in brackish groundwaters to 250 m depth and indications of its presence are
observed occasionally in a few matrix pore waters in this depth zone.
Marine water infiltrated from the Littorina Sea is observed in brackish SO4- and
HCO3-type groundwaters, where it is the major salinity source. Matrix pore waters show
Littorina type signatures (Br/Cl, stable isotopes) at corresponding depths, in a similar
manner to fracture groundwaters.
Recent cool climate meteoric water dominates in fresh and brackish HCO3-type
groundwaters and at shallow depth in matrix pore waters.

Data from matrix and fracture groundwaters indicate congruent hydrogeochemical
evolution in the upper part of bedrock, where HCO3- and SO4-rich water types dominate
fracture groundwater (<300 m depth). 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 in 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 8000 years old
and decreases with depth and with lower transmissivity.
At greater depth, the groundwater in fractures is dominated by brine-derived
groundwater types which have a very long residence time in the bedrock. However,
there is a systematic difference between the matrix pore groundwater and the brine type
fracture groundwater down to the depths studied so far. The brine seems to be older than
the warm climate meteoric water. This suggests that, following the infiltration of brine
into the fractures, it was subsequently displaced to greater depth in the bedrock by warm
climate meteoric water. The observed current transient conditions between pore water
and fracture groundwater at depths of >300 m suggest that saline groundwater may have
been slowly upwelling via the fracture system.
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The interpretation of the palaeohydrogeological evolution of the deep groundwater
system has turned out to be a complex issue. Pore water composition and its pervasive
signal in the rock matrix indicates that the bedrock has been exposed over long time
periods, in the order of 105 to 106 years, to dilute groundwater in fractures. Model
calculations for Cl diffusion between matrix pores and fractures, which are based on
pore diffusivities determined in the laboratory, indicate that brackish Cl-type and saline
groundwaters could have infiltrated the fracture system mainly during the last glacial
cycle (105 years and less). Hydrogeological model calculations, which examined such
upward movement of brine, indicate an order of magnitude lower diffusivity than that
determined from laboratory matrix pore water studies would be required in order to
maintain the strong salinity contrast between pore water and groundwater in the nearest
fracture. This in turn would require interaction times of 105 to 106 years. High He
concentrations in deep groundwaters, and similar He content in pore water and adjacent
brackish Cl-type groundwater similarly indicate millions of years interaction time.
In summary, the results suggest that after deep brine formation, potentially during the
Palaeozoic, dilute groundwater displaced saline groundwater in the bedrock during a
period of warm climate. Later, during the Quaternary, brine started to rise in the
bedrock, due to a hydraulic regionally-wide gradient, which would have resulted from
repeated glacial cycles and sea level changes in the Baltic Basin. Current brackish Cl
and saline groundwater types may have resulted from the mixing and diffusion between
the brine and Quaternary age meteoric groundwaters, which had infiltrated the bedrock.
The local hydraulic gradient is able to stabilise upwelling to 300 m depth, which could
also explain why recent groundwaters (glacial meltwater, Littorina and meteoric waters)
are not observed deeper in the bedrock.
However, there are no hydrogeological data to indicate any present day upward
movement of saline groundwater and such groundwaters are not limited to coastal areas
at depths <1000 m depth in Finland (e.g. Blomqvist 1999), as might be assumed from
the existence of a regionally-wide hydraulic gradient. An explanation as to the salinity
differences between matrix pores and fractures may be anion exclusion, which has been
observed in several laboratory experiments on Olkiluoto and Finnish rock samples
(Kaukonen et al. 1997, Valkianen et al. 1995, Rasilainen et al. 2001). Sericite infillings
in micro pores and the common nanometre scale of matrix pores (Eichinger et al. 2006,
2010a, 2012, Siitari-Kauppi et al. 2010a,b) may decrease the void size accessible to
anions, due to electrostatic forces. Thus anion concentrations in permitted pore voids in
the matrix may be closer to the fracture water concentrations than those obtained in
measurements, if the pore volume is determined by the water saturation method, which
determines the total connective porosity. The in situ diffusion coefficient may also be
much lower than that measured from hand specimens, due to the heterogeneity of the
bedrock (Möri et al. 2008, Kelokaski et al. 2010).
11.4.3 Water-rock interaction

The interpretation of hydrogeochemical data indicates that mixing of various initial
waters infiltrated during the geological history has controlled the wide salinity variation
in the groundwaters at Olkiluoto under low temperature conditions. However, chemical
interaction although represent minor mass transfer compared to mass changes in mixing
processes (e.g. Pitkänen et al. 2004) stabilises pH and redox conditions by buffering
reactions in groundwater. Chemical interaction may include either inorganic or
microbially mediated reactions between dissolved solids and gasses in water or at water-
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rock interface. Typically minerals in rock and fractures form the most extensive
buffering capacity against infiltrating reactive agents like CO2 and O2, and stabilise pH
and redox states on near neutral and anaerobic conditions. Organic debris in overburden
and dissolved species such as CH4 and SO4 in certain groundwater types may also form
notable redox capacity to stabilise chemical conditions at Olkiluoto.
pH and redox

The concentrations of major elements and their variations in groundwaters reflect, in the
main, the mixing of different source waters. However, during infiltration, water-rock
interactions, as a result of weathering processes, play a major role in increasing the
input of solutes to the 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.
The results of pH measurements in groundwaters at Olkiluoto show an initial increase in
shallow depths supporting dissolution of calcite and silicates buffering CO2 input from
aerobic respiration and decay of organic debris and potential acidification caused by
oxidation of mineral sulphides in overburden and in the most upper part of bedrock.
Deeper in the bedrock pH in groundwaters is stabilised in slightly alkaline conditions.
This is suggested to be controlled by the equilibrium of calcite with groundwater, which
is indicated by fracture calcite occurrence and solubility calculations.
Interpretations of redox-sensitive species, isotopes, gases and microbes have already
shown that the redox conditions in Olkiluoto groundwaters are anoxic except for a very
shallow near-surface layer (Pitkänen et al. 2004, Pitkänen et al. 2007a, Pitkänen &
Partamies 2007, Posiva 2009). Fracture mineralogy and recent isotopic results of
fracture minerals indicate that groundwater conditions has been reducing in deep
bedrock conditions (Gehör et al. 2003, Sahlstedt et al. 2009, 2010, 2012a,b, Smellie et
al. 2013). Pyrite and other iron sulphides are common in fractures throughout the
investigated depth zone, indicating a strong lithological buffering against oxic waters
over geological time scales. During the 1990s, technical problems regarding the
measurement of Eh had already been recognised. Recently, during the monitoring
phase, a better correspondence has been observed between both Eh values and the level
of the sulphur couple, and between the values measured. The results of Eh
measurements show still significant scatter, many values deviate clearly from the level
of the SO42-/HS- redox couple.
Ferrous iron, sulphide and methane in groundwaters

