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ABSTRACT 

“Geological data acquisition” is a general term for the collection of observations and 
measurements by direct observation of exposed bedrock in the field (i.e. in natural 
outcrops and trenches, in drillholes, and in tunnels and other underground excavations).  
Only field-based data acquisition is included in this report: laboratory-based 
investigations will be continued, based on the field data and sampling, and all the data 
will be subject to discipline-specific processing, as the project proceeds. The ultimate 
aim of geological data acquisition is to provide the necessary data base for geological 
models of the bedrock of the Olkiluoto site, in connection with the construction of an 
underground rock characterisation facility, ONKALO, and a repository for spent nuclear 
fuel, at about 500m depth.  Geological data acquisition plays a central role in site 
characterisation and modelling, and is intended to provide a solid platform on which the 
other disciplines (rock mechanics, hydrogeology, seismic risk assessment, etc.) can base 
their investigations. 

Based on consideration of a series of guidelines (e.g. modelling scale, source of data, 
level of investigation, national and international experience, special conditions at 
Olkiluoto, need for process understanding), a project-oriented “framework” has been 
developed as a background to the different projects within the geological data 
acquisition programme.  Each project will require its own system of data acquisition 
(methodology, spreadsheets, protocols, etc.), as described in the corresponding reports; 
the present report concentrates on the general principles which lie behind the different 
methodologies and data sheets.  

These principles are treated under three main headings: characterization of intact rock 
(Chapter 2), characterization of deformation zone intersections (Chapter 3), and 
characterization of individual fractures (Chapter 4). Geological mapping of natural 
outcrops and trenches at Olkiluoto, and lithological logging of more than 40 rock cores, 
have already provided a broad basis of experience for detailed site characterisation.  In 
addition to the lithological data acquisition, other areas of geological data acquisition 
are also treated here in more detail, particularly with respect to classification schemes, 
parameterization, and qualitative characterisation for increasing geological site 
understanding.  Important areas which are discussed in detail include: 

systematic characterisation of foliation and related small-scale heterogeneities, 
according to type, orientation and degree of development, including the assessment 
of their rock mechanics significance 
identification and description of hydrothermal and other rock alteration phenomena 
identification and parameterisation of deformation zone intersections, and their 
classification in terms of the scientifically established Sibson-Scholz fault zone 
model (brittle, semi-brittle, low-grade ductile and high-grade ductile deformation 
zone types) 
detailed consideration of brittle deformation zone architecture, with particular 
focus on the characterisation of the core and damage zones, and kinematic 
parameters 
classification and parameterisation of individual fractures, as a background for 
systematic geological studies as well as systematic data acquisition for rock quality 
estimation (Q-system) and Discrete Fracture Network modelling 



Geologisen tiedon hankinta paikkatutkimusta varten Olkiluodossa 

TIIVISTELMÄ

"Geologinen tiedonkeruu" on yleiskäsite, joka kattaa kentällä suoraan paljaana olevasta 
kallioperästä (ts. luonnolliset paljastumat ja kaivannot, kairareiät sekä tunnelit ja muut 
maanalaiset kaivaukset) tehtävät havainnot ja mittaukset. Tässä raportissa käsitellään 
ainoastaan kentällä tapahtuvaa tiedonkeruuta: laboratoriotutkimuksia suoritetaan jatkos-
sa kentältä kerättyjen tietojen ja näytteiden pohjalta, ja kaikki tiedot käsitellään 
tieteenalakohtaisesti projektin jatkuessa. Geologisen tiedonkeruun lopullinen tavoite on 
tuottaa tarvittava tietokanta Olkiluodon kallioperän geologisten mallien luomiseksi 500 
m syvyyteen rakennettavaa maanalaista tutkimustilaa ONKALOa sekä loppusijoitus-
laitosta varten. Geologinen tiedonkeruu on tärkeä osa paikkatutkimusta ja mallinnusta ja 
sen tavoitteena on luoda tukeva pohja muiden tieteenalojen (kalliomekaniikka, 
hydrogeologia, seismisten riskien arviointi jne.) tutkimuksille. 

Geologiseen tiedonkeruuohjelmaan kuuluvia erilaisia projekteja varten on kehitetty 
projektilähtöinen "runko" useiden eri ohjeistojen mukaisesti (esim. mallinnusmitta-
kaava, tietolähteet, tutkimuksen taso, kotimaiset ja kansainväliset kokemukset, Olki-
luodon erikoisolosuhteet, prosessin ymmärtämisen merkitys). Jokaista projektia varten 
tarvitaan oma tiedonkeruujärjestelmänsä (menetelmät, taulukot, protokollat, jne.), jotka 
on kuvattu asianomaisissa raporteissa; tämä raportti keskittyy niihin yleisperiaatteisiin, 
joihin eri menetelmät tukeutuvat.  

Näitä periaatteita käsitellään kolmen eri pääotsikon alla: ehjän kallion karakterisointi 
(kappale 2), deformaatiovyöhykelävistysten karakterisointi  (kappale 3) ja yksittäisten 
rakojen karakterisointi (kappale 4). Olkiluodon luonnollisten paljastumien ja kaivan-
tojen geologinen kartoitus sekä yli 40 kairasydämen litologinen kartoitus ovat jo 
tuottaneet laajan kokemuspohjan  yksityiskohtaista paikkatutkimusta varten. Litologisen 
tiedon hankinnan lisäksi muita geologisen tiedonhankinnan osa-alueita käsitellään 
raportissa tarkemmin, varsinkin luokituksen, parametrisoinnin ja kvalitatiivisen 
tutkimuksen osalta geologisen paikkatietouden lisäämiseksi. Tärkeimpiä tarkemmin 
käsiteltäviä tutkimusalueita ovat: 

liuskeisuuden ja siihen liittyvien pienimuotoisten heterogeenisyyksien syste-
maattinen tutkimus tyypin, suuntauksen ja kehitysasteen perusteella, mukaan lukien 
niiden kalliomekaanisen merkityksen arviointi 
hydrotermisten ja muiden kallion muuttumisilmiöiden identifiointi ja karakterisointi 
deformaatiovyöhykkeiden leikkauskohtien identifiointi ja parametrisointi, sekä 
niiden tieteellinen luokitus Sibson-Scholzin siirrosmallin mukaisesti (hauraat, 
puolihauraat, alhaisen asteen duktiilit sekä korkean asteen duktiilit deformaatio-
vyöhyketyypit)
hauraiden deformaatiovyöhykkeiden arkkitehtuurin yksityiskohtainen tutkimus, 
keskittyen erityisesti siirrosten ytimien sekä vaikutusalueiden karakterisointiin, sekä 
kinemaattisiin parametreihin  
yksittäisten rakojen luokitus ja parametrisointi hyödynnettäväksi systemaattisissa 
geologisissa tutkimuksissa sekä systemaattisessa tiedonkeruussa kallion laadun 
arviointia (Q-järjestelmä) ja DFN-mallinnusta (Discrete Fracture Network) varten. 
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PREFACE 

The present report was mainly written by Alan Geoffrey Milnes under contract to 
Posiva Oy, except for Section 2.1 (written by Aulis Kärki and Seppo Paulamäki) and 
Section 2.4 (written by Kai Front).  The initiator of the project and the contact person in 
the early stages of the work was Liisa Wikström. During the later stages, the contact 
person was Jussi Mattila. Many of the ideas, however, were developed and the content 
established during regular review meetings with the Posiva geology team and the above 
mentioned  consultants, so that the report can be considered the result of a cooperative 
effort.
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1 BACKGROUND 

1.1 Introduction 

Geological data acquisition is used here as a general term for the collection of 
observations and measurements by direct observation of exposed bedrock in the field, 
by geological mapping of natural and artificial outcrops, by geological logging of rock 
cores, and by geological investigations on rock walls in tunnels and other underground 
excavations.  In this report, we include the whole rock mass in this term, i.e. the intact 
rock and the fractures, fracture fills, fracture zones and crushed rock zones which it 
contains, since the framework of geological data acquisition proposed here is aimed at 
improving understanding of all aspects of the site.  The ultimate aim is to provide the 
necessary database for geological models of the Olkiluoto bedrock, particularly in 
connection with the construction of the underground rock characterisation facility, 
ONKALO.  This excavation is being carried out in preparation for establishing a 
repository for spent nuclear fuel at about 500m depth.  The planned geological 
investigations are outlined in the recently published ONKALO Underground 
Characterisation and Research Programme (UCRP), together with the planned 
investigations which are envisaged in the areas of rock mechanics, thermal properties, 
hydrogeology and hydrogeochemistry (Posiva 2003a).  The data acquired in the 
geological investigations provide the basis for the construction of geological models of 
the bedrock, with the aid of geophysical investigations and pertinent data from other 
areas.  The geological models then provide the geometrical and statistical framework for 
dynamical modelling for construction planning and safety assessment purposes (see 
Posiva 2003a, Ch. 7).  From this brief outline, it is clear that geological data acquisition 
plays a central role in site characterisation and modelling and is intended to provide a 
solid platform on which more specialised subdisciplines (rock mechanics, 
hydrogeology, seismic risk studies, etc.) can base their investigations.

The purpose of the ONKALO UCRP is to explore Olkiluoto rock conditions in the 
surroundings of the proposed repository at about 500 m depth and to enhance the 
current geoscientific understanding of the site, in order to allow, given suitable 
conditions, the submission of an application for a construction licence for a deep 
repository at the beginning of the next decade (Posiva 2003a).  The programme has 
been subdivided into three stages, as follows: 

UCRP Stage 1

This covers all early work done at Olkiluoto, since its inclusion in the site selection 
process as a candidate site (ca. 1987), up to the start of underground excavations in 
2004.  Geological investigations during UCRP Stage 1 were all surface-based, including 
the detailed mapping of surface outcrops and investigation trenches, and the preliminary 
logging of about 30 drillholes.  From the point of view of geological data acquisition, 
there still remains much to be done in the area of surface-based investigations, but the 
emphasis in future will be on completing a synthesis in the form of new geological 
models of surface data in the investigation area to be used in conjunction with the 
results of underground investigations (Stages 2 and 3). 
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UCRP Stage 2 

The UCRP Stage 2 covers the period from the start of construction of the access tunnel 
(September 2004) to the completion of the main characterisation levels of ONKALO at  
400-500 m depth, planned for 2009.  This programme has been subdivided into two 
parts, although these will in practice overlap: 

early phase: the construction of the access tunnel down to ca. 300 m below surface 
(2004 - 2007) 
late phase: construction activities from ca. 300 m depth down to the main 
characterisation levels (2007 - 2009)

In this report, the emphasis is on UCRP Stage 2, early phase, since one of the main aims 
of the work is to develop an appropriate data acquisition plan to attain optimal use of the 
allotted intervals within the whole tunnel construction process and to still meet the 
scientific requirements on the data base.  Hence, the framework outlined here is 
intended to provide guidelines for geological data acquisition during this early phase of 
Stage 2, and will be reassessed and finalised in the light of experience at the end of that 
phase.  The main objects of study for geological data acquisition in this first phase of 
underground characterisation has been drillholes of different types, bored from 
underground locations, and tunnel mapping of different types, as set out in the detailed 
programmes for 2004-2006 (Posiva 2003b) and 2006-2008 (Posiva 2006). 

UCRP Stage 3 

The UCRP Stage 3 is envisaged as the period of construction of, and research in, the 
ONKALO facility itself, which will result in the licence application and the 
accompanying safety assessment for a spent fuel repository at the same level, of which 
ONKALO will become a part.  The detailed design of the characterisation and research 
activities in ONKALO will be developed during Stage 2.  Stage 3 is the period from 
2009 onwards, in which the ventilation shaft, surface construction works, hoists and 
installations should also be completed. 
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Figure 1.1. Proposed layout of ONKALO and the access tunnel. (Saanio et al.  2007) 

The ONKALO UCRP report (Posiva 2003a), from which the above three-stage plan is 
taken, outlines also the envisaged investigation schedules for the different disciplines in 
the different stages.  These form the starting point and background for the geological 
data acquisition framework outlined in this report (to be reassessed and finalized at the 
end of UCRP Stage 2, early phase, as indicated above).  However, in UCRP there is 
little indication of the type or amount of data which should be collected - except insofar 
as this is implied by the methods to be used.  Because of the special nature of this 
project, in which data acquisition must address both the needs of construction planning 
and the needs of a later long-term safety assessment, the type and amount of data to be 
collected and the degree of accuracy or statistical viability to be attained is not 
immediately apparent.  Such questions have been discussed within a parallel project to 
UCRP, the Host Rock Classification (HRC) project (McEwen 2002, Hagros 2006): how 
does one define host rock suitability? How does that effect the type and amount of data 
to be collected? Which parameters are most significant?  Since there is a difference 
between the requirements of scientific acceptability for the safety assessment and the 
practical needs of the construction engineer, even though many of the parameters are the 
same, these questions need to be addressed for each discipline. Before addressing these 
for the discipline of geology (Chapters 2-4), a number of more general starting points 
need to be established, and guidelines developed, for the geological deliberations. 
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1.2 Geological Site Descriptive Modelling       

The aim of the geological data acquisition programme within the framework of the deep 
repository project at Olkiluoto is to provide the main platform for the geological Site 
Descriptive Model (SDM). A geological model is a simplified representation of bedrock 
conditions (lithology, deformation zones, fracture network, etc.) within a specified rock 
volume, in a form which is amenable to numerical computations whilst still retaining its 
essential, first-order natural characteristics. Although the essential fundament is 
geological, the geological model is based on an integration and synthesis of both 
geological and geophysical data, with some input from rock mechanics and 
hydrogeology.  At an early stage in the modelling process (Fig. 1.2), data acquisition 
and processing takes place within each of these disciplines separately, and the data are 
processed using discipline-specific methods which are generally accepted within the 
corresponding scientific communities.  At a later stage, however, the different types of 
data need to be integrated into a common data set for use in the subsequent modelling.  
The present report considers only the discipline-specific aspects of geological data 
acquisition.  The geological SDM provides the geometrical framework and the 
geoscientific descriptions necessary for development of the rock mechanics models, 
hydrogeological models and (hydro)geochemical models, which are required for 
simulating repository behaviour on the short and on the long term, i.e. for the design and 
construction of the repository and for the demonstration of safety. 
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DEVELOPMENT OF  
GEOLOGICAL SITE DESCRIPTIVE  MODEL 

STEP 1 
Identification

Characterisation
Parameterisation

(ICP)

STEP 2 
Extrapolation
Correlation

Visualisation
(ECV)

disciplinary
e.g. geological 
data acquisition 
(this report) and 
discipline-specific
processing

interdisciplinary  
integration of geological data with data 
from other disciplines (geophysics, 
rock mechanics, hydrogeology, etc.) - 
interdisciplinary processing - and 
modelling guided by an 
interdisciplinary Modelling Task Force 

Figure 1.2.  Work phases of geological site descriptive modelling, as illustrated in the 
UCRP report (lower diagram, from Posiva 2003a).  In the headings above, the work 
phases are specified more precisely, showing the two main steps in the modelling 
process and the relation between disciplinary and interdisciplinary work programmes. 
The scope of the present report is indicated by the highlighted box. 

Experience worldwide, in all the areas of application in which geological modelling has 
become an important tool, shows that the process of developing a geological model 
should take place in two steps, which need to be carried out in sequence and must be 
separated as clearly as possible.  SKB’s strategy document on geological modelling in 
the site investigation phase (Munier et al. 2003) is structured according to this principle, 
which is also an implicit tenet of the ONKALO research programme, as indicated above  
(Fig. 1.2).  The two steps in model development can be briefly characterised as follows:  
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1.2.1 Step 1 - Identification, Characterisation, Parameterization (Icp) 

This is the data-oriented part of the modelling process and its aim is to establish the “fix 
points” which any model will have to satisfy and the quantitative data which will serve 
as the input for the computations.  In Munier et al. (2003), the IPC step is represented by 
Chapters 3 and 4, and includes those types of “interpretation” which have become 
standard methodology in geoscience, what the authors call method-specific 
interpretation (here called “discipline-specific processing”, Fig. 1.2) and integrative 
interpretation (here called “interdisciplinary processing”, Fig. 1.2).  The goal of Step 1 
is, for instance, “to pinpoint and characterise those sections of the drillhole which could 
represent deformation zones, for use as fixed control points within the model volume 
during subsequent 3D modelling.” (Munier et al. 2003,  p. 37).  The ICP step is not 
modelling, sensu stricto, it is the determination of the location, orientation and other 
quantitative features of the objects being investigated in order to allow modelling to 
take place.  These are the input data, and are subject to errors, which can be estimated, 
or can be described by distribution functions.  Except for the error bars and statistical 
measures of variability, they are not subject to estimates of confidence or uncertainty.  
Also, as in normal geological research, alternative hypotheses are continually evaluated 
(the established methodology of “multiple working hypotheses”, Chamberlin 1890) and 
the preferred hypothesis is carried forward as the model input, but subject to continuous 
surveillance. 

1.2.2 Step 2 - Extrapolation, Correlation, Visualization (Ecv) 

This is the real “modelling” part of the process, also called “subsurface mapping” in 
other geosciencific contexts (e.g. in the oil industry, see Tearpock & Bischke 1991).  In 
Munier et al. (2003), the ECV step is represented by Chapters 5 and 6, and is based on 
geometrical, geological and geophysical arguments, and the use of a sophisticated 
computer visualisation system (in which the “fix points” of the ICP step are embedded).  
For instance, “3D modelling starts by the creation of modelled structural surfaces .......” 
“The modelled structural surface is the surface which is created using coordinates from 
the geological map, specific points on boreholes, or geophysics (i.e. seismics).” (Munier 
et al. 2003, p. 55).  The ECV step uses the locations, orientations and other parameters, 
with their error bars and distribution functions, as constraints in building the model.  
Estimates of uncertainty reflect the confidence with which certain extrapolations or 
correlations from and between the fix points are made, which may also be reflected in 
alternatives, when criteria for distinguishing between different possibilities are lacking 
(e.g. two possible correlations of equal confidence).  It is in this step that process 
understanding plays a major role - a “deformation zone”, for instance, is not merely a 
geometrical element in space, but a geological feature whose mode of formation needs 
to be understood before different possible geometrical correlations can be evaluated and 
the degree of confidence established. 
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1.3 Starting Points 

From the point of view of geological data acquisition and discipline-specific processing, 
the most important starting point is provided by defining the modelling scale.  Defining 
the scale of modelling automatically points to the central importance of certain sources 
of data and implies certain levels of investigation.  These three related starting points 
are discussed briefly in the following. 

1.3.1 Scales of Modelling  

In this report, we focus on the scale relevant to what the Olkiluoto Modelling Task 
Force refers to as the Olkiluoto Site Model and the ONKALO Model (cf. Posiva 2005).  
The Site Model represents a bedrock volume which contains all deep drillholes1, and 
within which the deep repository is planned to lie (Paulamäki et al. 2006).  Although the 
precise definition of the model boundaries may change somewhat in the course of time, 
at present, the upper surface of the Site Model block, the site area, is a rectangular area, 
2.5 x 2.5 km, covering most of the central part of Olkiluoto island and encompassing all 
the outcrops and trenches which have been studied in detail (Fig. 1.3).  Within the site 
area, a smaller area, 1000 x 750 m, is at present defined as the ONKALO area, covering 
the entrance to the ONKALO access tunnel and its immediate surroundings (Paananen 
et al. 2006).  This represents the top surface of the ONKALO Model, a bedrock block 
with a depth of 600 m which will enclose the future ONKALO access tunnel and 
underground rock characterisation facility, the ventilation/canister shaft and a large part 
of the planned first panel of the repository  (cf. Fig. 1.1).  The present report 
concentrates on procedures appropriate for developing the Geological Site Model and 
ONKALO Model at Olkiluoto. The procedures for geological data acquisition at larger 
and smaller scales will be specified in the corresponding modelling reports, when they 
diverge appreciable from those set out here. 