The observable contents of dissolved ferrous iron (Fe2+), sulphide (HS-) and methane
(CH4) are evident indicators of anaerobic conditions in groundwater and they are not
stable in oxic conditions. Furthermore, since sulphide is a potential corrosive agent for
copper it is especially important to understand its origin.
Ferrous iron contents, are relatively high in shallow groundwaters from overburden and
bedrock. The existence of high iron contents may be due to several processes. The
dissolution of iron silicates and the reduction of iron oxyhydroxides by anaerobic,
microbial organic carbon oxidation are the most probable processes under near-surface
conditions. The content of ferrous iron varies with depth, and it tends to be lowest
between 200 to 400 m and mostly in brackish Cl groundwaters, where dissolved
sulphide contents reach maximum values. The contents of ferrous iron and dissolved
sulphide show an inverse relationship in groundwater samples supporting the
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significance of iron sulphide precipitation in limiting the concurrent occurrence of these
species.
Sulphide is enriched at the interface between SO4-rich groundwater and where the
concentration of CH4 correspondingly starts to show a notable increase (Figure 11-27).
In this zone, SO4-rich groundwater is mixed with elevated dissolved methane typical in
brackish Cl-type and saline groundwaters to result, in places (250 – 350 m depth), in
exceptionally high levels of dissolved sulphide. Deeper in the bedrock, where younger
SO4-rich groundwaters have not penetrated, ferrous iron also shows higher values. High
methane and other hydrocarbon concentrations are capable of buffering redox
conditions, which do not favour the diffusion of any oxidants including SO4 to greater
depths, hence preventing sulphide formation in the CH4-rich groundwater system, with
the result that the ferrous iron concentration is not limited by dissolved sulphide.

Figure 11-27. Dissolved a) sulphate, b) methane and c) sulphide contents with depth at
Olkiluoto. (Figure to be updated; few points in excess in saline waters).

Dissolved organic carbon (DOC)

Dissolved organic carbon (DOC) contents in deep groundwater are generally assumed
to be low (only few mg/L), due to high geomicrobial activity in shallow groundwater as should be the situation at Olkiluoto, according to the above interpretation but,
possibly due to sampling difficulties, high DOC values are not only observed in rather
shallow groundwaters, but also frequently below the SO4-rich groundwaters. However,
the data collected from drillholes in ONKALO systematically show low DOC values
(max. few mg/L or below detection limit) and generally indicate low DOC in deep
groundwaters as is postulated.
Microbiology

The microbiology program on Olkiluoto and ONKALO groundwater have included
quantifications of microorganisms of nine different physiological groups. They were
nitrate-, iron-, manganese- and sulphate-reducing bacteria, aerobic methane oxidizing
bacteria, autotrophic and heterotrophic acetate producing bacteria, autotrophic and
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heterotrophic methane producing microorganisms (NRB, IRB, MRB, SRB, MOB, AA,
HA, AM and HM, respectively). Microorganisms representative for each of the
cultivated physiological groups are generally present in all samples. With exception for
three observations in shallow groundwater, the highest SRB values were observed
between 200 and 400 m depth. This is where brackish sulphate groundwater mix with
methane rich saline Na-Ca-Cl groundwater and where a peak in sulphide concentration
is observed.
The processes of sulphide production and precipitation depend on several different
controlling parameters such as availability of energy and carbon sources and sulphate,
ferrous iron, the presence of viable SRB and the activity of attacking phages. Microbial
populations were much more abundant and diverse in groundwater that contained both
methane and sulphate, but were low or below detection in many of the samples with low
concentrations of either methane or sulphate.
Generally, the microbiological observations correlates well with the different layers of
the groundwater chemistry. Oxygen is only found in the very shallow oxic groundwater
layer. The post-oxic layer is dominated by ferrous iron in the sequential model and this
is also where IRB and MRB flourished. These two groups of microorganisms reduce
solid ferric iron and manganese(IV) oxides to dissolved ferrous iron and manganese(II).
There is a very good agreement for sulphate and sulphide between the
hydrogeochemical and microbiological sequential depth models. The present
understanding suggests that ANME microorganisms (Boetius et al. 2000) may be active
here, reducing sulphate to sulphide with methane as oxidant, although the role of other
short-chain hydrocarbons as an energy source may also be potentially important in SO4
reduction (Kniemeyer et al. 2007). Deeper in the system, methane dominates and the
data on microbiology is very limited. Therefore, the microbiology model becomes
hypothetical in the methanic zone.
Origin of Methane

Large amounts of methane and other hydrocarbons have been observed in saline
groundwaters at Olkiluoto (Pitkänen & Partamies 2007). Generally CH4 contents
increase with depth, particularly in brackish Cl-type and saline groundwaters in which
water types CH4 is the dominant redox species in groundwater (Figure 11-27). In SO4rich water CH4 is thermodynamically instable, but it can only be oxidised by microbes
in low temperature environment. Altogether CH4 is an important part of water-rock
reactions and for understanding redox chemistry and buffering capacity in
hydrogeochemical system at Olkiluoto. New data collected since the report by Pitkänen
& Partamies (2007) fits well with the earlier trend with depth and no clear deviation is
observable (Pitkänen et al. 2009, Penttinen et al. 2011).
The origin of hydrocarbons at Olkiluoto is a complex question. Current extended data
can well be explained by the mixing of two end-members, abiogenic and microbial gas,
though we cannot completely exclude thermogenic admixture, because isotopic data
also show partly thermogenic features. Favourable conditions for abiogenic
hydrocarbons may have prevailed during Precambrian and early Phanerozoic times,
which may connect thermal hydrocarbons to the formation of the brine end-member at
Olkiluoto. Abiogenic hydrocarbons may have formed in situ or at a much greater depth
and has migrated to shallower depths more recently. Such slow migration may cause the
near saturation state of CH4 in the deep samples (Gascoyne 2000, 2005). Microbial
methanogenesis may also increase CH4 content to the near saturation state. However,
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according to recent calculations CH4 is relatively far from saturation, which though
increases with depth, but saturation ratio is about 0.5 in the deepest groundwater
samples (Paloneva 2009, Keto 2010). This indicates a very low accumulation rate for
CH4 due either to a lack of hydrogen (microbial formation) or to very slow migration
from greater depths, as indicated by the calculations by Delos et al. (2010).
11.4.4 Implications for future evolution