1 In Posiva terminology, the use of the word “drillhole” (kairareikä) carries the connotation that 
continuous cores were obtained, whereas the use of the word “borehole” (porareikä) means that no coring 
was carried out.  
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Figure 1.3. Map of Olkiluoto island and its surroundings showing the present location 
of the boundaries of the surface areas which form the upper surfaces of the Olkiluoto 
Site and the ONKALO geological models (Paulamäki et al. 2006, Paananen et al. 
2006). 

1.3.2 Sources of Data 

At the scale of the Geological Olkiluoto Site Model and ONKALO Model, geological 
data needs to be collected by different means and at different levels of detail.  To 
facilitate the descriptions in Chapters 2 to 4, the main sources of geological data and the 
different levels of investigation have been categorised according to the scheme shown in 
Table 1-1.  The sources of data can be subdivided according to whether they are 
collected by using a system of linear sampling (borehole, drillhole and scanline 
logging), by mapping bedrock exposures which are essentially planar and two-
dimensional in form (natural or cleared bedrock outcrops, quarry walls, road cuts, etc.), 
or by mapping in situations where the bedrock exposures allow something approaching 
a 3D view of the geological structures (particularly tunnel mapping).  These are data
sources A, B and C, respectively (Table 1-1). Since the aim of geological modelling, 
whether deterministic (for the Site model), or stochastic (for DFN modelling), is to 
build up a 3D picture, it is clear that this sequence is also a sequence of increasing data 
confidence.  Since the main motivation for compiling this report on the methodology of 
geological data acquisition was the start of underground investigations at Olkiluoto, data 
source C (tunnel mapping) will be the one which colours the treatment, and as an 
example of the spreadsheets at present in use we take that developed for mapping in the 
ONKALO access tunnel (Appendix 1 and 2). 
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1.3.3 Levels of Investigation 

The categorisation of level of investigation is intended to give a qualitative idea of how 
reliable, complete and/or systematically collected the data is judged to be (Table 1-1).  
Level 1 data sets have been acquired using general or unsystematic mapping and 
logging techniques, at a level of detail which make them unsuitable for statistical 
processing.  Level 1 can be called the general level, and for many applications, such 
data is perfectly adequate, and sometimes of critically importance, for instance, in the 
"observational method" of underground rock engineering.  Also, it should be 
emphasized that general geological mapping, which is placed in this category, 
represents a long tradition and a high level of expertise, and includes almost all the data 
collected for increasing site understanding, which is an essential element in geological 
modelling (see Subsection 1.4.3, below).   Level 2 data sets consist of systematically 
collected data, which satisfy the requirements of statistical treatment, after suitable 
corrections for sampling bias and other distortions have been made.  This level can be 
called the systematic level of site investigation and is usually carried out with a 
particular aim in mind, e.g. to be used as a basis for DFN modelling or rock quality 
assessment.  Different types of systematic investigation are planned in order to satisfy 
the needs for statistically sound data for various purposes, both on rock cores, surface 
outcrops and tunnel walls, as indicated on Table 1-1.  Level 3 represents the research 
level of investigation which is aimed at investigating in detail site-specific conditions 
which have been identified as particularly important for the project.  Research-level 
investigations should be carried out separately from investigations at the general and 
systematic levels in order to allow new ideas and techniques to be developed and tested.  
The present report concentrates on general and systematic data acquisition according to 
established concepts and methods (Levels 1 and 2), and only indicates at the appropriate 
places in Chapter 2-4 where a research-oriented investigation may need to be carried 
out.
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Table 1-1. Overview of sources of geological data and levels of investigation during 
ONKALO construction.  The classification of data types refers to the logging and 
mapping procedures which are most relevant to the acquisition of geological data for 
modelling at the Site and ONKALO scales. 

LEVELS OF INVESTIGATION 

SOURCES OF DATA 

General level of 

investigation  

(Level 1)

general mapping and 
logging procedures for 
overall understanding of 
site geology or for rapid 
assessment of 
construction-related 
parameters

Systematic level of 

investigation 

 (Level 2)

collection of systematic 
data for statistical 
processing, particularly 
as a background for 
rock engineering and 
hydrogeological 
modelling

Research level of 

investigation  

(Level 3)

special studies of 
research nature needed 
because of site-specific 
conditions at Olkiluoto  

Data source A

"Linear sampling" (core 
and scanline logging, 
ref. scale ca. l m)

A1-type data
e.g general logging of  
oriented core at the 
drilling site; "quick 
look" scanline logging; 
engineering geological 
logging of unoriented 
core.

A2-type data
e.g.  detailed logging of 
oriented core and OPTV
in the core archive; 
detailed logging of  
OPTV images from 
boreholes; normal 
scanline logging

A3-type data
e.g. special study of 
research nature based on 
detailed  
logging/sampling of 
core segments, detailed 
scanline logging, etc., 
with supporting 
laboratory studies 

Data source B 

"Areal sampling" 
(outcrop and window 
mapping, ref. scale ca. 
10 m2)

B1-type data
e.g. structural 
geological mapping of 
surface outcrops, 
definition of 
homogeneous domains, 
representative 
orientations, etc.

B2-type data
e.g. photo mapping and    
rapid grid mapping of 
cleared outcrops, 
systematic  trench 
mapping 

B3-type data
e.g. special study of 
research nature based on 
detailed outcrop or 
tunnel wall 
surveying/sampling, 
grid mapping, etc., with 
supporting laboratory 
studies 

Data source C 

"Volumetric sampling" 
(tunnel mapping, ref. 
scale ca. 35 m3)

C1-type data
e.g. structural 
geological mapping , 
definition of 
homogeneous domains, 
representative 
orientations, etc. with 
3D view

C2-type data
As B2, but 2-3 surfaces 
at right angles 
(reconstruction in 3D)  

C3-type data
As B3, but 2-3 surfaces 
at right angles, + 
supporting core data, 
“TRUE-type” block 
reconstruction  

1.4 Guidelines 

In addition to the constraints derived from the modelling process, described in Section 
1.2, and the starting points outlined in Section 1.3, any data acquisition strategy needs to 
be based, in the first instance, on discipline-specific guidelines indicating which 
observations and parameters are of significance for the problem at hand.  Project-
oriented considerations are particularly important for geological data acquisition 
because there are a very large number of possibilities, and to treat all in equally great 
detail is clearly not practical.  Apart from obvious guidelines due to limitations in terms 
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of manpower, time and finances, there are some ways of approaching this question from 
a technical and scientific point of view.  Firstly, one can review what has been achieved 
world wide in the field and then set up guidelines based on national and international 
experience in radioactive waste research, particularly research in underground rock 
laboratories in crystalline rocks, and construction and safety-related modelling.  
Secondly, one can identify aspects of the Olkiluoto bedrock which are special and 
different, and hence not covered by analogous experience elsewhere.  In some areas, 
geological data acquisition may have to be research-oriented, directed towards the 
detailed analysis of problems which cannot be tackled on the basis of earlier experience.
This will, of necessity, be more resource-intensive and time-consuming.  Thirdly, one 
can assess the need for “understanding” the geological relationships (as opposed to 
“measuring” given parameters) and develop guidelines for the types of qualitative data 
to be collected in order to increase this.  These approaches are outlined briefly below 
and some conclusions drawn for geological data acquisition in connection with the 
ONKALO project.   

1.4.1 National and International Experience 

The framework for geological data acquisition at Olkiluoto, as presented here, is solidly 
based on national and international experience of investigating fractured crystalline 
bedrock from the point of view of nuclear waste disposal.  Much of this interchange of 
knowledge has been informal, having taken place at numerous workshops, seminars and 
conferences of nuclear waste research institutions over the past three decades.  A great 
part has also been formalised in the form of international projects (e.g. Stripa project, 
Äspö-based projects, Grimsel rock laboratory, etc.).  Posiva researchers have played an 
active part in all these activities, as well as in many different working groups, 
cooperative programmes and research committees.  Of particular importance in this 
respect is the close cooperation between Posiva and SKB, leading to the inflow of the 
large body of experience which has been accumulated on Finnish-type bedrock in 
Sweden since the mid-1970s (Milnes 2002).  In addition, there is a large body of 
experience of underground construction in Finnish bedrock in the national rock 
engineering and mining companies within Finland, which is flowing into the ONKALO 
project along different channels.  Last but not least, all this project-oriented knowledge 
and experience must be set against the background of academic geological research on 
brittle deformation in the Earth’s crust, which has seen a great upsurge of interest in 
recent years, partly stimulated by increased awareness of its importance in many 
different fields of application (cf. Milnes 2006).

1.4.2 Geological Conditions at Olkiluoto  

In spite of the large body of experience outlined above, the bedrock at Olkiluoto has 
some aspects which need special attention, particularly the use of heterogeneous and 
veined migmatites as a host rock for the nuclear waste repository. There is, of course, a 
large body of experience from underground excavations in similar rocks in Finland, and 
there is no doubt that guidelines for geological data acquisition for construction 
(excavation, support, grouting) will be based on solid Finnish expertise.  However, there 
is little expertise available, worldwide, for repository design (location, layout) or for 
long-term safety assessment (near-field or far-field) in heterogeneous bedrock of this 
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type.  There are two related problems which clearly need to be addressed at Olkiluoto, 
and which are potentially significant, at least for the safety analysis: 

1) The scale of heterogeneity to be described in order to produce an adequate 
characterisation of the host rock of the site.  

2) The degree of detail to be attained in order to define adequately the relationship 
between heterogeneity (e.g. granitic and pegmatitic veining in a mica-rich matrix), 
anisotropy (e.g. foliation and lineation), and fracturing. 

These problems are of importance for developing an adequate understanding of flow 
and transport at the site, and hence a scientifically acceptable safety analysis.  Hence, 
part of the geological data acquisition programme must be developed as an exploratory 
research effort, in which the level of detail must be set higher than would usually be 
expected in a "normal" underground excavation project. Project-oriented data 
acquisition must then be optimised at a later date, when the research results have been 
analysed.  Hence, the strategy for geological data acquisition at Olkiluoto needs to 
include a research phase for some parameters and observations in the early phase of 
UCRP Stage 2, with the aim of establishing an appropriate standard methodology for 
the later phase of Stage 2 and for Stage 3.   

1.4.3 Process Understanding    

Although not a very specific guideline, the importance of process understanding for 
building convincing geological models needs to be recognised, and the collection of 
qualitative observational data needs to be built into the geological data acquisition 
programme, especially at the beginning.  As emphasised in the UCRP report (Posiva 
2003b, see Fig. 7-5), both quantitative and qualitative data make up the input for the 
construction of geological models.  To give a simple example, in many earlier reports 
“fracture zones” (or “R-structures”) are discussed, without indicating that different 
types of fracture zone exist (fault zone, joint zone, joint cluster, etc., see Chapter 3) 
which need to be distinguished in order to construct a meaningful geological model.  
These fracture zone types can only be distinguished and parameterised on the basis of a 
specially tailored data acquisition programme   Hence, during core logging or tunnel 
mapping, it is important that each fracture zone be described, documented and 
characterised, with regard to determining its mode of formation, and this provides a 
guideline for designing an appropriate investigation programme. Further along in the 
modelling process (Fig. 1.2), it becomes vital to have sufficient process understanding 
for the correlation and extrapolation of deterministic structures such as deformation 
zones, i.e. a conceptual model of how different types of zone “behave” in 3D, since they 
are geological and not merely geometrical objects.   

1.4.4 Summary 

A geological data acquisition programme needs a framework defining the topics to be 
covered and the basic classification schemes and methodologies to be used, as a basis 
for planning and carrying out the actual "hands-on" data collection effort by the 
geologists in the field.  For nuclear waste disposal, the programme framework should 
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reflect genuine project needs, and should not be tailored solely on the basis of what is 
possible within a given underground excavation timetable.  The reason for this lies 
largely in the requirement that data acquisition is not only tied to the construction 
process, but also to the needs of repository location and layout, and the long-term safety 
analysis.  The success of these latter depends to a considerable extent on the results 
being judged, by international experts, as scientifically acceptable.  Hence, based on the 
discussions above, the following guidelines have been established for the geological 
data acquisition at Olkiluoto: 

1) The main guideline for determining significant parameters for the ONKALO project 
is the use of national and international experience in similar “hard rock” nuclear waste 
disposal projects, in which a standard data acquisition methodology has been built up.  

2) Some site-specific geological conditions at Olkiluoto need to be the subject of 
exploratory research, and hence data acquisition needs to include some additional 
parameters and observations, and the development of special procedures, to be 
optimised in the course of the research programme. 

3) In addition to the quantitative data needs dictated by rock engineering and 
hydrogeological considerations, geological data acquisition at Olkilluoto must include 
qualitative data and observations aimed at increasing process understanding (genesis of 
different types of structures, structural history, etc.) as an important aid to building 
reliable geological models and a convincing geosynthesis. 

1.5 Framework for Geological Data Acquisition 

Based on the above discussion of the modelling process, general starting points and 
project-oriented guidelines, a list of topics which need to be addressed and documented 
has been built up, which we call the framework for geological data acquisition at 
Olkiluoto, particularly in connection with the ONKALO project (Table 1-2).  These are 
the items that must be addressed wherever geological data is being acquired.  How each 
item is addressed will, however, depend on the particular circumstances and objectives 
of the work.  Each data source and each level of investigation (Table 1-1) will require 
its own system of geological data acquisition, its own methodology, its own 
spreadsheets, and its own protocols.  These will be described in the appropriate 
Working Reports and are not treated in detail here.  As an example of such a system, the 
present spreadsheet in use for geological mapping in the ONKALO access tunnel is 
described in Appendix 1, and the accompanying Tables of the Q-system used for 
engineering rock classification in Appendix 2.  Otherwise, this report concentrates on 
the general principles which lie behind the different methodologies and data sheets.  
These principles are treated under three main headings: characterization of intact rock 
(Chapter 2), characterization of deformation zone intersections (Chapter 3), and 
characterization of individual fractures (Chapter 4).  The different sections within each 
chapter correspond to the items listed in Table 1-2.  In the first instance, the geological 
data acquisition programme (Chapters 2-4), together with the results of the parallel 
geophysics programme, provides the basis for the building of the geological Site 
Descriptive Model.   For this purpose, the raw data need to be processed using the 
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standard methods of structural geology (discipline-specific processing), and much of the 
geological data collected will need to be analysed and synthesized to attain the 
necessary degree of geological site understanding for building well documented, site-
specific conceptual models.  However, the present report only provides a framework for 
the data acquisition procedures. 

Table 1-2. Framework for geological data acquisition for site descriptive modelling at  
Olkiluoto.  The table is subdivided into three parts, corresponding to the three main 
chapters in this report. 

Chapter 2: Characterisation of intact rock 

Section Aim and content 

2.1 

Lithology  Characterisation of lithology at large-scale (within rock volumes 1000 m3 and 
larger) 

2.2 

Heterogeneity-

anisotropy  

Characterisation of rock heterogeneity and anisotropy at small-scale (within 
rock volumes 1 m3 to 30 m3), and its relation to fracturing 

Determination of the rock mechanics foliation (RMF) number in small 
domains 

2.3 

Orientation of 

structural features  

Characterisation of foliation orientation and other tectonic features in small 
domains 

 Characterisation of orientation, shape and type of intrusive contacts and 
intrusive bodies at medium- to large-scale  

2.4 

Weathering-

alteration 

Characterisation of weathering and/or hydrothermal alteration of intact rock 

Chapter 3: Characterisation of deformation zone intersections 

Section Aim and content 

3.1  

Deformation zones Basic classification of deformation zones into descriptive types  

3.2 

Brittle deformation 

zones  

Identification and location of brittle deformation zone (“fracture zone”) 
intersections; characterisation, determination of zone orientation/thickness, 
acquisition of kinematic data 

Assignment of ID code to each individual intersection 
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3.3 

Ductile and semi-

brittle deformation 

zones  

Identification and location of ductile (low-grade, high-grade) and semi-brittle 
deformation zone intersections; characterisation, determination of zone 
orientation/thickness, acquisition of kinematic data   

Assignment of ID code to each individual intersection 

3.4 

Composite 

deformation zones

Description of the occurrence of composite deformation zones (combining the 
data in Sections 3.2 and 3.3)  

Chapter 4:  Characterisation of individual fractures

Section Aim and content 

4.1 

Fracture definition 

and generic types 

Fracture definition and terminology, and subdivision of fractures into generic 
types. 

4.2 

General fracture 

characteristics 

Characterisation of fractures according to type, shape, mineral infilling and 
wallrock alteration.  Relation to deformation zone intersection (core, damage 
zone, host rock?)  

Determination of mineral components in fracture fill, fracture wall coating, 
and wall rock alteration, in the field and through laboratory investigations. 

4.3 

Fracture orientation 

and kinematic data

Determination of orientation of each fracture separately.  

On faults and veins/fissures, acquisition of other data necessary to establish 
movement geometry (direction, sense, amount).  

4.4 

Estimated 

parameters for Q’- 

system of rock mass 

characterisation 

Parameterization of fracture roughness (Jr) and fracture alteration (Ja) for 
each individual fracture - see Appendix 1 and 2 

Estimation of rock quality designation (RDQ) and fracture water reduction 
factor (Jw) for the rock volume surrounding the parameterized fractures - see 
Appendix 2 

4.5 

Additional 

parameters for DFN 

modelling 

Collection and analysis of other data required for DFN parameterization: 
fracture size, fracture size distribution, fracture intensity/density, spatial 
distribution of fractures, etc. (see Holmén & Outters 2002, Munier 2004)  
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2 CHARACTERISATION OF INTACT ROCK  

The intact rock at Olkiluoto, the host rock for the future repository, is heterogeneous 
and structurally complex.  Project-oriented geological mapping started in the late 1980s, 
in connection with the drilling of the first drillholes, and has continued to the present 
time.  Mapping in such rocks is difficult because there is a large variety of different rock 
types on the small scale and only vague gradations between major rock units on the 
large scale. From outcrop to outcrop and from core to core, the rock structure may 
change, at some places regularly laminated, at others irregularly folded or intensively 
veined.  In addition, surfaces exposures of bedrock at Olkiluoto are few and far 
between, and are weathered and covered with moss and lichen.  The exposures 
themselves are ice-smoothed, making it sometimes difficult to make measurements and 
take samples. Nevertheless, in many cases, such smoothed surfaces have yielded 
invaluable information for making structural interpretations.  In addition, rock cores 
through this crystalline complex have allowed continuous linear sampling, providing 
valuable data for deterministic modelling in 3D.  In the decade prior to the preparation 
of the Olkiluoto site report for the Decision in Principle, therefore, a large body of data 
had been  collected and, more importantly, had been synthesised sufficiently to build a 
working hypothesis, which has stood the test of time (Anttila et al.1999).  This working 
hypothesis, or rather group of hypotheses, contains a large-scale subdivision of the 
bedrock into a small number of rock units, which, although internally very 
heterogeneous, are nevertheless capable of being characterised and mapped at the scale 
appropriate to the Olkiluoto Site model.  It also contains a geochemical characterisation 
of these units which enables the original nature of the rocks to be deduced, and an 
interpretation of the sequence of deformative, metamorphic and magmatic events which 
led to the formation of intact rock as it lies there today. 

Very briefly, the last paragraph sets the stage for the content of the present chapter.  The 
chapter starts with the results of data acquisition and expert judgement which has 
accumulated over many years and still continuing, rather than with plans and 
techniques.  The results are the now established large-scale lithological types, which are 
used for the mapping of tunnels, trenches and drillholes, as well as the interpretation of 
the protolith and structural evolution, as described in Section 2.1.  What started as an 
exploration has become a tool for site characterisation, as a backcloth for all the other 
activities.  From the point of view of data acquisition for the present project, however, 
the problem of small-scale heterogeneity and anisotropy remains (see Section 1.4).  This 
must take place within a research-oriented programme, and at present the systematic 
study of the intact rock fabric is being carried out along the lines laid out in Section 2.2.  
In addition to this study, which is aimed at modelling the foliation variations within the 
Olkiluoto bedrock, other structural features need continued attention, albeit on a more 
general level (Section 2.3).  The beginning of underground excavations marked a new 
phase of investigation in this respect, since the continuous 3D view of structural 
relations within the intact rock which a tunnel provides is significantly better than the 
view provided by poor outcrops and widely spaced drillholes.  In a final section 
(Section 2.4), the field description and reconstruction of zones of alteration in the intact 
rock is discussed - a subject whose importance for underground construction at 
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Olkiluoto first became apparent when tunnelling began, and is now being given 
increased attention.