Buffering capacity of the rock

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 11-28). Weathering processes induced by dissolved gases, e.g. CO2 and O2,
dominate typically in shallow, low pH water recharging through the organic soil layer
into the inorganic overburden and bedrock. Soil air is a significant source of these gases
above the groundwater table and the open system equilibration with these gases enables
a notable increase of DIC and SO4 during infiltration. Carbon dioxide is mainly
generated by microbes during 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 by biochemical activity in the oxidation of organic
sulphur and CH4, that is produced by the anaerobic decay of plant debris, and sulphide
minerals in the overburden (Breitner 2011). The pH is controlled by the sensitive
equilibrium of dissolved CO2 (carbonic acid) and its dissociation products (bicarbonate
and carbonate ions) and by calcites in fractures and overburden. Carbonic acid, as a
proton source, is the major agent in weathering, dissolving minerals and increasing the
salinity during infiltration.
The dissolution of calcite and silicates neutralises groundwater over short flow paths
and they form a significant buffer against acid intrusion into the bedrock. The tendency
to attain calcite equilibrium at an early stage of groundwater infiltration indicates that
calcite controls pH and buffers it to slightly alkaline conditions, and that this situation
will also exist in the future. The general occurrence of calcite in fractures without any
significant dissolution structures, even at shallow depths, and the great age of these
calcites (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.
Redox conditions at Olkiluoto have been considered to be anoxic, except in a few cases
in shallow infiltrating groundwater. This interpretation is also supported by the scarcity
of iron oxyhydroxides from fracture surfaces below the uppermost ten metres. Pyrite
and other iron sulphides are instead common in fractures with no indications of
oxidative corrosion below ten metres depth (Sahlstedt et al. 2009, 2012a,b), indicating
the presence of a strong lithological buffer against oxic waters over geological time
scales. Infiltration of glacial meltwater seems to be limited in the upper 250 m depth
according to fracture groundwater and pore water data. There is no such indication that
glacial meltwater intrusion would have led to total dilution of groundwater, though it
may have been possible near the ground surface in the upper 100 m, where postglacial
water types dominate at present.
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Figure 11-28. 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/diffusion (↔) with
groundwater in less transmissive fractures. 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 NaCl-SO4 and Na-Cl groundwater types. Note that the illustration depicts
hydrogeochemical conditions in variably conductive fracture system.

Stability of geochemical interfaces

Hydrochemical, isotopic and microbial results indicate a sequential redox zonation 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 11-29). However, in low
temperature environments, these reactions are mediated by microbes, using DOC,
methane or hydrogen as an energy source in reducing oxygen, sulphate or carbonate.
The hydrogeochemical system includes two natural metastable interfaces, where the
majority of the chemical processes are concentrated, as well as microbial activity. 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 SO4-poor, but becomes methane-rich
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groundwater. At the upper interface, oxic waters infiltrate the organic rich layer in the
overburden and the degradation of organic carbon activates weathering processes. The
oxygen consumption, together with iron oxyhydroxide and SO4 reduction, seems to
decrease the DOC content to a low level and stabilises HCO3- and SO4-rich
groundwaters internally. Mass balance calculations indicate the mass transfer of several
mmol/L between infiltrating groundwater and solid phases to stabilise shallow HCO3rich groundwater. However, the reactive transport modelling results (Aalto et al. 2011,
Trinchero et al. 2012) of the Infiltration Experiment indicate only a very minor
consumption of the calcite buffer in fractures and therefore suggest that such calcite is
likely to endure for extended periods, even under intense recharge conditions. Oxygen
penetration is even more limited than is the case for low pH waters and no oxygen has
been found during the Infiltration Experiment. Fracture mineral observations indicate
that there have been no significant changes to this shallow stabilisation interface deeper
in the bedrock.
At the lower interface between sulphidic and methanic redox environments
(corresponding to brackish SO4- and brackish Cl-types), the instability of SO4 and CH4
in a common system should result in the formation of dissolved sulphide and carbonate
as reaction products in microbial processes. Calcite precipitation, due to its acidic
nature, may result in the dissolution of some silicates at the lower interface. Mass
balance calculations suggest that mass transfer is normally low at this interface. Fracture
mineral studies of calcite and pyrite infillings suggest that methanic and sulphidic redox
environments and therefore this interface have fluctuated in the upper part of bedrock in
the past.
Details of the mechanism of the microbial use of CH4 in SO4 reduction are, however,
still unclear, although the distribution of SO42-, HS- and CH4 at Olkiluoto (Figure 11-26)
does suggest that the mechanism may take place, particularly in the transient mixing of
these different groundwater types. Isotopic indications of CH4 oxidation in groundwater
or fracture calcites are rare and may represent very minor mass transfer in this process
over the long term. Isotopic and chemical data from the monitoring results suggest that
anaerobic methane oxidation is not favoured in microbial SO4 reduction. Thus, it is
suggested that there is some other substrate available in CH4-rich groundwater, which
activates SO4 reduction when SO4-rich groundwater is mixed with CH4-rich
groundwater. Short chain hydrocarbons, particularly propane and butane, may be used
directly by SRB and ethane less effectively (Kniemeyer et al. 2007). The content of
short chain hydrocarbons is a few percent, at most, of the CH4 content, which would
explain the limited extent of sulphide production compared to the concentrations of SO4
and CH4 in mixtures of sulphidic and methanic water samples. These observations
question whether CH4 is really a significant energy source in microbial SO4 reduction or
whether there is in CH4-rich groundwater some other substrate which activates
microbes. The ongoing SUlphate REduction experiment (SURE) in ONKALO has been
initiated to study this issue.
High sulphide concentrations seem to disappear from groundwater in monitoring data
after hydrogeological conditions are stabilised, for example by installing multi-packer
systems in drillholes. Isotopic results suggest that SO4 reduction may diminish and
sulphide may dilute with time. One reason may also be the insolubility of iron sulphide
(pyrite). Iron may be slowly released from silicates to precipitate as sulphide, which
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controls both species at low concentrations under baseline conditions and may cause the
delay in the observed high sulphide concentrations in the monitoring data. The role of
FeS precipitation in sulphide depletion and potential steel contamination from
permanent packers in this process needs further investigation.

Figure 11-29. The sequential redox system in groundwaters with depth at Olkiluoto.
Relative concentrations of redox-sensitive dissolved species 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.