2.1 Lithology within Rock Volumes 1000 m3 and Larger

The characterisation of lithology within rock volumes in blocks 10 x 10 x 10 m and 
greater, and the identification of the boundaries between lithological units at that scale, 
is the basic background data for constructing a geological model at site scale.  It also 
represents the degree of resolution normally attainable during geological mapping in the 
field and in tunnels (i.e. description of individual outcrops and tunnel walls, and the 
construction of geological maps and tunnel profiles), as well as that attainable during 
on-site geological logging of rock cores (i.e. production of preliminary lithologies).  At 
Olkiluoto, the geological mapping and logging at this scale is complicated by the small-
scale heterogeneity of many of the rock units (see Section 2.2), since it involves visually 
estimating the bulk lithological uniformity of larger units, and often the mapping of 
boundaries which represent ill-defined transition zones.  A high degree of expertise in 
this type of fieldwork has been achieved in Geological Surveys and academic 
institutions around the world, and this is no less true of Finland, in spite of the special 
difficulties presented by Precambrian crystalline complexes of this type.  Hence, 
geological mapping of natural outcrops and trenches at Olkiluoto, and lithological 
logging of more than 40 rock cores, have already provided a broad basis of experience 
for detailed site characterisation.  This has resulted in a general subdivision of the 
Olkiluoto bedrock into a small number of descriptive lithological types, based on visual 
field assessment of outcrops and cores combined with thin-section analysis of 
representative samples.  The following descriptive types are tailored to the features of 
the Olkiluoto site and the needs of the present project: for an overview of the general 
methods of field description of metamorphic and magmatic rocks, see Fry (1984) and 
Thorpe & Brown (1985), for the general principles of rock classification at Olkiluoto, 
see Mattila (2006). 

2.1.1 Basic Rock Classification at Olkiluoto 

The intact rock at Olkiluoto has already been worked on in great detail, since the first 
core logging and geological outcrop mapping was carried out in the late 1980s.  
Through the years, a practical classification scheme has been developed which, in a 
somewhat more systematised and extended form, is given below.  The classification is 
based, in the first instance, on the field recognition of descriptive types, with very little 
emphasis on measured properties, as is the normal procedure in geological mapping of 
all types.  As mapping proceeds, the definitions of the initially defined types are 
adjusted and refined on the basis of increasing experience (at Olkiluoto, logging of an 
increasing number of drillholes, mapping of an increasing number of cleaned trenches, 
mineralogical and chemical analysis of an increasing number of rock specimens, etc.), 
until a standard number of representative rock categories can be established, at the level 
of detail required by the needs of the project.  In this Section, we concentrate on the 
large scale, intact rock masses of 1000 m3 or greater.  Since many of the rocks at 
Olkiluoto are heterogeneous on the small scale (see Section 2.2), many of the categories 
distinguished here describe what one can call "bulk lithology", i.e. the overall rock type, 
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after making visual assessments of the small-scale heterogeneities.  This again is a 
normal procedure in geological mapping (including geological core logging, tunnel 
mapping, etc.), since a geological map at whatever scale can only show the rock 
distribution in terms of "mappable units" (or in stratigraphy, "formations") at the scale 
which is appropriate to the project.  At Olkiluoto, the project requires a definition of the 
intact rock characteristics at a linear scale of 10 m and above, as a general background 
to all the other activities - this is the aim of the present Section.  More detailed intact 
rock characterisation, for certain categories and specific purposes, is also required, as 
outlined in the other Sections at the appropriate places.   

The rocks in the Olkiluoto bedrock can be subdivided into three groups, based on 
general field relations and mode of origin.  The first group is by far the largest, probably 
making up more than 95% of the upper 1 km of the Olkiluoto bedrock.  It consists of 
migmatites, high-grade metamorphic rocks and granite pegmatites, formed under high 
temperature and pressure conditions, deep in the Earth's crust, and having undergone 
polyphase deformation and partial melting during the Svecofennian orogeny (some 
1900 to 1800 million years ago, Lehtinen et al. 2005).  The second group encompasses 
two types of igneous rock occurring as small intrusive bodies (dykes, sills, veins, etc.) 
within the first group, but clearly cross-cutting and younger (i.e. interpreted as intruded 
later than the migmatisation, metamorphism and polyphase deformation).  The third
group consists of rocks formed at depth in deformation zones under conditions of 
temperature and pressure which led to the formation of cohesive crush rocks (mylonites, 
cataclasites, etc.) rather than incoherent gouge or breccia.  These are thought to be of 
very minor occurrence at Olkiluoto, based on present knowledge of the site, but they are 
included because of their potential significance for identifying deformation zones, 
which are of critical importance from the point of view of the project needs and aims 
(see Chapter 3 ). 

Each of these groups is subdivided into categories, according to group-specific criteria, 
as indicated under the separate headings below.  The subdivisions within Group 1 are 
described in more detail in Kärki & Paulamäki (2006). 

2.1.2 Group 1 Rock Types (Migmatites, Gneisses, Pegmatites) 

As noted above, the bedrock at Olkiluoto mainly consists of a heterogeneous complex 
of migmatitic and high-grade metamorphic rocks which were formed in the core of an 
orogenic belt about 1900-1800 Ma ago (the Svecofennian orogeny).  In spite of the 
complexity and heterogeneity, and the lack of good exposures, detailed work in cleaned 
trenches and on the cores and images from the numerous drillholes over the past two 
decades has produced a practical classification appropriate to the present project, as 
summarized in Kärki & Paulamäki (2006).  Three main sub-groups are distinguished 
and are further subdivided, as described below.

Migmatitic gneisses

Migmatites are heterogeneous rocks, consisting of two components, "paleosome" and 
"neosome", intimately mixed on a scale of 1cm-10cm-100cm (see Section 2.2).  The 
names of the two components derive from the interpretation of migmatites as rocks 
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which have formed by partial melting. Paleosome is the part of the rock representing 
partially melted residues of the original material or "protolith", whilst neosome is the 
part representing the molten material, which may have remained approximately where 
the melting took place or may have migrated to its present position from the 
surroundings.  Since the paleosome consists mainly of minerals with high melting 
points (particularly Mg and Fe-rich minerals) and neosome of minerals which have a 
low melting point (particularly Si and Al-rich minerals), field recognition of migmatites 
is largely based on field recognition of these minerals, together with the recognition of 
typical migmatite structures.  At Olkiluoto, the paleosome is dominated by biotite (black 
mica) and the rock itself is gneissose because of the abundant neosome (foliated but 
lacking schistose texture), hence the general name for the dominant rock type: 
migmatitic gneiss (earlier called migmatitic mica-gneiss).  These migmatites contain 
more that 10-20% neosome (rough visual estimate) and are subdivided into three types, 
according to the observed migmatite structure: 

diatexitic gneisses DGN (irregular and unsystematic paleosome/neoseome 
relationships, often with diffuse boundaries and little sign of foliation) - making up 
about 21% of the Olkiluoto bedrock 
veined gneisses VGN (composition as diatexites, but with irregular, lensoid or 
folded neosome streaks and often a rough foliation) - making up about 43% of the 
Olkiluoto bedrock 
stromatic gneisses SGN (composition as diatexites, but showing a  strong banding 
- intercalated paleosome and neosome layers - parallel to a marked foliation) - 
making up less than 1% of the Olkiluoto bedrock 
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Figure 2.1. Migmatitic gneisses of the Olkiluoto region. A) Weakly migmatised pelitic 
mica gneiss. Taipalmaa, x = 6787629, y = 1525990. B) Stromatic migmatite. 
Puulunkulma, x = 6787835, y = 1527938. D) Veined gneiss. Island of Pukkiluoto, x = 
6789700, y = 1526522. D) Strongly migmatised diatexitic gneiss. Island of Olkiluoto, x 
=6791357, y = 1525568. The length of the plate is 12 cm. Photos by Seppo Paulamäki, 
GTK.

Non-migmatitic gneisses 

Intimately associated with the migmatitic gneisses are domains of more homogeneous 
rocks.  Some of these are high-grade metamorphic rocks which show only slight 
migmatisation (neosome less than 10-20%), although characterised by a gneissic 
structure.  Others, such as the TGG gneisses (see below), may be have been 
homogenised during strong migmatisation.  Being relatively homogeneous, however, 
they are clearly distinguishable in the field from the migmatitic gneisses described 
above (Fig. 2.1), and are grouped provisionally as “non-migmatitic gneisses” (i.e. 
gneisses which do not show typical, heterogeneous, migmatitic structures in outcrops or 
tunnel walls).  These gneisses are subdivided into descriptive types according to 
estimated mineral content and visual characteristics in the normal way.  The following 
types have been distinguished at Olkiluoto: 

mica gneisses MGN (high-grade metamorphic rocks with more than 20% biotite 
and typically containing cordierite porphyroblasts, equivalent to the dominant 
paleosome in the migmatitic mica gneisses) - making up about 7% of the Olkiluoto 
bedrock

A B

C D
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quartzitic gneisses QGN (high-grade metamorphic rocks containing more than 
60% quartz and feldspar, often occurring as lenses or layers within the migmatitic 
mica gneiss) - making up less than 1% of the Olkiluoto bedrock 
mafic gneisses MFGN (high-grade metamorphic rocks dominated by amphibole) - 
making up less than 1% of the Olkiluoto bedrock 
tonalitic-granodioritic-granitic gneisses TGG  (homogeneous, grey-weathering 
high-grade metamorphic rocks of tonalitic, granodioritic or granitic composition) - 
making up about 8% of the Olkiluoto bedrock 

Pegmatitic granites 

The pegmatitic granites of Olkiluoto area are typically leucocratic, allotriomorphic-
granular and very coarse-grained granitic rocks. Large garnet phenocrysts, or tourmaline 
and cordierite grains of variable size, sometimes occur, and mica gneiss inclusions of 
highly variable sizes and proportions are also typical constituents of the wider 
pegmatitic veins. The widths of the pegmatitic veins and minor intrusions vary greatly, 
the narrowest ones being less than 10 cm in width and the widest several tens or even 
hundreds of metres.  From the systematic logging of rock cores, and from tunnel 
observations (VLJ and ONKALO access tunnels), it is estimated that these rocks make 
up almost 20% by volume of the Olkiluoto bedrock.  The structural aspects of these 
rock units are treated further in Section 2.5.

pegmatitic granites  PGR (coarse-grained, unfoliated or weakly foliated rocks of 
felsic composition, dominated by quartz, alkali feldspar and plagioclase, often in 
proportions corresponding to syenite, granite or granodiorite, and occurring as 
homogeneous rock units, parallel to and cross-cutting the foliation, often irregular, 
folded and/or boudinaged).

2.1.3 Genesis of Group 1 Rocks  

Protolith geochemistry 

The above classification scheme is based on texture, migmatite structure and mineral 
composition, as this can be observed in the field.  This is the only practical way of 
describing and mapping/logging the lithological units for the purposes of the present 
project.  However, whole rock chemistry and detailed petrography of the paleosome has 
been carried out on many samples collected in the field or from rock cores, and the 
results have provided greater insight into the mode of formation of the migmatites 
(pressure/temperature/time) and the nature and composition of the original rocks 
(protolith).  The results of these studies are presented in Kärki & Paulamäki (2006) and 
can be summarised as follows: 

T-series

The members of the T series are mica bearing gneisses and migmatites which are 
assumed to originate from turbidite-type sedimentary materials, from greywacke-type 
impure sandstones at the one extreme and from clay mineral-rich pelitic materials at the 
other. Relatively dark and often cordierite-bearing gneisses that contain less than 60% 
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SiO2 and quartzitic gneisses in which the SiO2 content exceeds 75% are the most typical 
constituent for that. The content of Al2O3 exceeds 12 - 13%, while the concentrations of 
the other major elements are quite typical of corresponding recent and ancient turbiditic 
metasedimentary rocks of pelitic and greywacke origin. 

S-series

The members of the S series are thought to be mixtures of materials of which one 
resembles the rocks of the T series and the other is rich in calcium, most probably 
calcium carbonate. The most essential chemical difference between the members of the 
S series and the other groups lies in the high calcium concentration which in typical 
members of the S series exceed 2%, and maximum concentrations are over 13%, while 
those in the T series are below 2%. In terms of silicity and calcium content, the S-type 
gneisses have been classified into low-Ca, high-Ca and mafic gneiss subgroups. The 
characteristic mineral assemblage for the low-Ca subgroup is quartz, plagioclase and 
biotite, with or without hornblende and garnet. The members of the high-Ca subgroup 
are mostly quartzitic and composed of quartz, plagioclase, hornblende, garnet and 
sporadically pyroxene. A typical paragenesis for the mafic S-type gneisses is 
hornblende, plagioclase, quartz, biotite and sometimes pyroxene. 

P-series

The members of the P series deviate from the others by virtue of their high phosphorus 
content, being characterized by P2O5 concentrations that exceed 0.3%, whereas the 
members of other groups contain less than 0.2% P2O5. Another characteristic feature of 
the P series is the comparatively high calcium concentration, mostly falling between the 
levels for the T and S series. A typical mineral sequence for the P-type mafic gneisses is 
plagioclase, hornblende, biotite and quartz, with apatite and some sphene. Mica gneisses 
and various migmatites make up an intermediate subgroup, and their characteristic 
mineral paragenesis is plagioclase, quartz, biotite and apatite with some K-feldspar in 
the leucosome material. The TGG gneisses constitute a fairly large subgroup in which 
the SiO2 content varies between 55 and 70%. These have a characteristic mineral 
sequence comprising plagioclase, quartz, biotite, K-feldspar and apatite.  

Deformational history  

The migmatites, gneisses and pegmatitic granites of the Olkiluoto bedrock have been 
subjected to polyphase deformation, largely coeval with the migmatisation, regional 
metamorphism and pegmatite intrusion (Pietikäinen 1994, Suominen et al. 1997, 
Veräjämäki 1998).  The deformational history has been subdivided into a number of 
phases and sub-phases, as follows (see Paulamäki & Koistinen 1991, Kärki & 
Paulamäki 2006): 

D1: early isoclinal folding and development of penetrative foliation S1.  Ocasionally 
an even earlier layering can be distinguished which is interpreted as the layering in 
the original sedimentary rocks (S0), now highly modified and subparallel to S1 on 
the limbs of the folds. 

D2: a complex phase of intense deformation and neosome formation 
(migmatisation) which produced tight or isoclinal, small- to medium-scale folds 
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which can be detected all over the study site.  A sequence of sub-phases can be built 
up, as follows:    

D2A: D1 structures are affected by tight to isoclinal folding, with the 
development of a penetrative axial-planar foliation S2A.  S2A can be separated from 
S1 only at F2A fold hinges 

D2B: main deformational event in which the earlier structures are overprinted by 
a penetrative foliation and metamorphic banding S2B, associated with the abundant 
production of granitic neosome parallel to S2B and granitic pegmatites.   

D2C: isoclinal folding of earlier structures, including earlier neosome veins, 
accompanied by semi-concordant shears (S2C). Some fragmentation of the 
migmatites and rotation of blocks occurred in this waning stage of D2

D3: refolding of migmatites and the composite foliation into moderately tight folds, 
with spaced ductile shears containing new granitic neosome along the limbs, 
parallel to the fold axial planes. In places, zones dominated by ductile D3 shear 
structures were formed.  F3 axes plunge typically to NE or SW and axial surfaces to 
the SE, but a new foliation (S3) is only rarely developed, overprinting earlier 
structures. The D3 deformation affected most intensively the central and south-
eastern parts of the Olkiluoto study site and D3 elements are most frequent in those 
areas.

D4: open folds with subvertical axial planes striking NNE-SSW.  No new foliation 
or neosome were produced. These fold structures have been found most frequently 
in the central part of the Olkiluoto area, which seems to be more strongly affected 
by stage D4.

D5: very open upright folds with axial planes striking ESE-WNW  

The main production of neosome (partial melting, migmatisation, formation of 
pegmatitic granites) was during D2, resulting in complex veining and banding before, 
during or after deformation, depending on the local deformational history.  In general, 
however, the dominant S2B foliation is often parallel to lithological layering and to 
earlier foliations and neosome veins, hence, the overall rock fabric at Olkiluoto can be 
generalized as planar, consisting of a composite syn-migmatitic foliation and banding 
S0-1-2  (Milnes et al. 2006). 

2.1.4 Group 2 Rock Types (Intrusive Dykes) 

The rocks in Group 2 occur as cross-cutting dykes which are younger than those of 
Group 1, cutting discordantly through all the structures in the migmatitic and non-
migmatitic gneisses as well as the co-migmatitic granite pegmatite veins.  Although 
such dykes are quite rare at Olkiluoto, they represent a phenomenon - fractures which 
have been used as flow pathways for rock melts - which may have considerable 
importance for repository layout and performance assessment.  Three types of cross-
cutting dyke have been observed on the basis of rock type: 
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Felsic dykes  

Pegmatites (PGR) (coarse-grained, unfoliated rocks of felsic composition, 
dominated by quartz, alkali feldspar and plagioclase additional accessory complex 
minerals, cross-cutting the foliation and other structures in the Group 1 migmatites 
and intruded later than the Group 1 granite pegmatites).

K-feldspar porphyry (KFP) (porphyritic, unfoliated rocks of felsic composition, 
dominated by K-feldspar, quartz and plagioclase, which in most cases cross-cut the 
foliation, although more gradational contacts with the migmatites also occur. The 
shape of the KFP-units may be dyke-type or more massive, irregularly shaped) 

Cross-cutting felsic dykes are rare at Olkiluoto, but have been encountered in some of 
the trenches ( Paulamäki 2005a, 2005b, Mattila et al. in press) and also in the ONKALO 
access tunnel. 

Mafic dykes 

diabases MDB (fine-grained, unfoliated rocks of mafic composition cross-cutting 
all the rocks and structures in Group 1) 

Mafic dyke rocks classified as diabases have been identified sporadically at Olkiluoto. 
The dykes are typically very narrow, of widths varying from 5 to 50 cm, and the rocks 
are dark coloured, dense and fine-grained saussurite-albite rocks. The contacts of these 
dykes are sharp. 

2.1.5 Group 3 Rock Types (Fault Rocks) 

Group 3 contains all cohesive materials which occur within deformation zones.  Such 
“fault rocks” are produced by the mechanical breakdown of the wall rocks (mainly 
Group 1 rocks) under elevated temperatures and pressures, with or without 
mineralogical transformations due to retrograde metamorphism and circulating fluids.  
The classification of fault rocks used here (Fig. 2.1) is derived from the work of Sibson 
(1977), and its basis is discussed in more detail in Chapter 3 in connection with the 
charaterisation of deformation zone intersections (cf. Sections 3.1 and 3.3).  The 
classification table is subdivided into two parts, labelled “incohesive” and “cohesive”.  
The incohesive materials which develop in fault zones near the Earth’s surface, such as 
fault gouge and fault breccia, are by definition not intact rocks.  Hence, they are not 
treated here, but in Chapter 3, since they are a defining feature of some types of brittle 
deformation zone (Section 3.2).  In contrast, the cohesive materials which form in fault 
zones at deeper levels in the Earth’s crust (cf. Fig. 3.1), are compact rocks in the true 
sense of the word.  The modes of formation of these rocks are discussed further in 
Section 3.3 (Ductile and semi-brittle deformation zones).  Although these rocks are 
rarely, or have not yet been, observed at Olkiluoto, they are included for the sake of 
completeness, since they occur in deformation zones whose identification and 
characterisation is one of the main objectives of geological research at the site.  
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mylonites  (strongly foliated and finely laminated, generally fine-grained, rocks, 
often containing porphyroclasts showing typical shear-related features - for more 
discussion, see Subsection 3.3.1) 

cataclasites  (massive rocks, often mineralized, consisting of  fragments of different 
rock types in a fine-grained, recrystallized matrix of greenschist-facies minerals - 
for more discussion, see Subsection 3.3.2) 

pseudotachylytes  (very fine-grained to glassy rocks, sometimes foliated, often 
black in colour, sometimes occurring in vein-like networks in high-grade 
metamorphic rocks, migmatites and intrusives in the wall rock bordering mylonite 
and cataclasite zones - for more discussion, see Subsection 3.3.2).  

In mylonites and cataclasites, the matrix consists of fine-grained rock produced by the 
mechanical (tectonic) crushing and recrystallization of the, often coarse-grained, wall 
rocks (mainly Group 1, above), under greenschist facies conditions.  At deeper levels 
and higher PT conditions (amphibolite facies and higher, cf. Fig. 3.1),  rocks are formed 
which are called: 

blastomylonites (strongly foliated, medium-coarse-grained rocks often containing 
high-grade minerals, e.g. sillimanite). 

In the classification table for deformation zone intersections (Table 3-1), 
blastomylonites are typical for the cores of high-grade ductile deformation zones, 
whereas mylonites are typically for the cores low-grade ductile deformation zones - for 
further discussion, see Chapter 3. 
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Figure 2.2. Classification of “fault rocks” i.e. cohesive rocks and incohesive materials 
formed in the cores of deformation zones (from Sibson 1977, see also McClay 1987). 
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2.2 Heterogeneity-Anisotropy within Rock Volumes 1 m3 to 30 m3

In Section 2.1, the lithology of the rocks in the Olkiluoto bedrock was described and 
categorized in rock blocks at scales of 1m-10m-100m, i.e. what can be called the “bulk” 
lithology.  The main basis for this work is field experience and expert judgement, 
founded on the wide experience of the Finnish Geological Survey of the geology of the 
Precambrian bedrock in Finland and on the scientific descriptions of similar complexes 
the world over.  However, even the most casual observer can see that many rocks at 
Olkiluoto, particularly the widespread migmatitic gneisses, are very heterogeneous at a 
much smaller scale - they are typified by a banded, “fluidal” or “fragmented” 
appearance in which the thickness of the individual bands, lenses and patches are 
measured in centimetres or tens of centimetres, rather than metres and tens of metres.  
In addition, the bands and lenses very often show a “preferred orientation” on a larger 
scale: when outcrops or tunnel walls are viewed from a distance, the traces of the bands 
and lenses on the rock surface are all parallel, like a shoal of fish.  In scientific terms, 
the rock fabric at Olkiluoto is said to be characteristically heterogeneous and 
anisotropic, and can be described in terms of a composite foliation.  The geological 
background to the development of foliation, its rock mechanics significance, and some 
results of preliminary investigations at Olkiluoto are treated in detail in a recent 
Working Report (Milnes et al. 2006, which also summarizes the results of the detailed 
studies of Palmén 2004 and Aaltonen 2005). The characterisation of the foliation, i.e. 
the small-scale heterogeneity and anisotropy, of many of the rocks at Olkiluoto is 
difficult, but at the same time important for both rock engineering and performance 
assessment.  Also, particular attention must be paid to this aspect of rock 
characterisation and geological data acquisition at Olkiluoto because it addresses a 
problem which is unique, from the point of view of constructing a deep repository for 
spent nuclear fuel, and for which there is no body of international experience.  In this 
Section, we outline the methodology which has been developed for placing data 
acquisition in this area on a systematic basis (Milnes et al. 2006).

The term heterogeneity (and, correspondingly, homogeneity) refers to the compositional 
variations within a certain volume of rock, particularly the presence of bands, lenses and 
masses of different mineralogical composition (as produced by partial melting and 
migmatite formation).  In contrast, the term anisotropy (and isotropy) refers to the 
textural relationships within a certain volume of rock, i.e. the rock fabric, particularly 
the presence of preferred mineral orientation, e.g. mica grains with similar orientations 
(as produced by deformation at high temperatures and pressures, to form schists and 
gneisses).  To use the concepts meaningfully, however, depends on defining the phrase 
"within a certain volume of rock".  For the purposes of  core and scanline logging at 
Olkiluoto (linear data sets), we use a reference rock volume of 1 m3, which will be 
represented approximately by a reference core or scanline length of 1 m, whilst for 
more general areal mapping (outcrops, trenches, tunnel walls, etc.), we use a reference 
area of ca. 10 m2 (a square with sides roughly 3m x 3m, or a circle roughly 3.5 m in 
diameter) corresponding to a reference rock volume of ca. 30 m3. This defines the scale 
of observation which is the basis for the following characterisation scheme. 

Although heterogeneity and anisotropy are in principle independent variables, the 
particular geological history of the Olkiluoto bedrock and the planned use of the data 
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within the ONKALO project (for rock engineering and hydrogeology) justify 
considering these parameters together.  As indicated in Subsection 2.1.2, the 
metamorphic and deformational history of the rocks has resulted in a composite
foliation, in which the heterogeneities produced during migmatisation (neosome-
palaeosome) are generally arranged as bands and lenses parallel to the planar anisotropy 
produced during the main phase of ductile deformation.  When a foliation of this type is 
widespread, as at Olkiluoto, it has serious rock mechanics consequences, and through its 
tendency to “guide” later fracturing, is also significant for hydrogeological modelling 
(Milnes et al. 2006).  The meaningful and systematic characterisation of this type of 
foliation, in which both heterogeneity and anisotropy play a part, is the aim of the 
following geological data acquisition programme. 

2.2.1 Systematic Characterisation Procedure  

The descriptive characterisation of small-scale heterogeneity/anisotropy along cores 
/scanlines and in small areas ("windows") is carried out in a series of steps (Steps 1-3, 
below), starting with a general assignment of the intact rock within the reference 
volume to one of the lithological types distinguished in Section 2.1.  An overview of the 
characterisation scheme is given in Table 2-1, and the details of each step in the 
procedure are described separately, below. 
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Table 2-1.   Descriptive characterisation of rock heterogeneity and anisotropy in cores 
and small mapping areas  at Olkiluoto (for explanation of Steps 1-3, see text). The 
highlighted box is shown in more detail in Table 2-2, together with an explanation of 
the rock mechanics foliation (RMF) number. 

Intact rock
(“bulk lithology”  see Section 2.1) 

Step 1. Subdivision of intact rock according to isotropy/anisotropy and 

homogeneity/heterogeneity

Isotropic rocks (massive)  
Category 1A (homogeneous) 
Category 1B (heterogeneous) 

Anisotropic rocks (schistose, gneissic, banded - 
known collectively as "tectonites")  

Category 2A (homogeneous)  
Category  2B (heterogeneous) 

Step 2. Subdivision of anisotropic rocks 

(tectonites) according to type of anisotropy 

Linear

anisotropy

(L-tectonites) 

Planar and planar/linear 

anisotropy

(S- and SL-tectonites) 
foliated rocks, with or without 

lineation 
Step 3. Subdivision of foliated 

rocks according to type and 

degree of foliation 

Matrix based on foliation type:
G (gneissic), B (banded), S 

(schistose), and foliation degree:
1 (weak), 2 (medium), 3 (strong) 

G1 G2 G3 

B1 B2 B3 

(all isotropic rocks, whether 
heterogeneous or homogeneous, 
can be treated as “massive” for 

rock mechanics and fracture 
system modelling) 

(L-tectonites 
can be treated 

as
approximately 
“massive” for 

rock
mechanics and 

fracture
system 

modelling)

S1 S2 S3 

Assignment of rock mechanics foliation (RMF) number 

RMF = 0 - all rocks which can be treated as 
“massive” from a rock mechanics point of view 

RMF = 1 - G1, G2, B1 
RMF = 2 - G3, B2, S1 
RMF = 3 - B3, S2, S3 
See Table 2-2 

? 10-20 % of Olkiluoto bedrock 
? 5 % of 
Olkiluoto
bedrock

? 75-85% of Olkiluoto bedrock 
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Step 1: subdivision of intact rock according to isotropy/anisotropy and 
homogeneity/heterogeneity  

Since isotropy/anisotropy and homogeneity/heterogeneity are independent variables, 
any sample of intact rock, whatever its lithological character, can be assigned to one of 
four categories: 

Category 1A: isotropic and homogeneous 

At Olkiluoto, such rocks are referred to as massive, in line with normal geological 
usage.  Many of the granites and granite-pegmatites fall in this category. 

Category 1B: isotropic and heterogeneous 

At Olkiluoto, some types of migmatitic gneiss fall in this category - those where the 
neosome is in the form of irregular veins and diffuse equidimensional or randomly 
oriented masses.  Such rocks have the same rock engineering and performance-related 
significance as Category 1A, and will treated as massive, for present purposes. 

Category 2A: anisotropic and homogeneous 

At Olkiluoto, this category is mainly represented by the homogeneous gneisses (non-
migmatitic, high-grade metamorphic rocks).  In line with common usage in geology, 
rocks of this category which are mica- and/or amphibole-rich will be called schistose,
and rocks which are quartz- and feldspar-rich will be called gneissic (see Step 3). 

Category 2B: anisotropic and heterogeneous 

At Olkiluoto, this category is mainly represented by common types of migmatitic 
gneiss, particularly veined and stromatic gneisses. Rocks showing the characteristics of 
the stromatic gneisses migmatites are commonly referred to as banded , since they have 
a typical striped appearance (alternating light coloured and dark coloured bands or 
streaks) in cores and outcrops (see Step 3). The term “banded” will also be used here for 
veined gneisses, although the planar anisotropy in these rocks is composed of lensoid 
and discontinuously tabular heterogeneities, rather than continuous parallel-sided bands.       

It is  important to note here that, although some lithologies at Olkiluoto may 
characteristically fall in one or other of the above categories, the subdivision is small-
scale descriptive, and is independent of the bulk (large-scale) lithology, assigned in the 
course of general geological mapping (Section 2.1).  In principle, a particular lithology 
can fall into any of  the above categories, although often it is typically developed as one 
of them and only occurs in the other categories exceptionally.  For instance, a granitic 
rock generally falls in category 1A, but sometimes (e.g. when it contains numerous 
xenoliths) in 1B.  Often, however, granites which have suffered some degree of ductile 
deformation will fall in categories 2A (or 2B), although they are then usually called 
granitic gneisses or gneissic granites. 
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Step 2: subdivision of anisotropic rocks (tectonites) according to type of 
anisotropy  

Anisotropic rocks whose anisotropy has been produced by natural rock deformation - at 
Olkiluoto, under  high temperatures and pressures, often accompanied by partial 
melting, deep in the Earth's crust - are called tectonites (Turner & Weiss 1963).  This is 
a general name for all rocks at Olkiluoto which fall in Categories 2A and 2B (Step 1, 
above).  Tectonites can be either foliated, lineated or both, and are subdivided into three 
groups on this basis (Milnes et al. 2006): 

S-tectonites - mineral shapes, crystallographic planes, shapes of mineral aggregates,  
and neosome bands and lenses are arranged in such a way that the rock takes on a 
penetrative planar anisotropy (called foliation)
L-tectonites - mineral shapes, crystallographic planes, shapes of mineral aggregates, 
and neosome bands and lenses are arranged in such a way that the rock takes on a 
penetrative linear anisotropy (called lineation)
SL-tectonites - mineral shapes, crystallographic planes, shapes of mineral 
aggregates, and neossome bands and lenses are arranged in such a way that the rock 
takes on a combined planar/linear anisotropy.  The foliation planes are defined as in 
S-tectonites, but they show a lineation (often called a "stretching lineation") which 
is of the same character as that of L-tectonites  

For the present project, interest is focussed on foliated rocks (S-tectonites and SL-
tectonites) because the main feature which affects underground construction, repository 
layout, fracture network parameters, etc., is the planar anisotropy in the intact rock, 
which provides pervasive planes of mechanical weakness.  Although some types of 
modelling need to take the lineation into account (e.g. thermal modelling), it is the 
foliation in tectonites which is significant for rock engineering and performance 
assessment.  Also, foliated rocks are more common and more continuously developed at 
Olkiluoto than rocks with a dominantly linear anisotropy (L-tectonites).   Hence, for 
present purposes, anisotropic rocks, or tectonites (rocks falling in Categories 2A and 
2B, in Step 1) will be subdivided into two groups: 

S- and SL-tectonites (rocks showing a planar anisotropy, whether lineated or not) 
L tectonites (rocks showing only a linear anisotropy, otherwise unfoliated) 

The first group,  "S- and SL-tectonites", will be referred to collectiviely as foliated 
rocks, whether or not the foliation shows a marked lineation,  and these will be 
subdivided further in the next step of the characterisation system (Step 3, see Table 2-1).
Anisotropic rocks which are lineated but unfoliated (L-tectonites) lack pervasive planes 
of mechanical weakness and thus can be treated as "massive" from a rock engineering 
point of view, e.g. for rock stability estimation (Table 2-1).  
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Step 3: Subdivision of foliated rocks according to type and degree of foliation 

Foliated rocks (S- and SL-tectonites) need to be subdivided into descriptive types which 
reflect their significance for the ONKALO project, i.e. for underground construction 
and/or hydrogeology.  Since their significance for hydrogeology is indirect (via their 
significance for fracturing), we concentrate on the rock mechanics significance of 
foliation, which is affected by two independent factors: 

The mineral composition of the rock.  This affects the type of foliation, and some 
types are more significant for rock mechanics and fracture development than others. 
The intensity of the deformation which produced the foliation.  This determines 
how well developed the foliation is, i.e. the degree of foliation, whatever the 
mineral composition.  A very well developed foliation (high degree) is much more 
significant from a rock mechanics point of view than a poorly developed foliation 
(low degree). 

These factors are independent variables: each can be subdivided separately into 
descriptive types (categories) on the basis of observational criteria, and need to be 
combined in the form of a classification matrix.  For the purposes of the present project, 
it is sufficient to subdivide each variable into 3 categories, giving a matrix of 9 
descriptive types, as indicated below. 

(a)  Visual estimation of  type of foliation,  and subdivision into 3 categories (based on 
general experience at Olkiluoto and the results of a detailed foliation characterisation 
studies: Palmén 2004, Aaltonen 2005).  Visual estimation takes place by comparing the 
observed conditions with a standard set of photographs (Milnes et al. 2006, Appendix 
1):

G - gneissic (rock dominated by quartz and feldspars; no continuous trains of micas or 
amphiboles)  
B - banded (intercalated gneissic and schistose layers)  
S - schistose (rock dominated by micas and/or amphiboles; these minerals are arranged 
in continuous trains so that the preferred orientation of crystallographic cleavages 
provide a general plane of mechanical weakness)  

The dominant type of foliation (G, B, S) is estimated on the linear metre scale (e.g. core 
sections of 1m length) or on the areal 10m2 scale.  From a rock mechanics point of 
view, an S-type foliation is much more significant than a G-type (because of the 
continuous trains of micas and/or amphiboles, which are mechanically very weak), and 
the B-type lies somewhere between the two. 

(b)  Visual estimation of degree of foliation, and subdivision into 3 categories, is also 
done by comparison with a standard set of core photographs (Milnes et al. 2006, 
Appendix 1), which have been chosen and categorised on the basis of general 
experience at Olkiluoto and the results of the detailed studies, as follows: 

1 - weakly foliated  
2 - moderately foliated  
3 - strongly foliated  
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(c)  The foliation matrix 

The two variables, type of foliation and degree of foliation, can be combined in a matrix 
which is constructed to reflect the rock mechanics significance of the 9 categories.  The 
type categories (G, B, S) are arranged vertically, with the mechanics significance 
increasing downwards, whilst the degree categories (1, 2, 3) are arranged horizontally, 
with the mechanical significance increasing to the right (Table 2-1)  This means that the 
combined significance increases diagonally, from the upper left to lower right corner.  

2.2.2 Assignment of Rock Mechanical Foliation (Rmf) Number 

The main aim of the methodology described above is to characterise rock volumes at the 
scale 1-30 m3 (linear reference scale 1m, areal reference scale 10m2) which are 
heterogeneous and anisotropic  (typical for 75-85 % of the Olkiluoto bedrock), in a way 
which is meaningful for ONKALO-related problems.  The procedures outlined in Steps 
1-3 are being carried out systematically on rock cores and tunnel scanlines, and are 
being used as guidelines for the more general description of heterogeneity and 
anisotropy in outcrops, trenches, tunnel walls, etc.  The data collected can be 
summarised in a final step as a rock mechanics foliation (RMF) number, as shown in 
Table 2-2: 

Table 2-2.  The foliation matrix, developed for characterising variations in the type and 
degree of foliation in the heterogeneous and anisotropic rocks typical for Olkiluoto (see 
Table 2-1), and its interpretation in terms of rock mechanics significance. 

 degree of foliation 

rock mechanics significance of foliation increasing 
from left to right

G1
gneissic/weak

G2
gneissic/moderate 

G3
gneissic/strong

B1
banded/weak

B2
banded/moderate 

B3
banded/strong

type of foliation

rock mechanics 
significance of 

foliation
increasing from 
top to bottom 

S1
schistose/weak 

S2
schistose/moderate 

S3
schistose/strong

Assignment of RFM number  
foliation of low rock mechanics significance (RMF = 1) 
foliation of intermediate rock mechanics significance (RMF = 2) 
foliation of high rock mechanics significance (RMF = 3) 
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For ease of reference, the coloured cells in Table 2-2 zones have been assigned 
numbers, the rock mechanics foliation numbers, or RMF numbers, as follows:  

RMF = 1

Number given to all rock volumes which are characterised by a foliation which has low 
rock mechanical significance (categories G1, G2 and B1, dark blue in Table 2-2) 

RMF = 2

Number given to all rock volumes which are characterised by a foliation which has 
intermediate rock mechanical significance (categories G3, B2 and S1, light blue in 
Table 2-2) 

RMF = 3

Number given to all rock volumes which are characterised by a foliation  which has 
high rock mechanical significance (categories B3, S2 and S3, red in Table 2-2) 

In addition, as indicated on Table 2-1: 

RMF = 0 

Number given to all rock volumes which can be treated as “massive” from a rock 
mechanics viewpoint (unfoliated, irregular, crumpled, etc.; to a good approximation, L-
tectonites can be included in this group, see Table 2-1).