Impact of construction on groundwater composition

The construction of the ONKALO is considered to result in changes in groundwater
composition. Such changes were expected, due to the long-term, high hydraulic gradient
formed by the ONKALO. The hydrogeochemical results from the monitoring
programme are mainly similar to the baseline data (regardless of the deviations
observed in HZ20A) and they do not show any dramatic changes over the years. This is
similar to the flow simulations which indicated that the most important changes are
connected to HZ19 and HZ20. Salinity decreases slowly in and above the HZ19 system,
due to the infiltration of shallow groundwater, and a few monitoring points have shown
some temporary input of water from the Korvensuo reservoir (see Pitkänen et al. 2009,
Penttinen et al. 2011). Monitoring sections in the HZ20 system show a variety of
changes - and the sections in HZ20A show only partial recovery from the open drillhole
stage after multi-packer systems were installed in the drillholes. The start of the salinity
increase in OL-KR9_T468 at the -430 m level in 2009 may indicate the time at which
potential saline groundwater upconing started along HZ20B. The link between this HZ
and the ONKALO also resulted in the drawdown of groundwater during
characterisation of open drillhole OL-KR40 (Pitkänen et al. 2009, Ahokas et al. 2013).
These observations emphasise the need to continue monitoring HZ20B as it continues to
greater depths. Deep parts of the bedrock, such as around HZ21, have remained
hydrogeochemically stable and the installation of multi-packer systems in the drillholes
has been observed to generally increase the stability of the hydrogeochemical system.
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Significant dissolved sulphide concentrations have been occasionally observed in
samples collected near the interface between brackish SO4-type and CH4-rich brackish
Cl-type and saline groundwaters. High concentrations tend to decrease in many cases
after hydrogeological conditions have stabilised, due to the installation of permanent
completions in the drillholes, which prevent mixing of groundwater types by open
drillhole flow. This suggests that elevated sulphide concentrations are linked to
hydrogeochemical changes caused by transient flow conditions and are not likely under
steady state conditions. It has also been shown that the anomalously high sulphide
concentration that was observed in the initial sample (12.4 mg/L) from the intersection
of HZ001 in OL-KR13 represents artificial mixing due to short circuit flow conditions
in an open drill hole (Ahokas et al. 2013). High dissolved sulphide has not been
observed in the ONKALO so far, however, moderate concentrations (0.42 - 0.71 mg/L)
occur in groundwater station ONK-PVA5 at the -230 m level, in which an increasing
SO4 content indicates current mixing of brackish SO4-type groundwater with brackish
Cl-type groundwater. This demonstrates the significance of avoiding additional mixing
of groundwater types via closed drillholes and in controlling inflows to as low a level as
possible.
11.5

Transport properties

The main retention processes that are considered in the transport analysis presented in
Chapter 8 are matrix diffusion and sorption. Geosphere performance measures that are
important for these retention processes are the distribution of flow (WL/Q) and rock
matrix retention properties along the flow paths (porosity, diffusivity and Kd).
11.5.1 Immobile zones – porosity, diffusivity and sorption

The migration of a solute pulse through the fracture network is retarded by matrix
diffusion and by sorption in the rock matrix, with the matrix diffusion properties
depending on the porosity and pore diffusivity in the host rock next to the flowing
fractures. From the perspective of transport modelling, the pore space of the host rock
forms an immobile reservoir that leads to the retention of the migrating species.
Furthermore, the porosity close to the fracture surface is often anomalous compared to
that of the average host rock.
Porosity and diffusivity

For performance assessment transport modelling purposes, the anomalous porosity of
the rock close to the fractures is represented by a simplified concept of a few simplified
fracture types (or rather fracture environments) and the corresponding representation of
the rock matrix by layered immobile zones. Normally, fractures at Olkiluoto contain
only a few filling minerals. Only 8% of all fractures mapped in drill cores are reported
to contain all three major filling minerals: clay, sulphide and calcite. Based on the
observed fracture filling data and conceptual understanding of the fracture and
hydrothermal history, fractures have been divided to four transport classes (see also
Figure 11-30):
1. Fractures dominated by calcite;
2. Fractures dominated by hydrothermal clays;
3. Slickensided fractures and
4. Other fractures.
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The microstructural properties of the fractures in the different transport classes have
been studied in twelve core samples from drillholes using PMMA and X-ray
tomography techniques.

Clay filled fractures

Calcite filled fractures

Slickensided fractures

Other fractures

Figure 11-30. Simplified type fractures that are used to represent the different fracture
transport classes.

The retention properties of the rock mass along the fractures will depend on the
diffusion properties, the porosities and the thicknesses of the different immobile zones
next to the flowing fractures. Table 11-3 gives the interpreted thicknesses and estimated
porosities and diffusivities of the different immobile layers for the type fractures for all
the transport classes.
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Table 11-3. Properties of the immobile layers in different transport classes.
Clay (and possibly Sulphide) filled fractures, 30.9 % of drillhole fractures

Layer
1
Illite and Kaolinite
Thickness 0.2 mm
Porosity 6 %
Diffusivity 1·10-12 m2/s

Layer
Alteration halo
10 mm
4%
7·10-13 m2/s

2 Layer
3
Unaltered host rock
0.5 %
6·10-14 m2/s

Calcite (and possibly Clay and Sulphide) filled fractures, 19.4 % of drillhole fractures

Layer
Calcite
Sulphides)
Thickness 0.2 mm
Porosity 6 %
Diffusivity 1·10-12 m2/s

1 Layer
2 Layer
3
(and Alteration halo
Unaltered host rock

5 mm
2%
3·10-13 m2/s

0.5 %
6·10-14 m2/s

Slickensided fractures, 18.5 % of drillhole fractures

Layer
1 Layer
2 Layer
3
Slickensided surface
Alteration halo
Unaltered host rock
3 mm
Thickness 2 mm
5%
0.5 %
Porosity 1 %
1·10-12 m2/s
6·10-14 m2/s
Diffusivity 1·10-13 m2/s
Other fractures, 31.2 % of drillhole fractures

Layer
1
Unaltered host rock
Thickness Porosity 0.5 %
Diffusivity 6·10-14 m2/s
Sorption data

Sorption properties for the intact rock at Olkiluoto, for groundwater compositions
relevant to radionuclide transport analyses, have been determined from experimental
data. In some cases, there are no Olkiluoto site or material specific data for sorption. In
these cases the intact rock Kd values are derived from sorption measurements made
using applicable, well-defined solutions and solids. The available data on CEC (cation
exchange capacity, which is defined by the biotite content of the rock, see Hakanen et
al. 2012) or surface area were then used to estimate Kd values for the Olkiluoto rocks.
A detailed discussion of the experiments, literature data and an evaluation of the results
is given by Hakanen et al. (2012, in prep.) and the actual Kd values will be presented in
the Models and Data Report of the safety case report portfolio (see Section 1.2 for a
further description of the content of the safety case).
11.5.2 Mobile zones - Flow related retention properties