Although the RMF number has not yet been calibrated for practical rock engineering 
usage, experience from applying this method of characterisation to rock cores suggests 
up to now that RMF = 2, the most common designation observed at Olkiluoto, indicates 
rocks for which the foliation must be taken into account but which are not expected to 
entail special measures during underground excavation.  RMF = 1 is a category which, 
from a rock engineering point of view can be treated as "massive" (RMF = 0) in most 
instances, although it may be necessary, at some places, to take the foliation into 
account, depending on its orientation with respect to the tunnel axis.  However, the 
interest of rock engineers is likely to be mainly focussed on zones with RMF = 3 (the 
red cells on Table 2-2), because of the stability problems which arise in zones of 
strongly foliated and schistose or banded rocks 

Zones in the intact rock with RMF = 3 will clearly need to be studied more closely in 
the course of geological data acquisition at Olkiluoto.  Such zones, when they are 
encountered during core logging and tunnel mapping, will be coded as high-grade 
ductile deformation zone intersections (HGI, see Table 3-1 and Section 3.3) and an 
attempt will be made to include such zones as deteministic structures in the geological 
models.  This procedure is discussed further in Chapter 3.  
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2.3 Structural Features and Relationships 

2.3.1 Composite Foliation - Acquisition of Systematic Orientation Data  

The main structure in the intact rock at Olkiluoto is the composite foliation, S0-1-2, which 
was formed during the period of migmatite formation (see Subsection 2.1.3) and which 
was the main focus in the methodology for the systematic characterisation of 
heterogeneity and anisotropy in the Olkiluoto bedrock (see Section 2.2).  Foliation is a 
pervasive structure, a rock fabric which reflects the preferred crystallographic and shape 
orientation of mineral grains, mineral aggregates and neosome bands and lenses (Milnes 
et al. 2006).  Under Section 2.2, reference rock volumes of 1 m3 and ca.30 m3, roughly 
represented by a core length of 1 m and an area of tunnel wall of 10 m2, were used to 
indicate the scale of characterisation.  For the purposes of orientation analysis, these 
scales will also be used as reference scales. It will be assumed that a single 
measurement of the orientation of the foliation within a 1m3 rock volume (or along a 1m 
length of core or scanline) is representative of the planar anisotropy which characterises 
that volume.  Similarly, in areal mapping, it will be assumed that the maximum number 
of orientation measurements which are to be averaged to derive the mean orientation 
within a 10 m2 window is 10, although, as we shall see, this number can be considerably 
reduced using visual judgement.  When the degree of foliation is moderate to strong, 
this will normally be demonstrably the case (for instance, by visual inspection of core, 
tunnel wall, outcrop photographs, etc.).  When the foliation is weak, it may be difficult 
to demonstrate, and difficult to ascertain which of a number of possible measurement 
sites is the most representative of the whole volume (or core length).  This is a sampling 
problem which must be solved by expert judgement, but the reduced reliabilility 
(reduced certainty as to the representiveness of the single measurement) should be 
capable of reconstruction from the foliation data base.  In general, however, it is 
assumed that a single orientation measurement of foliation is representative of 1m3 of 
rock, and that, for larger volumes, a mean value derived from several measurements 
must be established.

The fact that foliation is a pervasive structure, and that a single measurement is taken as 
representative of a certain volume of intact rock, has important consequences.  The 
main one is that, in contrast to fracture system analysis, the methodology is simpler, but 
statistically much less rigorous.  Foliations are not individual features, so there are no 
parameters of size, and there is no necessity to apply complicated statistical methods to 
correct for sampling biases (e.g. there is no "Terzaghi effect").  Similarly, the results of 
statistical computations, such as the Fisher function (which many computer codes 
determine from any collection of structural data), are to be treated with great care, 
because the number of measurements is not determined by the number of objects which 
exist (e.g. fractures in a fracture network), but by the number of measurements the 
observer decides to make.   

Since the acquisition of foliation data sets (collected data from sections of cores  or 
scanlines, or from outcrop windows) is not statistically systematic in the true sense, it is 
not meaningful to process such data in a strictly statistical way.  The main focus is on 
identifying structural domains which can be considered "statistically homogeneous" 
with respect to a particular parameter (in this case orientation of foliation), whereby 
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"homogeneous" here means that the whole domain can be represented meaningfully by 
a single parameter (for instance, foliation orientation or RMF number).  Since statistical 
tests cannot be carried out, the answer to the question: what is meaningful? must be 
based on expert judgement, on site-specific experience, and on the needs of the project.  
The projects needs were outlined in Chapter 1, where three levels of investigation and 
analysis were distinguished (Section 1.3); these levels are are treated separately in the 
following, with emphasis on the systematic level.   

Foliation data acquisition - general level 

The general mapping of outcrops, trenches and tunnel walls, etc., is aimed at obtaining 
sufficient orientation data from variably sized mapping windows to provide a 
satisfactory general coverage of foliation variations within the site, as a general 
background to the geological site model (cf. Subsection 1.3).  Procedures follow normal 
structural geological mapping procedures (e.g. Fry 1984, McClay 1987) and are mainly 
used for covering larger areas than the site itself, as a regional framework for the site 
model. A common method of analysis is known as "form line mapping", where “form 
lines” are the traces of imaginary single foliation surfaces on the ground surface, 
interpreted in unexposed areas by roughly estimating their trend and position between 
the nearest outcrops with foliation measurements (Hobbs et al. 1976, p. 365-368, 
Passchier et al. 1990, p. 9-10, synonymous with "foliation trajectories", for instance, in 
Davis & Reynolds 1996).  Obvious zones of strongly foliated rocks ("shear zones") and 
areas of unfoliated rocks ("tectonic lenses") are mapped as geological domains, but no 
attempt is made to distinguish domains of different types or degrees of foliation on a 
more subtle basis, such as the methodology outlined in Subsection 2.2.1. With regard to 
subsequent discipline-specific processing, stereographic projection and the analysis of 
pole distributions is the main methodology, combined with overall structural analysis, 
as described in numerous structural geology text books (e.g. Hobbs et al. 1976, Davis & 
Reynolds 1996, Part III). 

Foliation data acquisition - systematic level 

The general foliation mapping described above is little more than the standard method 
of structural geological mapping described in many textbooks.  Because of the potential 
importance of the composite S0-1-2 foliation at Olkiluoto, however, there is a need for a 
more systematic approach which is comparable to the systematic acquisition of fracture 
orientation data (Chapter 4).  Hence, a methodology has been developed which will lead 
to data sets which satisfy this need, but still take account of the time constraints which 
the project imposes.  This methodology is described in detail in Milnes et al 2006: 

(i) Window mapping

Systematic window mapping of foliation type, degree and orientation will be applied 
outcrops, trenches and tunnel walls, etc., as appropriate, and is aimed at obtaining 
representative orientation data (average values) and visual RMF estimates from 5-10 m2

mapping windows.  The aim is to attach a single (representative) foliation orientation 
and a single RMF number to each window (cf. Mattila et al. in press).  In heterogeneous 
rocks such as those typical of Olkiluoto, this requires a more conscious procedure than 
is necessary in geologically simpler areas, as outlined in Milnes et al. 2006.  
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(ii) Core and scanline logging 

Two types of systematic linear sampling of foliation characteristics will carried out, as 
the need arises: 
a) The detailed logging of oriented cores in the core storage facility after completion 

of drilling. In the absence of OPTV-type borehole-wall imagery, the basic 
requirement is that the cores have been successfully oriented by an in-hole 
mechanical process. If OPTV-type borehole-wall imagery is available, foliation 
mapping would be mainly carried out using this tool, side-by-side with the cores for 
image control.    

b) The detailed logging of scanlines drawn on outcrop surfaces, tunnel walls, etc., or 
on detailed outcrop maps, tunnel wall profiles, etc. 

The reference length of core or scanline in each case is 1m, and the aim of this type of 
systematic logging is to attach a single (representative) foliation orientation, and a 
single (average) RMF number, to each 1m line length. The procedures are outlined in 
Milnes et al. 2006.

Foliation data acquisition - research level 

From its very nature, it is not possible to give procedural instructions for detailed study 
of foliation at the research level (cf. Section 1.3).  Future research-oriented studies will, 
however, be necessary (for instance, for developing a deepened understanding of the 
relation between foliation and fracturing, as an important background for the safety 
assessment), and will be carried out on cores from the characterisation drillholes (e.g. 
similar to the foliation study of drillhole OL-KR12, Palmén 2004), and/or on segments 
of tunnel which are of special interest (e.g. across major brittle-ductile deformation 
zones).

2.3.2 Other Tectonic Elements - General Data Acquistion  

The procedures outlined above focus on the composite S0-1-2 foliation, which, because of 
its occurrence as a pervasive structure throughout the Olkiluoto bedrock, is of direct 
relevance to the present project.  However, it is known that the bedrock was formed 
under high-grade metamorphic conditions over a long period of time, going through a 
complicated metamorphic and structural history, with at least five phases of ductile 
deformation (cf. Subsection 2.1.3).  This mode of formation led to the development of a 
whole spectrum of other tectonic elements, whose characteristics may not be of direct 
relevance to project aims but are certainly important for site understanding.  Within the 
geological data acquisition programme, these structures are being treated at the general 
level of investigation.  Much of this data has already been collected, particularly along 
rock cores and in surface outcrops and trenches, and the data has also been analysed, in 
part.  In the following, we focus on three of the most important types of structural data 
which have been and will continue to be acquired, particularly in new surface trenches 
and in ONKALO.
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Lineation

Like foliations, lineations are pervasive fabric elements, reflecting a linear (rather than a 
planar) arrangement of crystallographic planes and/or axes, and of the shapes of mineral 
grains, mineral aggregates and neosome bands and lenses, in the rock (Milnes et al. 
2006).  In the type of metamorphic complex occurring at Olkiluoto, foliation and 
lineation are genetically related and the rocks (“tectonites”, see Subsection 2.2.1) show 
varying degrees of both foliation and lineation (“S-, SL-, and L-tectonites”, loc. cit.).  
However, as noted earlier, a lineation rarely has any significance for rock engineering, 
and, in fact, L-tectonites (rocks without a foliation, only a lineation) are considered to 
be “massive” as far as their rock mechanics significance is concerned (Table 2-1).  
Nevertheless, for site understanding, and sometimes for geological modelling (e.g. at 
Forsmark, see SKB 2005), a good knowledge of lineation orientation variations within 
the site and its surroundings is a major asset.  Hence, at Olkiluoto, lineation 
measurements have been and are being made at every opportunity, and it is planned to 
include lineation orientation in the systematic foliation orientation proceedures 
(Subsection 2.3.1), whenever possible. The acquisition of lineation orientation data 
follows normal geological mapping procedures (e.g. Fry 1984, McClay 1987) and 
subsequent analysis in conjunction with the foliation data follows the standard 
methodology of modern structural geology, as described in numerous textbooks (e.g. 
Turner & Weiss 1963, Hobbs et al. 1976, Davis & Reynolds 1996).  Although linear 
structures are of little significance for rock mechanics or hydrogeology, in crystalline 
complexes like Olkiluoto they are often important for the construction of geological site 
descriptive models and for understanding the geological evolution of the site.  Hence, 
every effort is being made to build up a lineation database for the intact rock at 
Olkiluoto.

There is, however, a major difference between the acquisition of orientation data for 
foliations and lineations in drillholes, which has to be taken into account.  In drillholes, 
lineation orientation is more difficult to measure than foliation orientation, unless a 
sophisticated core orientation procedure is in place. The reason is that lineations are not 
measurable on BIPS or OPTV-type imagery, if a foliation is also present. Even in the 
case of L-tectonites, it can only be done by expert inspection of the images (the system 
would find a foliation and measure it, if normal procedures were followed), and is then 
little more than a rough estimate.  The orientation of lineations in rock cores can only be 
satisfactorily measured if the core itself is oriented, either by an in-hole mechanical 
process (as is carried out routinely in the Posiva drilling programme), or by using a 
method of retrospectively orienting unoriented core segments when the segment shows 
a lineation (as is now the procedure at SKB).  Since mechanical in-hole core orientation 
is never 100% possible, both SKB and Posiva have developed techniques for 
retrospective core orientation, when needed, but both that and the physical measurement 
of lineation orientation on core are much more time consuming than foliation 
orientation measurement procedures on borehole-wall images.   

“Minor folding” 

The development of systems of minor folds is a typical feature of the Olkiluoto 
migmatites - “minor” in this context meaning folds with amplitudes and wavelengths at 
scales of centimetres, tens of centimetres and metres.  In outcrops and trenches, and in 
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tunnel walls, folding at these scales is clearly visible, when present, whereas an expert 
eye is often needed to distinguish, measure and analyse such folding in rock cores.  In 
many cases, folded rock in cores is classified as irregular and considered as “massive” 
with regard to its rock mechanics significance (RMF = 0, see Subsection 2.2.2). Folded 
rock in the tunnel will generally be classified as “massive”, also, for rock engineering 
purposes. A more differentiated analysis of minor fold systems, however, is necessary 
for understanding the structure and tectonic evolution of the intact rock, which may 
have consequences for repository layout and design. 

The parameters and observations needed for a adequate fold analysis should include at 
least the following: 
o orientation of the fold axis and axial plane (and analysis of spatial variations thereof, 

both local and regional) 
o fold vergence (and analysis of spatial variations thereof) 
o observation of the presence/absence of an axial planar foliation and, if present, 

description of foliation type  
o study of refolding phenomena (fold interference patterns, folded lineations, 

intersecting planar structures, etc.) 

Such data has been acquired over many years from surface outcrops and trenches, 
leading to the present synthesis of the structural evolution, as outlined in Subsection 
2.1.3 (Paulamäki & Koistinen 1991, Kärki & Paulamäki 2006, Paulamäki 2007).  
During systematic geological data acquisition in ONKALO, general-level studies of 
lineations and minor folds will be continued and eventually integrated into a revised 
synthesis of the structure and evolution of the Olkiluoto bedrock.

Intrusive contacts 

During the main phase of migmatisation and poly-phase deformation in the Olkiluoto 
bedrock, which resulted in the development of the composite foliation and the other 
structures discussed above, felsic melts of variable composition were intruded which are 
collectively referred to as “pegmatitic granites PGR” (Subsection 2.1.2).  They now 
occur as concordant and discordant veins (often folded and boudinaged), branching vein 
complexes, and irregular bodies, which are generally coarse-grained and often show 
little sign of internal deformation.  In addition, it was noted earlier that both felsic and 
mafic dykes occur (Subsection 2.1.4), which, although rare at Olkiluoto, were intruded 
into planar fractures which cut through all the above migmatitic and pegmatitic 
structures.  In the geological data acquisition programme, the contacts between these 
bodies and the surrounding country rock are the object of detailed scrutiny, for two 
reasons: 

the brittle fracturing at Olkiluoto may show differences in orientation, intensity 
and/or characteristics inside the intrusive bodies, compared to that observed in the 
country rock, and in addition, water inflow points may be related to intrusive 
contacts
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the dykes follow large planar fractures in the bedrock, which, although now welded 
by the intruded and now crystallized rock melts, may represent zones of weakness 
which could be reactivated in future stress fields  

For a general overview of geological data acquisition in and around intrusive 
complexes, the handbook of Thorpe & Brown (1985) gives the most useful overview  
(for an entry into more modern literature on pegmatites in the Fennoscandian shield, see 
Henderson & Ihlen 2004).  From the point of view of structural relationships, 
continuous tunnel profiles and large cleaned outcrops are most likely to give the 
necessary outcrop conditions for detailed study.  In general, there are three types of 
structural data which should be collected systematically along every intersection of a 
contact between pegmatitic granite veins, or felsic or mafic dykes, and country rock on 
the tunnel walls: 

1. contact orientation, at the scale of the tunnel wall (single value by sighting, or a 
number of individual measurements from which a mean value can be determined), 
or a description of the contact if the contact is too irregular to be assigned a single 
value

2. notes, sketches or photos, illustrating the relationship between the contact and the 
country rock and/or other intrusive bodies, particularly anything of significance for 
timing (e.g. discordant truncation of country rock foliation, folds, etc.) 

3. notes, sketches or photos, illustrating geometrical relationships between the contact 
and fracturing and/or water leakage, in the country rock and/or within the 
pegmatitic granite veins or dykes, at the contact  

2.4 Alteration and Weathering 

Rock alteration is a widespread phenomenon in the Olkiluoto bedrock. Petrological and 
fracture-mineral studies of drill-core samples have indicated remarkable changes in 
mineralogical composition due to multi-stage and widespread hydrothermal or 
hydrometamorphic events in the Olkiluoto high-grade gneisses and granitic rocks. 
Alteration products have been detected, at least in small amounts, in practically every 
drillhole and throughout the site volume studied up to now.  Hydrothermal alteration at 
Olkiluoto has been studied in detail in drillcore samples and the results are described in 
a recent working report (Front & Paananen 2006), which forms the basis for the 
following summary.  

Three different kinds of alteration process have operated during the later stages of the 
geological history of the Olkiluoto site.  These processes are retrograde metamorphism, 
hydrothermal alteration (or hydrometamorphism), and surface weathering, and it is 
necessary to distinguish these processes due to their totally different ages, origin, and 
mineralogical effects.  

The products of retrograde metamorphism are observable as sericitisation and 
saussuritisation of feldspars and chloritisation of mafic silicate minerals in high grade 
gneisses. Temperature and pressure were still high at the time of the retrograde 
processes. The products of the retrograde metamorphism are observable throughout 
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Olkiluoto island and they represent rather common metamorphic conditions in high 
grade gneisses of southern Finland.

For construction and long-term safety issues retrograde metamorphic products do not 
play a significant role. In contrast, the last two of the above mentioned processes, 
hydrothermal alteration and surface weathering, produce effects which are far more 
important and must be studied carefully. Of these, hydrothermal alteration (Subsection 
2.4.1) is most important and is the cause of the significant amounts of low-grade clay 
minerals, such as kaolinite and illite, which occur sporadically in the Olkiluoto bedrock, 
as well as sulphides and calcite. Hydrothermal effects of the magnitude detected at 
Olkiluoto so far are thought to considerably affect the mechanical and chemical 
properties of the repository host rock.   

With regard to weathering (Subsection 2.4.2), thicknesses of up to 4 m of regoliths and 
disintegration of the bedrock surface have been met at Olkiluoto in investigation 
trenches (e.g. Paulamäki 2004a, 2004b), as well as strongly oxidised zones down to 56 
m in drill cores. Those zones of pervasive hydrothermal alteration and younger 
weathering may have significant impacts on groundwater chemistry if they represent 
infiltration routes. 

2.4.1 Hydrothermal Alteration 

The textural evidence from the rock types, the fractures fillings and the character of the 
rock alteration in the intact rock indicate that the bedrock of the Olkiluoto site has been 
extensively influenced by hydrothermal activity and was locally strongly affected by 
metasomatic alteration. This is linked to the phases of magmatic activity, which 
produced a long-continued thermal charge (hundreds of millions of years). The high 
heat flow was accompanied by extensive hydrothermal fluid circulation in the Olkiluoto 
bedrock area and these highly corrosive acidic fluids caused widespread hydrothermal 
alteration (Front & Paananen 2006, Gehör 2007). These alteration episodes took place 
under relatively low temperature conditions; the estimated temperature interval is from 
300 to less than 100 C (Gehör et al. 2002). As is common in hydrothermal regimes, the 
circulating fluids penetrated the bedrock and generated high permeability zones, which 
appear to have acted repeatedly as pathways for the periodical thermal fluid circulation.  

Three main alteration types have been identified in the target area: 1) clay mineral 
formation, of which illitisation and kaolinisation are the two main subtypes, 2) 
sulphidisation and 3) carbonatisation. These types of alteration are treated below under 
separate headings. 

Illitisation

Illite, which is expected to be generated a result of more energized hydrothermal fluid 
circulation than kaolinite, occurs as green, transparent, soap-like mass or it forms grey 
to green waxy or powdered coverings.  In solid fracture fillings dominated by illite, illite 
typically covers the fracture walls and kaolinite forms the central part of the infilling. In 
the ONKALO access tunnel, the illite occurs in the form of discrete zones, but the drill 
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core data implies that northwards from ONKALO, the bedrock has been affected from 
more advanced and pervasive illitic alteration

The illitised zones have characteristically a thickness of 5 - 20 meters in drill core 
transverses. In zones which have experienced advanced illitisation, the rock is yellowish 
or green coloured and has lost its mechanical durability. Illite occurs often as the only 
alteration product, but sometimes kaolinite, calcite and sulphides accompany it.  

Kaolinitisation

Kaolinite appears to be an important constituent of the altered bedrock, forming 5 -30 
%, and locally even more, of the rock volume. The zones which have been affected by 
kaolinisation contain various amounts of illite on slickensides (Fig. 2.3a) and in fracture 
fillings. Hence, the kaolinitic zones distinguished in the drillholes indicate zones in 
which kaolinite is the dominant clay mineral, but not necessarity the only alteration 
product. The kaolinitic alteration zones are characterised by numerous spots and lenses 
(Fig. 2.3b), which occur at irregular intervals. The kaolinitised core lengths usually vary 
from tens of centimetres to tens of metres.  

In fracture fillings, kaolinite forms powdery, disseminated, white coatings that may well 
show thicknesses of several millimetres. These soft fillings are typically loosely 
attached to the host rock.  

The most intensively kaolinitised zones which the ONKALO tunnel has penetrated so 
far appear as strongly altered and softened sections. From the drillholes, however, the 
kaolinitised sections mainly affect the upper part of the bedrock, according to the 
current data, over a thickness 100-200 metres measured form the surface. This type of 
kaolinitised bedrock descends to a greater depth in northern part of the target area, 
where the present data (especially the data from the drill core OL-KR13) implies that 
the base of kaolinitised zone lies at a depth of 250 metres. The drill core data reveal 
numerous disconnected zones at greater depth, but their position remains unclear as the 
current drillcore data from that area of bedrock is insufficient. 
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A.

B.

Figure 2.3. Examples of hydrothermal alteration in the Olkiluoto bedrock. (a) 
Slickensided illite, drillhole OL-KR4, ca.760 m along hole.  (b) Strong pervasive 
kaolinisation, drillhole OL-KR4, ca. 525 m along hole. 
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Sulphidisation

Sulphidisation occurs as disseminations of pyrrhotite, and, to lesser degree, as pyritic 
platings and pyrite vein stockworks (Fig 2.3 b). Sulphides occur throughout a 
considerable volume of the bedrock and pyrrhotite disseminations are particularly 
associated with migmatitic gneisses, particularly in association with graphitic 
occurrences.  Sulphidised wall rocks, usually migmatites, may contain several percent 
of disseminated pyrrhotite, which also occurs in fractures in those zones. The thickness 
of this type of zone varies from a few centimetres to several meters. Pyrrhotite is also 
the main sulphide phase in graphitic fracture infillings. 

As with kaolinisation, sulphidisation is more widely distributed in the upper part of the 
Olkiluoto bedrock, in a zone which varies in depth from 50 - 300 metres (Paananen et 
al. 2006), but there are numerous disconnected sulphidised patches below and 
surrounding this main zone. 

Carbonatisation

pH increase and subsequent precipitation of calcite appears to be the closing process of 
several of the  fluid circulation episodes, and, due to this, calcite often covers the older 
hydrothermally-generated fracture infillings at all levels in the drilled bedrock volume. 
Furthermore, calcite typically occurs as vein stockworks, as well as in the matrix of the 
fracture clay infillings. Even so, the information obtained from the drillcores shows that 
the frequency of calcitic fracture fillings and the vein networking is higher in zones 
where hydrothermal fluid flow has reworked the bedrock (cf. Paananen et al. 2006). 
Similarly to kaolinisation, illitisation and sulphidisation, carbonatisation has played a 
significant role in the alteration episodes, and the total volume of calcite in the 
hydrothermally altered zones appears to be considerable. The incidence of 
carbonatisation has been estimated from the rate of occurrence of calcitic fractures in 
the drill core. When the individual calcite-filled fractures are fitted into connected 
zones, the carbonatised sequences appear to be more extensive than they are in the case 
of the other alteration types. However, calcite is uncommon as a disseminated 
component in the intact rock: there is hardly any evidence of penetrative carbonatisation 
of the bedrock itself.  The along-hole lengths of the fracture-connected calcitic zones in 
the drillholes vary from a few metres to a few tens of metres.  

Systematic alteration mapping   

Future research of hydrothermal alteration at Olkiluoto will be based on the results of a 
current project in which a very detailed study of fracture mineralogy has been carried 
out (cf. Gehör 2007). During the project, the fracture database was completely revised 
and upgraded, and now  consists of more than 40 000 fracture records. Simultaneously 
with the re-logging of the  fractures, the rock alteration in the drill-cores was studied in 
order to: 

determine the most typical alteration minerals or mineral assemblages  

determine the location of the most altered sections and the length of these sections 

investigate the style and intensity of alteration 
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reconstruct the altered sections as 3D domains 

In the first 28 drillholes, altogether 266 hydrothermally altered intersections were 
detected which exceeded 1 metre in length.  The altered sections made up ca. 26 % of 
the drill-core logged.  In single drillholes, the amount of the alteration varied 
considerably from as low as 5 % to as high as 50 %. Eleven altered sections were longer 
than 50 m, the longest one being 172 m in OL-KR12 at a depth of 509 - 681 m. 

In order to describe how well developed or how strong the alteration effect was, two 
different modes of occurrence were distinguished: fracture-controlled alteration, and 
pervasive (or disseminated) alteration. The subdivision refers to how well developed or 
intensive the alteration effect has been. Fracture-controlled alteration indicates that the 
hydrothermal fluids passed through the rock along planar features (mainly fractures, but 
also other planar discontinuities, such as foliation, banding, etc.).  In such case, 
hydrothermal alteration is restricted to narrow zones adjacent to these features. This 
type of alteration seems to consist mainly of in situ or authigenic minerals, but in some 
cases also quite thick, possibly allochthonous, kaolinite fillings have been observed. The 
pervasive type of alteration indicates more intensive hydrothermal activity, since its 
effects occur disseminated throughout the rock, as well as along and near to fractures. 

2.4.2 Weathering 

Surface weathering is a process that affects rocks in situ, mechanically or chemically, at 
the surface. In general, weathering is a destructive process caused by temperature 
changes and corrosion by surface waters and atmospheric oxygen. This is the youngest 
of the alteration processes at Olkiluoto and it is still active today, although at an 
extremely slow rate.  Most probably it has its roots back to at least tens of million of 
years, possibly much longer, since the reconstructed base Cambrian unconformity lies 
only a few tens of meters above the present ground surface at Olkiluoto.  A high degree 
of weathering is spatially associated with  pre-existing domains of strong hydrothermal 
alteration. In the area close to the ONKALO access tunnel entrance, in the friable 
section in the tunnel at chainage 280, and in some other occurrences of strong 
weathering reported from investigation trenches, increased weathering occurs in the 
same domains as the pervasive hydrothermal alteration, particularly where dominated 
by kaolinisation and sulphidisation. 

Three types of weathering have been distinguished at Olkiluoto: 1) weathering 
associated with fracture zones, 2) weathering restricted to the very surface of the 
bedrock but not related to any fracture zones, and 3) regoliths. According to present 
knowledge, the downward extent of surface weathering is from tens of centimetres to 
tens of metres.   In drillhole OL-KR23, exceptionally, the weathering can be traced 
down to a depth of 56 m.  It is only possible to investigate the extent and continuity of 
surface weathering by careful study of investigation trenches and drill-core.  Weathering 
is distinguished from hydrothermal effects by its low-grade clay minerals and its 
occurrence with younger brittle features close to the uppermost bedrock surface causing 
disintegration of rocks. 
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3 CHARACTERISATION OF DEFORMATION ZONE INTERSECTIONS  

3.1 Classification of Deformation Zones 

With regard to site characterisation, there is general agreement that deformation zones
are potentially significant for both rock engineering and hydrogeology, on the short and 
the long term, as well as being favoured zones for future movement and seismicity (e.g. 
during a future glacial period).  Hence, geological modelling for the deep disposal of 
spent nuclear fuel is strongly focussed on deterministic modelling of the 3D geometrical 
arrangement of the deformation zones in the Site Model volume, as a basis for rock 
engineering, hydrogeological and seismic studies, and for repository design and layout.  
Based on the experience from Olkiluoto up to now, and on experience from other 
crystalline sites (particularly Stripa, Äspö, Forsmark, and Simpevarp in Sweden), we 
have developed a basic descriptive classification scheme for intersections which are 
interpreted to be deformation zones, as outlined below.  The classification is tailored to 
tunnel mapping, which in future will provide a major source of high-quality geological 
data, and to process understanding, which provides a better basis for geological 
modelling than purely geometrical considerations. However, the classification can also 
be easily applied to the logging of drillcores and the mapping of outcrops and 
investigation trenches. 

3.1.1 Definition of “Deformation Zone” 

The term "zone" is used for a geological element, rock unit or domain which is tabular 
in form, having sub-parallel and sub-planar margins, and having a certain thickness 
which is very much less than the lateral extent of the zone (cf. Munier et al. 2003, p. 9).  
A “deformation zone” is a general term for any zone in which the rocks show signs of 
strong deformation which are lacking in the adjacent wall rock, or in which the 
strucutral relations indicate that the deformation in the zone is clearly more intensive 
than the deformation of the wall rock. The margins of deformation zones may be sharp, 
clearly separating highly deformed material from the undeformed or little deformed 
wall rock on either side.  Often, however, the margins are gradational, in which case 
there is a transition zone of less deformed material between the strongly deformed core 
of the deformation zone and the adjacent undeformed or little deformed wall rock.  We 
will refer to this transition zone as the “influence zone” and will treat it as part of the 
deformation zone, for purposes of geological data acquisition (for more on the 
architecture of deformation zones, see Subsection 3.1.5).

Deformation zones, in which brittle, ductile, or transitional brittle/ductile shear strain is 
concentrated, are characteristic features of crystalline complexes the world over.  In 
crystalline complexes like Olkiluoto, the deformation in such zones may be coeval with 
or may post-date the magmatic, migmatitic and/or high-grade metamorphic processes 
which constructed the bedrock outside the deformation zone margins (the wall rock).  
Many deformation zones are also zones of retrograde metamorphism, showing lower PT 
minerals and/or lower PT structures and textures than the wall rock.  The retrogression 
can often be observed by following the progressive breakdown of the magmatic, 
migmatitic and metamorphic minerals and textures as one crosses from the wall rock 
into the deformation zone core, through the zones of influence.  This breakdown usually 
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involves grain-size diminution, fragmentation, increased fracturing, etc., and/or 
recrystallization, metamorphic reactions, hydrothermal alteration, etc., depending on 
crustal conditions.  Under near-surface conditions, breakdown leads to brecciation and  
gouge formation, and  related incohesive fault products.  These relationships have been 
studied intensively, world-wide, together with the structural relations and 
microstructures which are typically produced in deformation zones formed at different 
levels in the crust.  Based on this knowledge, a conceptual model of a crustal 
deformation zone has been developed, and has attained widespread acceptance.  We will 
refer to this conceptual model as the Sibson-Scholz fault zone model (Sibson 1977, 
Scholz 2002).  It is now widely used in applied geology as a basis for subdividing 
deformation zones observed in the field into a number of easily distinguishable 
descriptive types.

3.1.2 The Sibson-Scholz Fault Zone Model 

The Sibson-Scholz fault zone model (Figure 3.1) is a conceptual model, based on 
syntheses of data from several fields of geoscience, particularly fracture mechanics, 
earthquake prediction, crustal dynamics, high PT experimental rock deformation, 
microstructural analysis, and field geology, using the earthquake-prone San Andreas 
fault zone in California as a reference case (cf. Zoback 2006).  The Sibson-Scholz 
model subdivides a theoretical vertical, strike-slip, crustal-scale “fault zone” (which 
should rather be called “deformation zone”, in the terminology used here), moving at a 
rate similar to the San Andreas fault zone, into a series of depth zones, roughly defined 
by temperature lines.   
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Figure 3.1.  The Sibson-Scholz fault zone model (modified after Scholz 2002) and the 
deformation zone classification scheme in use at Olkiluoto (see Table 3-1 of this report).

The uppermost depth range, above line T4 in Figure 3.1, is the range in which 
incohesive fault products, such as clay, gouge and incohesive fault breccias, develop. 
The base lies at depths of 1-5 km, depending on specific conditions, and corresponds to 
the stress regime which Engelder (1993) calls the “crack-propagation regime”.  The 
next depth range, between lines T4 and T1 in Figure 3.1, is the range in which 
cataclasites form, characterised by friction-dominated deformation processes, such as 
cataclasis and frictional-slip (corresponding to the “shear rupture and frictional slip 
regime” of Engelder 1993).  In many areas of active faulting, this is the depth range of 
earthquake generation, and it usually extends down to 10-20 km in the crust.  It is also 
the depth range in which fluid pressures and fluid circulation play an important role, 
which means that the cohesive fault rocks which are produced are not only cataclasites 
in the true sense (the result of cataclasis), but are often also altered, mineralized and 
transformed rocks, which we refer to collectively as “welded crush rocks” in Table 3-1.  
Also, because of the dominance of frictional processes, localized high temperatures 
often produce small quantities of rock melt which intrude and consolidate their 
surroundings (pseudotachylyte).  The complexity of the processes in this depth range 
makes these zones difficult to fit into the “brittle-ductile” scheme (cf. Sibson 1986, 
Schmid & Handy 1991, Gratier et al. 1999, Imber et al. 2001).  Here, we will follow the 



54

terminology of Evans et al. (1990) and refer to them as  “semi-brittle” deformation 
zones, formed in the transition between truly brittle (depth range 1-5 km) and truly 
ductile (depths below 10-20 km).  All the rocks formed in the semi-brittle regime have 
one easily observable characteristic in common, which is the key to their identification: 
they typically contain massive, structureless rocks (in contrast to mylonites, see below), 
although in the deeper parts they may begin to show a coarse foliation (cf. Chester et al. 
1987).

Below line T1 (onset of quartz plasticity) comes the depth range in which  viscous flow 
becomes the dominant process in the model deformation zone (corresponding to the 
“ductile-flow regime” of Engelder 1993).  Between T1 and T2 (onset of feldspar 
plasticity), i.e. in the upper part of the ductile-flow regime, metamorphic conditions 
approximate to those of greenschist facies (Fig. 3.1).  This depth range marks a 
fundamental change in the dominant deformation mechanisms, from cataclasis, 
frictional slip, pressure solution, etc. (confining pressure and pore pressure dependent, 
above T1) to crystal plasticity, viscous grain-boundary sliding, diffusion creep, 
recrystallization, etc. (temperature and strain rate dependent, below T2).  In this 
transitional depth range, mylonites are the typical rocks developed in deformation zones, 
which are usually referred to as “ductile shear zones” in the scientific literature. Since 
they form under low-grade metamorphic conditions, we will refer to these zones as 
“low-grade ductile deformation zones” (Table 3-1), to distinguish them from “high-
grade ductile deformation zones” (see below).     Mylonite zones have been studied 
intensively in recent years, and good overviews of the structure of such zones and the 
microstructure of mylonitic rocks can be found in Simpson & Schmid (1983), Ramsay 
& Huber (1987), Hanmer & Passchier (1991) and Passchier & Trouw (1996).  An 
important mechanism in this depth range is strain-softening, which leads to narrow, 
well-defined deformation zones bounded by undeformed wall rocks, as opposed the the 
broad, diffuse and irregular zones typical of the semi-brittle and high-grade ductile 
regimes above and below (indicated schematically by the different thicknesses of the 
model fault zone in Fig. 3.1).   

At deeper levels than T2, corresponding to amphibolite facies metamorphic conditions, 
rock strength decreases rapidly, all minerals flow and recrystallize easily, and strain 
softening decreases in importance.  Under these conditions, crystalline rocks such as 
those found at Olkiluoto undergo pervasive heterogeneous ductile strain, varying in type 
and intensity from place to place, but affecting all parts of the rock.  No parts of the 
deforming crust remains rigid, no well-defined margins between deformed and 
undeformed rock can be distinguished, and there is no lateral continuity of strain type or 
intensity.  However, high-strain zones, often strongly foliated and marked by 
blastomylonites and mylonitic gneisses, commonly form in such regionally deformed 
complexes, as anastomosing networks “flowing around” less deformed rock masses (cf. 
Milnes et al. 1988).  Such zones are distinguished here as “high-grade ductile 
deformation zones” (Table 3-1).  As described in Section 2.2, such discontinuous, 
strongly foliated zones can have significance for underground construction, and are 
distinguished using a systematic foliation mapping procedure which has been developed 
for this purpose.  Strongly foliated zones of blastomylonite and  mylonitic gneisses and 
schists containing mineral parageneses indicating recrystallisation under amphibolite 
facies conditions, or higher metamorphic grades, are assigned a rock mechanics 
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foliation number RMF = 3, requiring special attention, both during contruction and for 
long-term safety assessment (Subsection 2.2.1).      

3.1.3 General Classification Scheme for Deformation Zone Intersections  

Deformation zones of any of the types distinguished above, based on the Sibson-Scholz 
fault zone model (Fig. 3.1), may be intersected by drillholes, trenches or tunnels at the 
Olkiluoto site.  The first step in geological data acquisition with regard to deterministic 
deformation zones is to classify deformation zone intersections according to this 
conceptual model.  The classification scheme in use at Olkiluoto, shown in Table 3-1, is 
intended to fulfil the three main requirements on any field classification of geological 
objects:

It is based on observational features which can be unambiguously and quickly 
determined during geological data acquisition activities “in the field” (core logging, 
trench mapping, tunnel mapping, etc., usually without sophisticated analytical aids). 
It has a hierarchical structure, proceeding in a series of steps, which is a 
prerequisite for being simple and practical in application. 
It uses subdivisions which are not only based on direct observation in the field, but 
are also meaningful for understanding the mode of formation of the object, under-
pinned by a scientifically accepted conceptual model (in this case, Fig. 3.1). 

The scheme is specifically directed towards classifying deformation zone intersections 
in tunnels and underground excavations, concentrating in the first instance on the 
characteristics of the core zone, but it can be easily adapted to the characterisation of 
deformation zone intersections in natural exposures, cleared trenches and rock cores.  
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Table 3-1.  Classification scheme for deformation zone intersections.  The scheme is 
tailored to the needs of tunnel mapping in ONKALO, but it is also being applied to 
other types of exposure. The aim of geological data acquisition at Olkiluoto is to place 
every mapped deformation zone intersection in one of the five categories in the bottom 
row of this Table (see Sections 3.2-3.3). The components of composite deformation 
zones are first classified separately (see Section 3.4) and later combined.  

Designation of a given intersection at Olkiluoto: 

The intersection shows intensive deformation,  
clearly more intensive than the wall rock on either side.

Designation:  
Deformation zone intersection

The intersection is characterized by features which indicate that the deformation 
took place under low PT conditions, retrograde with respect to the high-grade 

metamorphic mineralogy of the wall rock  

Designation:
Low-grade  

deformation zone  

intersection

The intersection 
shows the same 

high-grade 
metamorphic 

mineralogy as the 
wall rock 

Designation:
High-grade 

deformation zone 

intersection 

The intersection shows 
cohesionless or low-cohesive

deformation products: 
gouge, breccia, fractured rock and their 

partially or wholly mineralized 
equivalents (low T mineralization) 

Designation:
Brittle

deformation zone intersection 

(called “R-structure” or “fracture zone” 
intersections in earlier Posiva reports) 

The intersection 
shows no clear
signs of lateral 

movement 

Designation:
Joint zone, or 

joint cluster,  

intersection 

The intersection 
shows clear signs 

of lateral 
movement 

Designation:
Fault zone  

intersection 

The intersection 
shows fine-grained 

cohesive

deformation 
products (e.g. 
cataclasites,

peseudotachylite, 
welded crush 

rocks), which are 
massive and 
structureless

Designation:
Semi-brittle

deformation

zone, or semi-

brittle fault zone, 

intersection 

The intersection 
shows fine-

grained cohesive

deformation 
products (e.g. 

mylonites, 
phyllonites), 

which are  
strongly laminated 

and/or foliated 

Designation:
Low-grade 

ductile

deformation

zone, or ductile 

shear zone,   

intersection 

The intersection 
shows medium to 

coarse-grained 
cohesive

deformation 
products (e.g. 

blastomylonites, 
mylonitic gneisses 
and schists), with 
strong foliation of 

banded or 
schistose type 

(Table 2-2, 
RMF=3) 

Designation:
High-grade 

ductile

deformation zone 

intersection 

BJI BFI SFI DSI HGI 
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3.1.4 Intersections and Data Sources 

The above classification scheme (Table 3-1) is conceptual in the sense that it does not 
show in detail how the procedure is to be carried out, nor is it tailored to known 
conditions in Olkiluoto bedrock.  However, it is a necessary framework for site 
characterisation at Olkiluoto.  Just as the mapping of lithological units across the site 
needs to be based on the established principles of geological field work and petrology, 
so the mapping of structural elements needs to be based on the established principles of 
structural geology.  If direct observation is possible, any deformation zone at Olkiluoto 
will fall into one of the categories in Table 3-1, but this does not mean that all categories 
will be represented at Olkiluoto, nor that those categories present will be equally well 
developed.  Also, the critical phrase in the last sentence is “If direct observation is 
possible”, since deformation zones, particularly brittle ones, are notoriously poorly 
exposed at the Earth’s surface.  Hence, the classification of deformation zones at 
Olkiluoto will generally only by possible in artificial exposures such as, rock cores from 
drillholes, cleared and cleaned surface areas and trenches, and tunnels (data sources A, 
B and C, respectively, in Table 1-1).  The location of deformation zones in such 
exposures are referred to here as “intersections”, and are the key elements in building 
any geological model.  Deformation zone intersections not only need to be classified in 
the field according to the scheme in Table 3-1, but they need to be characterised in 
detail to provide the “fix points” in the skeleton, around which the geological model is 
constructed.  The characterisation of these “fix points” is outlined in more detail in the 
following sections (Sections 3.2 and  3.3).  Here we just point out some of the problems 
which arise in connection with different types of deformation zone intersection, from a 
data acquisition point of view. 