Mobile zones represent the portion of the pore space in the bedrock where the
groundwater flow takes place and these zones consist of a network of interconnected
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water-conducting fractures. Their hydraulic characteristics are determined by the
conductivities of the fractures and the connectivity of the fracture network.
DFN modelling is an appropriate approach for estimating the detailed distribution of
flow and to assess the flow-related transport properties. The first site-scale Hydro-DFN
model of the groundwater flow at Olkiluoto reported in SR2008 (Posiva 2009) has been
updated using the latest data and updated geological models (Hartley et al. 2011), see
Chapter 6.
Flow-related transport properties are determined for the site-scale flow paths under
present-day boundary conditions and for the block-scale flow paths under post-closure
flow conditions that are typical of the temperate period being assessed in the safety
case. The site-scale Hydro-DFN model composed of the stochastic description of the
background fracturing and the larger deterministic HZs. Fracture-specific immobile
zone retention models are incorporated into both the block-scale and the site-scale
analyses.
Flow-related transport properties are controlled by the hydraulic properties of the
fractures and by the connectivity of the fracture network. It needs to be noted that the
properties of the flow field that are representative of the PA release paths will also
depend on a number of other factors that cannot be derived from the parameterisation of
the hydro-DFN model. These other factors include, for example, the layout of the
repository and the possible RSC criteria that are applied in utilising the repository
volume (McEwen et al. 2012).
Flow- related transport properties in the repository block scale model

Transport properties for the repository near-field (bock scale) are calculated by
performing freshwater flow calculations, followed by particle tracking within a 200 m
block of rock in Depth Zone 4 under representative head gradients of 1%. The following
results have been obtained.
Connectivity: The median percentages of the deposition holes connected to the DFN
vary from about 20% to about 30% and different flow directions result in statistically
the same percentages of connected deposition holes. There is a minor difference
between the fracture domains. Also the different conceptual models (cases A, B, and C)
and different transmissivity models (semi-correlated, correlated and uncorrelated) all
give similar percentages, with the exception of case B model (log-normal size
distribution and intensity based on the PFL) that tends to give slightly lower percentage
of connected deposition holes than in other models.
Transport resistance: Simulated distributions of the transport resistance, F [t/L] over the
ensemble of the 40 realisations vary mainly from 105 a/m to 108 a/m and median values
of F are around 106 a/m, see Figure 11-31. The values are similar for all different
alternative models, transmissivity correlations and flow directions. The distribution is
skewed, having a long tail toward large values of F.
Initial flow rate (i.e. the gross flow rate through the whole fracture connected to the
deposition hole and divided by the square root of the fracture area): The initial flow
rate at the release location of connected flow paths varies between 10-10 m2/a and 10-2
m2/a, see e.g. Figure 11-32 and shows similar characteristics to the transport resistance
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along the flow paths. Alternative models create similar distributions of the initial flow
rate and no distinct differences occur between the models.

Figure 11-31. CDF plots of the F factor for flow paths normalised to the cumulative
fraction of particles released from the successful release locations over all 40
realisations in Case A with semi-correlated transmissivity.
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Figure 11-32. CDF plots of the initial flow rate normalised to the cumulative fraction of
particles released from the successful release locations over all 40 realisations in Case
A with semi-correlated transmissivity. Only connected deposition holes are shown.

Advective travel times: Advective travel times vary between a few years and up to 1
million years for the 200 m block. This is a reflection of the variation in transport
resistance combined with the uncertainty in the flow porosity. In the simulation results
this leads to a close relationship between the shapes of the distributions of the advective
travel times and the F factor values.
Flow- related transport properties in the site scale model

Site-scale transport properties are calculated by performing freshwater flow calculations
followed by particle tracking, using a site-scale version of the Hydro-DFN model.
Simulations are calculated using the phase III Hydro-DFN model that makes use of the
ONKALO pilot hole data to extend the fracture transmissivity distributions in the
deepest Depth Zones towards less transmissive fractures. The goal is to compare
transport properties for the repository near-field paths with the corresponding properties
for the complete site-scale release paths to the ground surface. The same transport
properties are of interest as in the case of the repository near-field simulations.
The transport properties are calculated by performing a number of simulations based on
a Base Case (Case A, semi-correlated) and then assessing the sensitivity to different
relationships between fracture size and transmissivity, and deterministic vs. stochastic
HZs against the Base Case. The model has no tunnels or other engineered repository
structures, but it contains an array of release points to represent the 9160 different
deposition holes. Flow simulations are calculated for the case where the boundary
conditions are no-flow on the lower boundary and all vertical sides of the model domain
and a specified residual pressure at the trace of the fractures on the top boundary.
The following results were found.


The percentages of starting locations that are connected to the fracture network
are consistent with the near-field simulations.



Transport resistances for the entire release paths in the site-scale simulations are
similar to the transport resistances through the 200 m scale repository near-field
model. This implies that the majority of the transport resistance along the release
paths is accumulated in the background fracturing of the repository near-field.



Initial flow rates of the site-scale simulations are in reasonable agreement with
the repository near-field simulation results, both in the shapes of the flow rate
distributions and the mean values of the flow rate. The mean values for
Log10(Qr) in the repository-scale, Case A, semi-correlated NHU and CHUW
simulations ranged between -4.1 and -4.3, while the for the site-scale simulations
the range is between -3.7 and -3.9.



The main discharge locations are grouped offshore to the south and north of the
Island, see Figure 11-33.
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Figure 11-33. Plan view visualisation of particle tracks (green) generated from the
Base Case realisation for the Case A model with semi-correlated transmissivity and
deterministic HZs. Start locations are coloured blue and final locations red, with the
outline of the island in black.
11.6

The surface environment

Climate

Currently 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 provides warmth, so that night frosts are less frequent.
The average annual temperature is 6.0ºC, the coldest month average is -4.2ºC
(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 (<20 cm snow and 40 mm of water content) is
usually less than at the closest reference sites (20 cm, Drebs et al. 2002), and the amount
of snow varies during winter, with temperatures fluctuating around 0°C (Ikonen 2002,
Haapanen et al. 2009 Chapter 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 (Haapanen et al. 2009 Chapter 3.2).
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Land use

The western part of the Island is occupied by the NPPs with their auxiliary facilities,
and a new unit is currently under construction. In the central part of the Island there are
Posiva’s main site investigation area and the ONKALO excavation site itself, with its
support facilities. In respect of hydrology, paved industrial areas and supporting
activities form man-made islands of urban-like environment that have a significant local
effect on the hydrology. The central part of the Island also contains soil dumping areas
and a rock piling and crushing area, which serve the construction of the NPP and the
excavation of the ONKALO, and also the Korvensuo reservoir. In the southern part of
the Island there is a nature conservation area, consisting of old forest. The eastern part
of the Island consists largely of privately-owned forest, summer cottages and an area for
small-scale agriculture.
Flora and fauna