Drillhole intersections 

Deformation zones which are intersected by drillholes can be characterised in more 
detail than others, because drillhole intersections provide a wealth of detailed data (core, 
OPTV, geophysical logs, etc.) which is otherwise not obtainable.  From the point of 
view of geological modelling, drilling also has the advantage that major zones can be 
targetted, especially zones which are hypothesized on the basis of indirect data 
(geophysics, hydrotests, etc.) but are otherwise not directly observable.  The 
disadvantage of drillhole data is the very limited observation window, which is so 
narrow that the representativeness of the data is open to question..  Nevertheless, 
targetted drilling of modelled deformation zones will probably be an important tool for 
model validation in many parts of the site.  Potentially, all types of zone can be 
distinguished and characterized in drillcore, and the margins of the zones can be located 
with a precision dependent on how sharp or gradational the margins are.  The 
orientation of ductile deformation zones can usually be determined (by assuming 
parallelism with the foliation), but the orientation of brittle and semi-brittle deformation 
zones will be subject to large uncertainties on the basis of core data alone. 

Trench intersections

Numerous trenches, from which the overburden has been stripped to reveal the 
underlying bedrock surface, have been cut and cleaned across the Olkiluoto site (see 
summary in Paulamäki 2005b).  Both brittle and ductile deformation zones have been 
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observed and described, often associated with heavy alteration and/or weathering.  
Trench intersections and intersections across other types of cleaned bedrock surface 
(e.g. Mattila et al. in press), are extremely useful, particularly in connection with nearby 
drillhole and/or tunnel data, and are potentially capable of detailed characterisation, 
even when deeply weathered.  The exposed zones, however, tend to be relatively small, 
since larger deformation zones are usually more deeply eroded and hence too deeply 
covered by drift to be stripped and cleaned, although in each case excavation to bedrock 
will be attempted.  With regard to zone orientation, trench intersections of ductile 
deformation zones usually yield dependable data (both strike and dip determinate), 
whereas brittle and semi-brittle deformation zone intersections, being very short and 
two dimensional, are often problematic (strike roughly determinable, dip often 
indeterminate).   

Tunnel intersections

The most favourable type of intersection for deformation zone characterisation is the 
tunnel intersection, where the trace of the deformation zone can be mapped on the 
tunnel walls and roof, and sometimes on the floor.  In general, brittle and ductile 
deformation  zones are visible and identifiable, although data acquisition often needs to 
be carried out rapidly because they are frequently unstable and subject to immediate 
security measures.  However, the type of zone and its orientation (strike and dip of the 
zone as a whole) is often rapidly determinable, even when conditions may not allow 
detailed characterisation.  The situation is different for semi-brittle deformation zones, 
because cataclasites and welded crush rocks are often tough and unfoliated and difficult 
to distinguish from the country rock on blasted surfaces.  Also, semi-brittle deformation 
zone margins are usually diffuse and gradational.  Hence, in contrast to brittle and 
ductile deformation zones, the orientation of  semi-brittle deformation zones is often 
only roughly measurable (strike and dip only very approximate) and may be 
indeterminate.  

3.1.5 Architecture of Deformation Zones 

It has become usual in the scientific literature to use the term “architecture” for the 
zonal arrangement of different components within a single fault zone (e.g. Caine et al. 
1996,  Agosta & Aydin 2006).  For descriptive and comparison purposes, we extend this 
terminology to all types of deformation zone, not only fault zones.  All types of 
deformation zone show a similar architecture consisting of a central “transformation 
zone”, flanked by “influence zones” on either side, outside which are situated the 
“zones of no influence” (Table 3-2).  In the central zone of transformation, all the 
original relationships in the protolith are destroyed, creating, for instance, in a fault zone 
(BFI), a core zone of fault gouge and breccia, or, in a low-grade ductile deformation 
zone (DSI), a core zone of mylonite.  On each side of the core zone, deformation zones 
are typically represented by influence zones, in which the deformation during movement 
was less intense and died out gradually towards the outer margins.  In the case of fault 
zones (BFI), the influence zones are known as “damage zones”, and these will be 
discussed in more detail below (Subsection 3.2.1).  In low-grade ductile deformation 
zones (DSI), the influence zones have been studied in great detail from the point of view 
of kinematic analysis and some aspects of this are treated in Subsection 3.3.2.  In SKB 
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nomenclature, the influence zones are referred to as “transition zones” in both brittle 
and ductile deformation zones (e.g. Munier et al. 2003, Fig. 2-1: 2-1a and 2-1b show the 
architecture of ductile deformation zones, 2-1c show that of brittle deformation zones).  
Outside the margins of the influence zones, lie the zones of no influence, where the 
deformation which affected the rocks within the deformation zone has had no 
significant effect.  This is normally called the “wall rock” (in nuclear waste circles also 
“host rock”, cf. Munier et al. 2003, Fig. 2-1c). 

In the following, the thickness of a deformation zone is one of the most important 
parameters and is defined as the combined thickness of the zone of transformation and 
the influence zones, i.e. from the outer margin of the influence zone in the hangingwall 
to the outer margin of the influence zone in the footwall of the deformation zone (cf. 
Twiss & Moores 1992, Fig. 3.16A, Munier et al 2003, Fig. 2-1). 

This is meaningful for all deformation zone types except for high-grade ductile 
deformation zones (HGI).  In the latter case, all the rocks outside the strongly foliated 
zone (zone of transformation) belong to the influence zones, since they have all been 
influenced by the same deformation under high-grade metamorphic conditions, only to a 
lesser extent.  Hence, we define two thickness parameters to be determined at each 
deformation zone intersection: deformation zone thickness, T (transformation zones + 
influence zones) and core zone thickness, t (transformation zones), as explained in more 
detail in Sections 3.2 and 3.3. 
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Table 3-2. Table showing the different geological aspects of deformation zone 
architecture, in relation to the different types of deformation zone (cf. Table 3-1). 

DEFORMATION ZONE ARCHITECTURE 

TYPE OF 
DEFORMATION
ZONE

Zone of 
transformation
(protolith
relations
destroyed) 

Influence zones 
(protolith
relations
overprinted or 
modified)

Zones of no 
influence
(protolith
relations
unaffected)

Brittle 
deformation
zone - joint zone 
(intersections
designated BJI) 

Not applicable Not applicable Not applicable 

Brittle 
deformation
zone - fault zone 
(BFI)

CORE ZONE 
Core zone of non-
cohesive gouge and 
crush rock (often 
“ductile” structures, 
e.g. foliation) 
May be several core 
zone strings, 
branching, 
anastomosing 

DAMAGE ZONES
Damage zones 
dominated by shear 
fractures, deformation 
bands and a whole 
spectrum of other 
brittle structures in 
complicated arrays, 
often associated with 
alteration in intact 
rock 

WALL ROCK
Transition from 
damage zone to wall 
rock usually very 
gradational, difficult to 
define quantitatively, 
but often possible to 
identify by visual 
inspection (e.g. 
disappearance of 
certain fracture types) 

Semi-brittle
deformation
zone (SFI) 

Core zone of 
cataclasites and 
welded crush rocks 

Welded fracture 
networks 

Influence-no
influence transition 
vague and irregular, 
difficult to identify by 
visual inspection 

Low-grade 
ductile
deformation
zone (DSI) 

Core zone of 
mylonites

Original features of 
protolith (foliations, 
veins, objects) 
progressively 
overprinted in regular 
fashion (many fine 
illustrations in 
textbooks!), typical 
curved new foliation 

Outer margin of 
zones of influence 
smoothly gradational, 
but can be defined by 
detailed study of 
strain variations 

High-grade
ductile
deformation
zone (HGI) 

Zone of 
transformation 
arbitrarily defined as 
the strongly foliated 
zone(s) in which RMF 
number = 3 

Influence zones 
arbitrarily defined as 
the weak to 
moderately deformed 
zone(s) in which RMF 
number = 1 or 2 

May be represented 
by small volumes of 
massive rock (RMF = 
0, except folded and 
L-tectonite masses), 
“swimming” in the 
pervasively deformed 
matrix (RMF 1-3)
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3.2 Brittle Deformation Zone Intersections   

Brittle deformation zone intersections (Table 3-1) are characterized by cohesionless or 
low-cohesive fractures (in rock engineering terminology: discontinuities) and/or 
cohesionless or low-cohesive fault products (gouge, breccia, crush rock, etc.).  Although 
lack of cohesion is a fundamental characteristic of a brittle deformation zone, through 
its associated discontinuties and fault products (and the characteristic which makes 
“fracture zones” so important for nuclear waste repositories in crystalline rock), also 
fractures and products which are partially or wholly mineralized are included when they 
are clearly planes of weakness and/or potential pathways for water flow.  Since the 
latter properties are impossible to determine objectively in each individual case, and 
may anyway change with time, it is customary to take a conservative standpoint and 
regard all fractures and all fault products which show very low temperature 
mineralization, whether cohesive or cohesionless at the present time or not, as important 
for the problem at hand.  A brittle deformation zone in the present classification scheme 
corresponds closely to the socalled “R-structures” in the earlier bedrock model at 
Olkiluoto (BM 2003/1, see Vaittinen et al. 2003), thus facilitating the transition from 
the earlier modelling system (up to and including BM 2003/1), to the new system which 
is now  being developed, as tunnelling proceeds.  As shown on Table 3-1, there are two 
main types of brittle deformation zone, fault zones and joint zones, and these are treated 
separately below. 

3.2.1 Fault Zone Intersections (Bfi)  

A fault zone, as defined here, is a zone of incohesive or low-cohesive fault gouge, fault 
breccia and/or crush rock, which is accompanied by slickensided fractures, “damage 
zones”, wall-rock alteration, and evidence of displacement, indicating lateral movement 
of the country rock on one side relative to the other side of the zone.  The corresponding 
intersections are labelled BFI in the geological data base (see Table 3-1).  As indicated 
above (Subsection 3.1.5), fault zones often show a symmetrical architecture, with a zone 
of transformation or core zone, consisting of incohesive fault products and strongly, 
incohesively, fractured material (often causing core loss during core drilling), lined on 
either side by influence zones or damage zones,  showing an above-average degree of 
fracturing and/or other effects due to the faulting process and local conditions (e.g. 
certain types of fracture, altered wall rock due to increased fluid circulation, “drag” of 
wall rock structures).  A typical feature of the fractures in the core zone and in the zones 
of influence on either side are striated, slickensided surfaces, formed due to frictional 
sliding of the fracture walls or fibrous crystal growth during movement of the fracture 
walls (e.g. Hancock 1985, McClay 1987, p. 84-104). Also, there is sometimes evidence 
for displacement of the fracture walls relative to each other, such as a misfit of the 
migmatite heterogeneities, veins, etc., on either side of the fractures or the whole zone.  
The microtectonics of fault zones can be extremely complex, depending on the size of 
the displacement and history of movement (e.g. Groshong 1988), and there is often a 
genetic relationship between older ductile and/or semi-brittle shear zones formed at 
lower levels in the crust (cf. Fig. 3.1) and younger fault zones developed at the same 
location, under a similar stress regime but at higher levels.  In such cases, the earlier 
fault rocks (mylonites and cataclasites) become brecciated and incorporated in the 
incohesive fault products (for more on such “composite deformation zones”, see Section 
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3.4).  In contrast to joints and joint zones, the fracturing related to fault zones is strongly 
localized in the damage zones adjacent to the main movement zone (core zone) or 
around the fault tip.  Much of the fracturing  in the damage zones is thought to represent 
primary shear rupture (rupture modes II and III, see Engelder 1993), caused by localised 
high stress concentrations, but stress relations were complicated and changing rapidly 
with time, causing a whole spectrum of minor brittle structures to form, simultaneously 
or in sequence. 

Fault zone intersections can usually be clearly identified as zones in drillhole logs, 
particularly in combined logs based on cores acquired by triple-tube coring and detailed 
borehole-wall imagery.  The margins of the fault zone core can often be located quite 
precisely, but the orientation of the zone may difficult to ascertain.  The outside margins 
of the damage zones, however, are generally diffuse and unclear, although they may be 
identifiable from the fracture (discontinuity) logs using a limiting value for the fracture 
frequency and/or other criteria, e.g. degree of alteration, geophysical data.  The 
importance of defined fault zone intersections in drillholes is that they can be used as fix 
points in geological modelling, from the time that they are identified.  Lateral 
movement of an amount sufficient to crush the country rock and produce even a modest 
amount of fault gouge and breccia can only take place on a zone of wide lateral extent 
(relative to the thickness of the fault zone core or the whole zone).  The relationship 
between core zone thickness, lateral extent ("length") and fault displacement from 
different localities in the world suggest that the thickness/length ratio is of the order of 
1:10 000 or more (cf. Scholz 2002, Kim & Sanderson 2005).  Using 1:10 000 as a first 
approximation, one can assume for modelling purposes that, for instance, a 30cm thick 
crush zone in a drillhole represents a fault extending approximately 3000 m around the 
intersection, even though the orientation of the zone in space may not be precisely 
known.

Fault zone architecture 

As indicated above, “fault zone architecture” is the term often applied to the overall 
geological characteristics of fault zones (BFI  in Table 3-1), particularly their zonal 
construction, as directly observed in intersections with surface outcrops, drillholes,  
underground excavations, etc..  Such descriptions form the basis for developing 
conceptual fault zone models for radionuclide migration studies (e.g. Bossart et al. 
2001, Andersson et al. 2002).  As indicated above, the architecture of fault zones is 
generally conceptualized as a core zone, containing the products of intense crushing (or 
two or more core zones separated by rock “screens”), bounded on both sides by damage 
zones in which fault-related fractures and other effects of the faulting process are 
localized  (e.g. Evernden 1979, Chester & Logan 1986, Kamineni et al. 1988, Wallace 
& Morris 1986, Schulz & Evans 2000, Billi et al. 2003, Lee & Kim 2005). 

Core zone 

The gouge and breccia zone which forms the core zone of faults  has been studied in 
some detail, because of its importance in many areas of application (rock engineering, 
hydrogeology, hydrocarbon reservoir modelling, earthquake prediction, etc.). Of 
particular importance for site characterization is an understanding of mechanics of 
gouge and breccia formation, and, through that, a capability of interpreting core zone 
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fabrics (e.g. Engelder 1974, Anderson et al. 1980, Sibson 1986, Groshong 1988, Stel & 
Lankreyer 1994, Schulz & Evans 1998, Faulkner et al. 2003).  An important point to 
keep in mind is that gouge zones often mimic mylonite zones in many respects, the 
gouge, once formed, flowing in a ductile manner during continued fault movement.  
Hence, a detailed study of minor structures (foliations, Riedel shears, rotated survivor 
grains, etc., e.g. Byerlee et al. 1978, Chester & Logan 1987, McClay 1987, Cladouhos 
1999, Lin 2001, Wilson et al. 2003) in the core zone of a fault, similar to that often 
carried out in low-grade ductile deformation zones (see Subsection 3.3.2 for relevant 
literature), can place controls on the direction and sense of fault movement, an 
important aspect of geological modelling.  Another aspect of core zone study is gouge 
permeability (e.g. Morrow et al. 1984, Evans et al. 1997, Seront et al. 1998, Tsutsumi et 
al. 2004), since experience from the oil industry shows that the core zone of faults can 
show both a higher or a lower permeability than its surroundings, depending on local 
conditions, uplift history, gouge characteristics, fabric, etc..  The effect of fluids in fault 
zones during movement is progressive weakening (strain softening), which leads to a 
more complete concentration of deformation in such zones than would otherwise be 
expected (e.g. Wintsch et al. 1995, Imber et al. 1997, Bos & Spiers 2001).  This is 
shown schematically in Fig. 3.1 by the narrowing of the deformation zone above the 
cataclasite regime (above line T4). Finally, the importance of fault gouge for dating the 
movement in fault zones should be noted (e.g. Fukuchi 2001, Zwingmann et al. 2004).     

Damage zones 

In recent years, increased attention has been focussed on the damage zones of faults, i.e. 
on the constellation of minor structures and other features localized in the immediate 
vicinity of the fault core zone, and their definition and characterisation is particularly 
important in connection with radionuclide migration studies.  There are several reasons 
for this: 

There is an obvious relation between the damage zone concept and the concept of 
“respect distance” with regard to repository layout and design (cf. McEwen 2002, 
Munier & Hökman 2004). 
The fracture system in the damage zones is generally more highly connected, 
laterally, and therefore, in crystalline rocks, more permeable than averagely 
fractured wall rock.  In contrast, the core zone often shows a low permeability due 
to the formation of clay minerals and clay-bearing gouge during shearing.  Hence, 
the damage zones may represent the actual water-conducting features associated 
with a major deformation zone (cf. Chester & Logan 1986).   
Structural analysis of relationships in the damage zones may contribute more to an 
understanding fault zone geometry and kinematics than the fault core zone itself  
(e.g.  Schmid & Frotzheim 1993, Katz et al. 2003, Agosta & Aydin 2006).  This is 
because the core zone is often poorly exposed, but also because, even under good 
exposure conditions, gouge formation is essentially “destructive” - the long-
continued shearing causes all strain-related features to be progressively obliterated, 
as movement proceeds and increasing amounts of gouge and breccia are produced. 

Hence, an understanding of the mode of formation of damage zones and their relation to 
core zone and wall rock evolution is increasingly important in many fields of 
application.  Damage zone genesis is generally seen in terms of some combination of 
the following processes (e.g. McGrath & Davison 1995, Reches & Eidelmann 
1995,Cowie & Shipton 1998, Vermilye & Scholz 1998, Bernard et al. 2002, Shipton & 
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Cowie 2003, Flodin & Aydin 2004, Kim et al. 2004, Manighetti et al 2004,Aydin et al. 
2006 ): 
o propagation of the fault core through the heavily fractured high stress “bead” 

outside the fault tip line (also called the “process zone”)  
o deformation of the wall rock in connection with irregularities in the fault surface 

which are not slip-compatible 
o shear reactivation of favourable oriented fractures and other planes of weakness 

which were already present in the wall rock before faulting commenced 
Using the techniques of fault slip analysis (e.g. Reches 1987, Célérier 1988, Angelier 
1989, 1994, Gephart 1990, Marrett & Almendinger 1990, Yin & Ranalli 1995, Lisle et 
al. 2006 ), detailed study of the structural relations in damage zones can place controls 
on the direction and sense of fault movement, an important aspect of geological 
modelling and an important control on the kinematic results from the fault core zone.