Olkiluoto Island is mainly covered by commercial forests, rich in rocky soil, outcrops
and rock vegetation, with the vegetation being quite variable in age, due to the different
phases of thinning and cutting. The power lines from the nuclear power plant (NPP)
stretch across the Island and are associated with another type of vegetation - man-made
grassy scrub land. The significant areas of natural vegetation are the Liiklankari old
spruce forest area and the Ulkopää-Tyrniemi area, with its luxuriant forests and
undisturbed shoreline, and the shore vegetation.
Generally, the terrestrial areas of Olkiluoto Island do not differ from other coastal
locations in southwestern Finland, except for the distribution of tree species which,
according to Saramaki & Korhonen (2005, Chapter 4), is mainly due to the higher
fertility of the soils and the greater proportion of coastline. There is a greater amount of
Norway spruce (44% of growing stock volume) and deciduous species at Olkiluoto than
in southwestern Finland in general. In the Olkiluoto area, the proportion of birch is over
22%, while other deciduous trees (mainly black alder) account for over 8%. Black alder
typically forms a belt right behind the treeless shore vegetation zones. The proportion of
Scots pine-dominated forests (32% of forest and scrub land area) is lower than is the
norm in southwestern Finland. According to Miettinen & Haapanen (2002) eutrophic,
treeless reed-rush or sedge-herb swamps are common on the Island.
Both avian and mammalian fauna at Olkiluoto are typical representatives of south
Finnish coastal forest areas. During the last decade at Olkiluoto, species common in
human-altered habitats have increased, whereas species typical of Norway spruce
forests and hardwood swamps have declined slightly. Moose, hare, white-tailed deer
and raccoon dogs are plentiful; and the other mammals, which are common in the
region, are also present. The seashore is rich in birds, typically ducks, gulls and waders.
Olkiluoto is generally not very favourable for most amphibians and reptiles. The
captured invertebrate specimens have represented rather common species in southern
Finland.
The marine ecosystem has been monitored by TVO since the 1970s, with their study
area extending to a distance of 5-6 km from the NPPs’ cooling water discharge site. The
aquatic macrophytes range from algae-dominated, hard bottom communities in the outer
archipelago to vascular-plant-dominated, soft-bottom communities in sheltered
locations. Due to eutrophication, the proportions of different species have changed. The
most common fish species are perch and roach.
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Overburden

The overburden at Olkiluoto is mainly sandy till and contains some clay, silt, sandy and
gravel layers. In some isolated depressions, fine-grained glaciolacustrine sediments are
also observed. The till is weakly laminated and rich in fines and the clay content
generally varies from 2-14%. Slightly chemically-altered, disintegrated rock layers (the
so called “palarapakallio”) were found in most of the investigation trenches, with the
thickness of such layers varying from some centimetres to 2-3 m.
The thickness of the overburden is usually 2-5 m, however in some places thicker soil
layers (up to 14 m thick) have been found. The bedrock surface is variable in height, but
the ground surface gradients are subdued, even where the bedrock surface changes
abruptly. The depressions in the bedrock surface are filled with thicker layers of till and,
as a result of the last glaciation, the highest elevations in the bedrock emerge through
modest soil layers.
The overburden offshore consists of till, glacio-aquatic mixed sediments, glacial clay,
Ancylus clay, Littorina clay/mud, sand and gravel and recent mud; with gaseous
“bubble pulse” affected sediments and areas of bedrock. The seafloor deposits west of
Olkiluoto Island consist of till (35–45%), bedrock (30–40%) and various clays/muds
(15–25%). Active sedimentation is taking place in other parts of the shallow water
areas; for example postglacial mud/clay cover is about 60–80% of the seafloor in the
sheltered near-shore basins and in the inner archipelago.
Surface waters

Olkiluoto Island forms a hydrological unit of its own - the surface waters flow directly
into the Bothnian Sea. On the basis of topography and flow directions in ditches, the
Island is divided into several local drainage basins (catchment areas). The main water
divide splits the Island into northern and southern parts. In the northern part, ditches and
small streams form obvious routes for surface runoff, but, in the southern part, the
routes are more diffuse and less obvious, especially near the shoreline, due to the
subdued relief.
In general, and with few exceptions, the groundwater table follows the topography.
Over the majority of the Island there is less than 2 m of overburden above the average
groundwater surface. In other words, the groundwater level can be close to the ground
surface for at least some periods during some years over most of the Island, excluding
the highest elevations.
Shallow groundwaters

The shallow groundwaters are mainly fresh and occasionally slightly brackish, with the
pH of the samples varying from 4.9 to 8.0. For comparison, in the soil pits OLKK6…OL-KK19, soil pH varied from 4.0 to 8.0 in the surface layers and in the
unaltered till from 6.5 to 8.0. In some cases, the lowest groundwater pH values (<5.5)
were found in very shallow tubes, near the surface, where surface waters could have
mixed with the groundwater. The shallow groundwaters within or immediately below
the overburden, having shorter retention times, contain fewer dissolved elements than
deeper groundwaters. However, shallow groundwaters react more quickly, for example,
to the percolating water and to seasonal changes.
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The northern and northwest parts of the Island, as well as its most eastern parts, have
typically lower pH values, lower salinity (TDS) values and chloride concentrations (<20
mg/L) than the recharging groundwater. Also, the percent of modern carbon (14C pmC)
was the highest in these sites. In the southern and eastern parts, pH is typically higher,
as are TDS values, and chloride and sulphate concentrations.
On the basis of slug tests in shallow overburden tubes (OL-PVP), the hydraulic
conductivity of the overburden and the upper parts of the bedrock was found to be in the
range of 10-5–10-8 m s-1 and in shallow drillholes (OL-PP) in the range of 10-6–10-9 m s1
, varying with the grain size distribution, especially with the clay content of the
overburden (Hellä et al. 2004).
Biosphere-geosphere interactions

The measurements of microbial activity obtained so far from Olkiluoto (Pedersen et al.
2008) support the hypothesis of a varying shallow depth zone, down to a depth of 24.5
m, that differs significantly from conditions at greater depths in several respects. This
near-surface zone lies between the oxygenic, photosynthetic surface biosphere and the
anaerobic, reduced deep biosphere. Rain water transports oxygen and organic and
inorganic material from the surface downwards and reduced gases, such as methane and
hydrogen, from deep geological and biological processes, ventilate to the atmosphere
upwards through this zone. Microbial populations can be hypothesised to be more
numerous, diverse and active in shallow groundwater, where oxygen, organic carbon
and methane mix, compared with the underlying, deeper, anaerobic groundwater. The
microbial reduction of oxygen during the degradation of organic material and methane
is hypothesised to be continuous in shallow groundwater. Chemical reduction of oxygen
also takes place, but is limited by the availability of ferrous minerals. These processes
contribute to anaerobic and reducing conditions deeper in the bedrock, including those
at repository depth, and are also likely to continue to contribute in the future.
11.7

Unresolved issues

As concluded in Chapter 10, there is a high level of confidence in key aspects of the
current Olkiluoto SDM. The main reason for this confidence is the relative wealth of
data from the central part of the Island and the consistency between independent data
from different disciplines. Furthermore, the conditions predicted prior to the excavation
of the ONKALO have largely been confirmed by the findings made from the excavated
tunnel. There is, however, less confidence in some aspects of the model. This lack of
confidence is handled by providing wide uncertainty ranges and bounding estimates, or
by the development of alternative models. Most, but not all, of the low confidence
aspects are judged to be of relatively limited importance for long-term safety.
The key remaining issues concern the following matters.


If areas outside the central area are to be used for repository development, more
surface-based studies, including drillholes, may be needed in these volumes of rock
in order to more firmly establish the location of the large BFZs. However, it is
possible to assess the general suitability of these volumes based on current
knowledge.



Further advances need to be made in determining the rock stress and rock strength
regimes for estimating the rock mass stability at relevant repository depths.
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However, uncertainty in the stability estimates has been reduced compared with
SR2008. Since SR2008 new stress data have been obtained, including convergence
measurements, overcoring stress measurements with the new LVDT cell, hydraulic
fracturing data, borehole breakout observations, core disking observations and
observations from the ONKALO tunnels. Furthermore, the stress modelling shows
that it is hard for local structures to induce substantial rotations of the stress under
the conditions at Olkiluoto.


Further advancing the hydrogeochemical understanding of processes of importance
for long-term safety, e.g. processes affecting sulphide content, origin of methane
and redox.



Further advancing the understanding of detailed-scale migration properties,
including site-specific data on matrix properties. However, it is already judged
possible to provide bounding estimates of the retention capability of the rock.

11.8

Preliminary conclusions on the site suitability

A preliminary assessment of site suitability against the Suitable factors according to
Guide STUK-YVL D.5 (§406) and against the Factors indicating unsuitability
according to Guide STUK-YVL D.5 (§410) has been undertaken, see Section 10.9.1.
However, the final assessment of the site’s suitability will be made as part of the
subsequent repository engineering and safety assessment activities, and the judgement
presented here is only indicative in nature.
It is found that the rock at repository level is stable and intact with low groundwater
flow in volumes of the rock mass to be potentially used for the disposal of waste
canisters. The rock is associated with low groundwater flows, its groundwater is
reducing and also has other favourable chemical characteristics for a future repository
and the retardation of dissolved substances in the rock would limit the mobility of
radionuclides released from the waste canisters.
More specific considerations are the following.


On a broad scale, the Satakunta region is tectonically stable and has been for a
considerable time.



Experience from the ONKALO shows that the rock can be excavated without any
major stability problems and the POSE experiment shows that deposition holes can
be drilled without significant spalling occurring.



The groundwater flow is confined to a limited set of hydraulic zones (HZs) and to a
sparse fracture network between these HZs. Deposition holes can be selected so as
to avoid locations with unacceptably high flow.



The present groundwater composition is reducing. The hydrogeochemical model
also shows that the rock has sufficient buffering capacity for these conditions to
prevail in the future.

No factors indicating unsuitability are found. More specifically, the following
considerations are relevant.
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No natural resources are currently exploited near the site and the mineralisations
found at Olkiluoto are far too small to be economically attractive to mine - and are
thus not exploitable.



Stress and strength data suggest that the stress levels in relation to the strength of the
rock are not abnormally high at Olkiluoto.



With regard to the stability of the EBS, the current groundwater composition, e.g. in
terms of salinity, pH and sulphide levels, is not unfavourable and the
hydrogeochemical model allows predictions to be made regarding the potential for
future evolution of the groundwater composition within reasonable bounds.

Furthermore, based on the arguments already presented, and the fact that the rock has
undergone several glaciations, it is judged that the characteristics of the host rock will
be stable or predictable up to at least several thousands years in the future, and that the
range of geological changes which occur thereafter, particularly due to future largescale climate changes, can be reliably estimated.
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12

CONCLUDING REMARKS

This chapter concludes Site Description 2011 (referred to throughout the report as
SR2011), by listing its overall achievements and discussing issues to be considered for
further site characterisation and modelling.
12.1

Overall achievements and fulfilment of objectives

This fourth version of the Olkiluoto Site Description updates and supplements Olkiluoto
Site Description 2008 (Posiva 2009) with the data and knowledge obtained up to
September 2010 and provides the expected input to the preliminary version of the
Safety Case, as set out in Section 1.2. It assesses the disturbances caused by the
construction of the ONKALO and, by making use of repeated Prediction/Outcome
studies, assesses how the increased level of knowledge and the experience gained from
the construction of the ONKALO has enhanced the level of site understanding and
Posiva’s predictive capability. The report also assesses the uncertainty and confidence
in the site description and addresses the developments and advances made, specifically
in relation to the main issues identified in SR2008 (Posiva 2009), with a focus on those
issues judged to be most important for the safety case. In particular, the work:


includes further developments in the descriptions of the eastern area of the
investigation site (known as the eastern area and shown in Figure 2-1), based on
the findings from the new holes drilled there during the first half of 2010,



includes further developments in the geological and hydrogeological detailedscale fracture network models, on the basis of more extensive investigation data
produced from the ONKALO, which is representative of the conditions in the
proposed disposal facility (i.e. below HZ20),



extends the material analysed for fracture network modelling to include other
material, such as the fracture-filling minerals and the properties of the rock
surrounding these fractures, in addition to the geometrical and hydraulic
properties of such materials,



updates the geological model of Olkiluoto version 2.0 to version 2.1,



produces a stress state model, which covers the entire investigation area, based
extensively on different stress state indicators and on the mechanical properties
of the rock types present at Olkiluoto, supported by the updated geological
model,



presents a more detailed description of the hydrogeochemical processes, which
is based on much more diversified data than in previous reports. These affect,
among other things, the understanding of buffering capacity, the sulphide
concentration of the groundwater, the origin of gases, the concept of the
palaeohydrogeological evolution of groundwater salinity and the salinity
distribution at a detailed scale, including a description of the matrix pore water.

It is found that the rock at the repository level is stable and intact with low groundwater
fluxes in volumes of the rock mass which could potentially be used for locating disposal
canisters. The chemical conditions at depth are reducing and the other important
chemical conditions of the groundwater at depth are also favourable for a future
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repository. The retardation of dissolved substances in the rock would limit the mobility
of any radionuclides released from the canisters. It is judged that the host rock will be
stable and its characteristics predictable up to at least several thousands years into the
future, and that the range of geological changes which subsequently occur, particularly
those due to large-scale climate changes, can be reliably estimated. The report thus
meets the objectives stated in Chapter 1. The main product of the modelling has been to
develop a descriptive model of the site, i.e. a model describing the geometry and
properties of the bedrock and the surface and groundwater systems, and also the
associated interacting processes and mechanisms. This model is distinct from the
measured data themselves. Modelling involves interpreting data, interpolating or
extrapolating between and away from measurement points and calibrating the model
against data, based on various assumptions regarding the conceptual model employed.
For practical reasons, the Site Descriptive Model (SDM) is divided into separate
components for the surface system, geology, rock mechanics, hydrogeology,
hydrogeochemistry and transport, and these are presented in individual chapters. The
main advances since SR2008 are:


The geological model has been revised according to new data and interpretations.



The lithological and ductile deformation 2D and 3D models are better connected and
integrated, due to an increase in the number of data from drillholes, trenches and the
ONKALO tunnel.



The conceptual understanding of the ductile deformation history is more advanced,
which has allows it to be better described.



The alteration model has been revised and improved, showing more detailed rock
volumes and their correspondence with certain fault zones. In addition, the
chemistry and mineralogy of the altered rocks are better understood.



The concept of the brittle deformation history has been revised, with new kinematic
data from Olkiluoto and the surrounding area of Satakunta. Also, a deterministic
model of brittle fault zones has been developed, based on new data, especially in the
eastern area. The incorporation of new high-resolution reflection seismic data in the
model has been helpful in this regard.



The geological DFN model has been updated. This revision makes use of
considerably more ONKALO mapping data, but the revision is also driven by
modifications to features, such as the fracture domains etc.



A revised stress model has been developed via semi-integration data analysis and
numerical stress simulations.



The thermal property model includes new data on the rock’s in situ temperature, the
temperature gradient, the heat flow density and the radiogenic heat production of the
rocks.



A new version (v2) of the rock mechanics model has been developed, which
includes rock mechanics and thermal property data. The continuing POSE
experiment has provided further data on spalling mechanisms.

9



A revised HZ model has been developed that focuses on being consistent with the
BFZ model, although the new model is essentially consistent with the HZ models
presented in earlier Site Reports.



A revised Hydro-DFN model has been developed that considers the updated HZ
model and the fracture domains of the updated geological DFN model. The model
revisions are not driven primarily by new data, but have resulted from a revision in
the methodology.



Revised Littorina simulations have been carried out, motivated by the updated
salinity model and also adapted to the local conditions seen in the monitoring
drillholes.



The EDZ09 experiment shows that blast-induced fracturing is likely to occur,
whatever form of drill and blast system is employed, and that some of these
fractures may be water-conducting. However, the GPR data also suggest that this
blast-induced fracturing does not form a continuous, connected network over larger
distances along a tunnel – even in the floor of a tunnel where the EDZ is best
developed.



There has been an improvement in the understanding of groundwater compositions
in 3D and under poorly-transmissive conditions. The first palaeohydrogeological
model has been developed, which integrates chemical and isotopic data of fracture
groundwaters, matrix pore waters and fracture minerals together with groundwater
flow dynamics. However, the model includes uncertainties in time frames of
separate episodes, which result from the differences in approaches to interpret
various data.



New information on dissolved sulphide has been compiled from recent monitoring
data. High sulphide concentrations in groundwater seem to result from short-term
mixing of SO4-rich and CH4-rich groundwaters caused by investigation/construction
activities and the contents tend to disappear after hydrogeological conditions are
stabilised. The new data also suggest that in microbial SO4 reduction the use of CH4
as an energy source is very limited.



Detailed fracture mineral studies support the long-term stability of the
hydrogeochemical system against the chemical activity of surface water infiltrations.
A strong buffering capacity is also indicated by the results of the Infiltration
Experiment.



A revision of the flow-related parts of the transport model has been developed,
based on the updated Hydro-DFN model. Matrix properties have been revised,
based on updated porosity data.

In other aspects, the 2011 model version is more a refinement of the 2008 model.
Generally, there have been few surprises in the data obtained from the ONKALO and
the Olkiluoto characterisation programmes, and the revisions to the model are generally
concerned with details.

9

12.2 Issues to be considered for further site characterisation and
modelling

As concluded in Chapter 10, and restated in Section 11.7, there is a high level of
confidence in key aspects of the current Olkiluoto SDM. The main reason for this
confidence is the relative wealth of data from the central part of the Island (the central
area) and the consistency between independent data from different disciplines. There is,
however, less confidence in some aspects of the SDM. This lack of confidence is
handled by providing wide uncertainty ranges and bounding estimates, or by the
development of alternative models. Most, but not all, of the low confidence aspects are
judged to be of relatively limited importance for long-term safety. Key remaining issues
concern:


If areas outside the central area are to be used for repository development, more
surface-based drillholes may be needed in these volumes of rock in order to more
firmly establish the locations of the large BFZs. However, it is possible to assess the
general suitability of these volumes based on current knowledge.



Further advances are required in the rock stress and rock strength regimes to allow
better estimates to be made of stability at relevant repository depths. The uncertainty
has, however, been considerably reduced compared with SR2008 in this regard.
Since SR2008 new stress data have been obtained, including convergence
measurements, overcoring stress measurements using the new LVDT cell, hydraulic
fracturing data, borehole breakout observations and observations from the
ONKALO tunnels. Furthermore, the stress modelling shows that it is hard for local
structures (i.e. BFZs) below 350 m depth to induce substantial rotations of the stress
tensor under the conditions at Olkiluoto.



Further advancing the hydrogeochemical understanding of processes of importance
for long-term safety, e.g. processes affecting the dissolved sulphide content and the
relationship between groundwaters and matrix pore waters.



Further advancing the understanding of detailed-scale migration properties,
including site-specific data on matrix properties; however, it is judged possible to
provide bounding estimates of the retention capability of the rock.

These issues will be addressed in Posiva’s future characterisation and modelling work.
However, a preliminary assessment of site suitability against the Suitable factors,
according to Guide STUK-YVL D.5 (§406), and against the Factors indicating
unsuitability, according to Guide STUK-YVL D.5 (§410), has been undertaken. It is
found that the site fulfils all these factors; nevertheless, the final assessment of site
suitability will be made as part of the subsequent repository engineering and safety
assessment activities, and the judgement presented here is only indicative in nature.
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