BFI data acquisition - assignment of ID code 

Geological modelling for deep disposal of spent nuclear fuel in crystalline rock is 
focussed on the reconstruction of the 3D geometrical arrangement of the deformation 
zones in and around the site, as a basis for rock engineering, hydrogeological and 
seismic studies.  However, geological data from a deformation zone can only be 
acquired at isolated locations, where the zone is intersected by drillholes, tunnels, or 
trenches and other types of direct exposure on the ground surface.  An intersection, as 
the term is used in this report, is by definition a location at which the deformation zone 
or other geological feature is directly observable, and at which the geological 
observations and parameters below can be made and measured.  These intersections 
provide the actual geological data base and hence constitute the fixed points  within the 
volume of rock through which the zones are to be extrapolated and reconstructed 
(deterministic modelling).  In general, the observations and measurements made at each 
intersection will remain valid, although possibly revised (e.g. by further study at a later 
date, under more favourable conditions) and/or supplemented (e.g. by additional data 
using a different or new technique), throughout the investigation period.  In contrast, 
during modelling, extrapolations and connections from and between intersections may 
change considerably.  Hence, it is extremely important that the intersections receive an 
ID code by which all the data relating to a particular intersection can be identified in the 
geological database.  The coding system used for intersections must be completely 
independent of any coding system used for modelled structures, in order to maintain the 
integrity of the database. 

For fault zone intersections (BFI in Table 3-1), the following system is used for the 
assignment of ID codes: 

Tunnel intersections:

ONK-BFI-XX 

Where XX is a flowing number assigned by the order of mapping the intersections. The 
actual location of the intersection will be given in separate attribute table. ONK refers to 
the ONKALO access tunnel.
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Trench intersections:    

OL-TK1-BFI-XX 

Where XX indicates the location of the intersection in the investigation trench. OL-TK 
refers to specific investigation trench.

Drillhole intersections: 

OL-KR1-BJI-XX

Where XX indicates the along-the-hole location of the intersection. OL-KR refers to 
specific drillhole.

BFI data acquisition - the main parameters

As noted above, fault zones have been extensively researched, and there is a 
voluminous scientific literature.  The reason for this is that fault zones are perhaps the 
most important geological feature in almost every field of practical application.  As with 
other types of deformation zone, the main geometrical parameters can be treated under 
three headings: orientation, size and kinematics.  For the other research groups involved 
in site descriptive modelling at Olkiluoto, the geological model of deterministic brittle 
deformation zones is the necessary basis for their own simulations, and the 
parameterization shown in Table 3-2 is focussed on their needs as well as the needs for 
deepening site understanding. 



Table 3-3. Data acquisition table for brittle deformation zone intersections which are interpreted as fault zones (BFI) 

Fault zone intersection identification code: BFI 

Overview characterisation:

..........................................................................................................................................................................................................................................................................................

.......................................................................................................................................... . . . . . . .  

 (description of location (including outcrop conditions) and main features (including observations used for BFI classification, whether part of composite zone, etc.), together 
with labelled sketches of the intersection, photograph and sample numbers, etc.) 

Accuracy of/confidence in required parameter for different data 
sources (see Table 1-1) Measurable quantities 

(measurement) 
Required parameter 
(parameterization) 

Derivation of required parameter 
A. core  
data 

B. outcrop data C. tunnel data 

ORIENTATION 
dip angle of total fault zone dip angle of whole  zone as measured or estimated low or not possible 

(1) 
low or not possible 
(1) 

medium-high 

dip azimuth of total fault zone dip azimuth of whole zone as measured or estimated low or not possible 
(1) 

medium-high (2) medium-high 

dip angle of margins of core 
zone(2)  
dip angle of gouge foliation, if 
present 

dip angle of fault core zone low  or not 
possible 
(1) 

low or not possible 
(1)  

medium-high 

dip azimuth of margins of fault 
core zone(s) 

dip azimuth of gouge foliation, if 
present 

dip azimuth of fault core zone 

stereographic mean of combined 
dip angle/dip azimuth  
measurements from fault core 
zone margins and gouge foliation 

low  or not 
possible 
(1) 

medium-high (2) medium-high 

SIZE  
apparent thickness of total fault 
zone

true thickness of whole zone, T derived geometrically from 
orientation 
(may be measur-able directly in 

low or not possible 
(1) 

low high 
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tunnels) 
plunge/trend of  line along which 
the thickness was measured 

(required to determine true 
thickness) 

   

apparent thickness of fault core 
zone

true thickness of core zone, t derived geometrically from 
orientation 
(may be measur-able directly in 
tunnels)  

low or not possible 
(1) 

low high 

plunge/trend of  line along which 
the thickness was measured 

(required to determine true 
thickness) 

   

KINEMATICS 
overall slip direction on the fault 
zone

overall sense of slip on the fault 
zone

Detailed minor structural 
measurements and observations 
in the fault core zones and in the 
damage zones  

Data acquisition for fault-slip 
analysis, see citations in text 

amount of slip (displacement) 
across the total fault zone 

if determinate, this parameter is 
also a measure of SIZE 

research-level fault-slip analysis 
on  slickensided fracture network 
in the damage zones, and/or 
kinematic analysis of core zone 
structures

+ general understanding of site 
geology 

medium (excluding 
amount of slip) 
(1)  

often not possible 
due to lack of 
outcrop, 

low-high under 
special conditions 

low-high, 
depending on 
condi-tions 

FRACTURE NETWORK IN 
DAMAGE ZONES  

Systematic  acquisition of single 
fracture data in the damage 
zones,  
se Cehapter 4 

DFN parameters 
research level analysis, possibly 
needed for hydro-geological 
studies of damage zone flow 
conditions 

special project targetted on specific fault zone(s) intersecting 
tunnels and drillholes  in repository-near rock volume 
(ONKALO) 

low-high, depending on conditions 
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(1)  In drillholes and in outcrop, fault zone intersections can be localized, but otherwise, 
many of the parameters necessary for 3D determinstic modelling may not be 
measurable, or may only be estimated with a low level of confidence. 

(2) In trenches and other subhorizontal outcrops, the strike of an intersection is often 
easily determined, whereas the dip may be indeterminate, or only roughly estimable. 

(3)  The core zone often contains fragments and screens of wall rock separated by thin 
gouge zones, which under certain outcrop conditions may create the impression of two 
or more “cores” separated by more of less “damaged” wall rock.  This, of course, must 
be documented in detail.  However, for parameterization, the thickness of the fault core 
is taken as the thickness of such a composite zone, i.e. measured from the outer margins 
of the outermost gouge zones.

BFI data acquisition - geological description 

Table 3-3 outlines the numerical data which are required to fully characterize a BFI, 
with a view to constructing a geological model of the site.  It is intended as a “check 
list”, indicating also the uncertainties inherent in different sources of data.  It is not 
intended as a geological mapping spreadsheet, since the detailed protocols used in the 
structural mapping of cores, trenches, tunnel walls, etc. need to be tailored to the work 
conditions and project aims, as well as to the fact that data on other features are being 
collected at the same time (as described in Chapters 2 and 4 of this report).  However, it 
should be underlined that each BFI needs a detailed, qualitative, geological description,
accompanied by detailed imagery (hand sketches, photos, 3D laser scanning, etc., 
depending on situation) and a discerning collection of rock samples.  The overview 
characterization at the top of Table 3-3 should be a brief summary of the most important 
direct observations at the intersection, before any sophisticated study and analysis of the 
collected material has taken place.  Examples of such characterizations of BFIs can be 
studied in Paulamäki et al. 2006, Appendices 2 and 3.  The aim is to progressively fill 
out the descriptive part of the geological data acquisition programme with parallel 
laboratory studies, to provide a background for understanding the mode of formation 
and geological significance of selected intersections as modelling proceeds.      

3.2.2 Joint Zone Intersections  

A joint zone is a narrow zone of closely-spaced joints, i.e. fractures (discontinuities) 
which show no signs of movement parallel to the fracture surface, and the 
corresponding intersections are labelled BJI in the geological data base (see Table 3-1). 
“Closely-spaced” in this context means more closely spaced than the average spacing of 
joints in the surrounding rock (often called “averagely fractured rock” by rock 
engineers).  The most obvious signs of movement, which will be systematically checked 
(presence/absence) on every fracture, would be (1) slickenside striations on the fracture 
surface, and (2) a misfit of country rock heterogeneities (e.g. leucosome in migmatites) 
from one side of the fracture to the other.  Lack of these two easily observed features is 
taken to indicate that the fracture (discontinuity) in question is not a fault (Subsection 
3.2.1) but what is called universally called a joint in the geological literature (see 
Chapter 4).  Joints are also identified by a number of positive features which may or 
may not be developed in any particular case.  These include (i) plumes and fringes, (ii) 
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small-scale irregularity (on a scale which precludes lateral movement), (iii) occurrence 
as elements in regionally systematic sets which are not preferably localized near major 
fault zones.  Joint zones may contain fractures which show all these features, but are 
mainly distinguished from fault zones by an absence of fault gouge, brecciation and 
other signs of significant relative movement of the wall rock on either side (cf. 
Subsection 3.2.1).  However, joint zones may be marked by partially or wholly 
mineralised joints and zones of hydrothermal alteration in the intact rock. 

As discussed further in Chapter 4, jointing is thought to represent extensional rupture 
under the action of effective tensile stresses (rupture mode I, see Engelder 1993), which 
implies formation under near-surface conditions, at a late stage in the exhumation of the 
rock body under consideration.  Joints are of major importance for the performance 
assessment of deep geological repositories for spent nuclear fuel in crystalline rock, 
since they are the main type of rock discontinuity (in the terminology of engineering 
geology, see Hudson & Harrison 1997) and the main type of hydraulically conductive 
feature (in the hydrogeological terminology applied to fractured crystalline rocks, cf. 
NRC/CFCFF 1996).  However, in contrast to the vast literature on joints and jointing 
(about 10 000 scientific papers up to 1987, see Pollard & Aydin 1988), there is 
practically no literature on joint zones, although it is well known that they exist (e.g. 
Twiss & Moores 1992, p.38-39, NRC/CFCFF 1996, p. 56-58).  In fact, the prestigious 
committee which compiled the NRC/CFCFF book ends its short notice on joint zones as 
follows: “Available knowledge of the geometry of, and mechanisms for, joint zones is 
inadequate.  Because the contribution of (such) fracture zones to the fluid flow in 
fractured rocks may be substantial, a better understanding of the subject is needed.” 

BJI data acquisition - assignment of ID code

For joint zone intersections (BJI in Table 3-1), the following system is used for the 
assignment of ID codes: 

Tunnel intersections:

ONK-BJI-XX

Where XX is a flowing number assigned by the order of mapping the intersections. The 
actual location of the intersection will be given in separate attribute table. ONK refers to 
the ONKALO access tunnel.

Trench intersections:    

OL-TK1-BJI-XX 

Where XX indicates the location of the intersection in the investigation trench. OL-TK 
refers to specific investigation trench.

Drillhole intersections: 

OL-KR1-BJI-XX
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Where XX indicates the along-the-hole location of the intersection. OL-KR refers to 
specific drillhole. 

Since it is very difficult to distinguish between joint zones and fortuitous joint clusters 
in drillholes, because of the small size of the observation window, BJIs need to be 
treated with particular care during subsequent geological modelling. 

BJI data acquisition - the main parameters 

With the above comments in mind, the measurement and parameterization of joint zone 
intersections (BJI) is summarised in Table 3-3.  Data acquisition in situations other than 
in drillholes is unproblematic, and will be carried out with reference to the single 
fracture data acquisition programme (Chapter 4), since joint zones are simply zones 
with a high concentration of single joints, which can be treated separately.  



Table 3-4. Data acquisition table for brittle deformation zone intersections which are interpreted as joint zones (BJI) 

Joint zone intersection identification code: BJI 

Intersection characterisation:

..........................................................................................................................................................................................................................................................................................

.......................................................................................................................................... . . . . . . .  

(description of location (including outcrop conditions) and main features (including observations justifying BJI classification, whether part of composite zone, etc.), together 
with labelled sketches of the intersection, photograph and sample numbers, etc.) 

Accuracy of/confidence in required parameter for different data 
sources (cf. Table 1-1) Measurable quantities 

(measurement) 
Required parameter 
(parameterization) 

Derivation of required parameter 
A.  core data B.  out-crop data C.  tun-nel data 

ORIENTATION 
dip angle of whole zone dip angle of whole  zone as measured (1) med-high high 
dip azimuth of whole zone dip azimuth of whole zone as measured (1) high high 
dip angle of joints  in zone dip angle of whole zone (1) high high 
dip azimuth of joints in zone  dip azimuth of whole zone 

stereographic mean of combined dip 
angle/dip azimuth joint 
measurements only when visibly 
sub-parallel to zone margins

(1) high high 

SIZE
apparent thickness of whole zone true thickness of whole zone, 

T
derived geometrically from 
measured values and orientation 
parameters 
(may be measur-able directly in 
tunnels) 

(1) med-high high 

plunge/trend of the line along 
which the measurement was 
made 

(required to determine true 
thickness) 

   

INTERNAL STRUCTURE 
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Detailed minor structural 
measurements and observations, 
especially when joints visibly not 
subparallel to zone margins 

     

(1)  Although this data is collected in the normal course of core/borehole-wall logging, particular care must be taken during geological
modelling, since it is usually not possible to distinguish between true joint zones and fortuitous clusters of joints in drillhole data.   

72



73

BJI data acquisition - geological description 

Table 3-4 outlines the numerical data which are required to fully characterize a BJI, 
with a view to constructing a geological model of the site.  It is intended as a “check 
list”, indicating also the uncertainties inherent in different sources of data.  It is not 
intended as a geological mapping spreadsheet, since the detailed protocols used in the 
structural mapping of cores, trenches, tunnel walls, etc. need to be tailored to the work 
conditions and project aims, as well as to the fact that data on other features are being 
collected at the same time (as described in Chapters 2 and 4 of this report).  However, it 
should be underlined that each BJI needs a detailed, qualitative, geological description,
accompanied by detailed imagery (hand sketches, photos, 3D laser scanning, etc., 
depending on situation) and the collection of samples.  The overview characterisation at 
the top of Table 3-4 should be brief summary of the most important direct observations 
at the intersection, before any sophisticated study and analysis of the collected material 
has taken place.  Examples of such characterizations of BJI can be studied in Paulamäki 
et al. 2006, Appendices 2 and 3.   

3.3 Semi-Brittle and Ductile Deformation Zones  

In tunnels, outcrops and cores, semi-brittle and ductile deformation zone intersections 
(SFI, DSI and HGI in Table 3-1) are identified primarily by the types of cohesive fault 
rocks which have developed in their cores (cataclasites, mylonites, blastomylonites, etc. 
-  see Subsection 2.1.4 and Fig. 2.1).  As with brittle deformation zones (Section 3.2), 
semi-brittle and ductile deformation zones can be thought of as consisting of a core zone 
of intensely deformed rock (i.e. the above-mentioned fault rocks), flanked by zones of 
influence which represent the transition from the core to the wall rock on either side 
(see Table 3-2) .  However, neither the zones of influence nor the core zones of these 
types of deformation zone are in themselves of great significance for rock engineering 
and hydrogeology, since their properties are usually similar to the wall rock. In addition, 
none of these types are thought to be very common at Olkiluoto, based on present 
geological knowledge of the site.  Nevertheless, experience shows that, if present, they 
are prone to continued movement and reactivation under more brittle conditions (see 
Section 3.4).  Also, the cores of both types of ductile deformation zone are typically 
strongly foliated, which, from a rock engineering point of view, means that the 
geological data acquisition programme needs to be geared to their identification and 
characterisation, however rare they might be.  

3.3.1 Semi-Brittle Deformation Zone Intersections (Sfi) 

Semi-brittle deformation zone intersections (labelled SFI in the geological data base, see 
Table 3-1), where cataclasite is the typical fault rock in the core, have not yet been 
definitively identified at Olkiluoto, although some indications are being studied (e.g. 
Nordbäck & Talikka 2006; for cataclasites at Äspö, see Bossart et al. 2001).  However, 
a brief treatment is included here, for completeness, because they are difficult to 
recognised, and have not often been described in the scientific literature.  Semi-brittle 
deformation zones  represent shearing at an intermediate level in the crust, where 
cataclastic flow and other frictional processes are still the dominant deformation 
mechanisms (see Fig. 3.1).  The deforming rock does not lose it cohesion, or it becomes 
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quickly cohesive through the action of circulating fluids and mineral solution/ 
precipitation (cf. Schmid & Handy 1991).  Because of the massive nature of the fault 
rock and the welded nature of the fragmented, granulated and often mineralised rock 
matrix in the zones of influence, semi-brittle deformation zones are hard and resistant 
and their margins are difficult to locate.  Also, practically no regular minor structures 
are associated with this type of deformation. Hence, in the discussion below, the 
section on structural relations in semi-brittle deformation zones is very short, and the 
main emphasis is on the mode of formation and tectonic significance of cataclasites, 
before outlining measurement and parameterization procedures.  

Structural relations in semi-brittle deformation zones 

Semi-brittle deformation zones can be thought of conceptually, in a similar way to 
brittle and ductile deformation zones, as consisting of a core zone, with zones of 
influence on each side (Table 3-2).  The core zone is occupied by cataclasite and/or 
welded crush rock, whereas the  zones of influence are mainly marked by diffuse 
networks of welded and sealed fractures (equivalent to the “damage zones” in 
crystalline rocks adjacent to brittle deformation zones, see Section 3.2).  From the point 
of view of geological data acquisition, the only parameter which is usually determinate 
is the thickness of the core zone (see Table 3-5).  The only structural elements which are 
often distinguishable in the field are the core zone margins, although even these may be 
difficult to identify and are often irregular.  The cores of semi-brittle deformation core 
zones (cataclasite and welded crush rock zones) are so resistant that they sometimes 
form positive topographic lineaments, i.e. are more resistant to glacial erosion than the 
surrounding wall rocks, and are usually at least as tough as the wall rocks during 
tunnelling.

Cataclasites 

Cataclasites form in the intermediate part of the Sibson-Scholz model deformation zone 
(Fig. 3.1) and the dominant deformation mechanisms include micro-cracking, frictional 
grain-boundary sliding, rigid-body rotation and abrasive wear, involving shear rupture 
and frictional-slip (cf. Sibson 1977, Stel 1981, Knipe 1989, Schmid & Handy 1991, 
Engelder 1993). The upper limit of this regime is marked by an upwards transition from 
stick-slip  movement (seismogenic) to stable sliding (non-seismogenic), and from the 
formation of cohesive to non-cohesive fault products (line T4 on Fig. 3.1).  Cataclasites 
are typically very hard and massive, showing a welded fine-grain matrix containing 
rock fragments and diffuse masses of fractured and granulated rock.  They are classified 
into protocataclasites, cataclasites, and ultracataclasites, according to the volume % of 
matrix (Fig. 2.1).  There is disagreement about whether the cohesiveness of cataclasites 
is inherent (e.g.), or whether the crushed material was originally non-cohesive and later 
welded by minerals (particularly epidote and chlorite) deposited from circulating 
solutions (e.g. Sibson 1986, Schmid & Handy 1991, Bos & Spiers 2001).  What is clear, 
however, is that circulating fluids can be assumed to have played a part in the 
deformation process, which, being frictional, is highly pore-pressure dependent.  Also, it 
is important to remember that the mineralogical composition of the protolith (the wall 
rocks of the fault) and the presence/absence of fluids (during and after faulting) can play 
a dominant role in the field appearance and mineral composition of cataclasites. 
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The widening of the deformation zone in the cataclasite regime (Fig. 3.1) indicates 
schematically that, in contrast to above and below, the initiation of faulting is not 
automatically accompanied by strain-softening.  The weakening of cataclastic rocks is 
mainly dependent on the development high pore-fluid pressures, which may or may not 
take place, depending on local conditions.  Because of this, and  because of the diffuse 
and massive nature of the fault rock, cataclasite zones are difficult to recognize, even in 
rock cores, and their margins tend to be difficult to distinguish and are often quite 
irregular.  Also, in contrast to ductile deformation zones, practically no regular minor 
structures are associated with this type of deformation, although arough foliation can 
sometimes be recognized parallel to the zone margins (e.g. Chester et al. 1987). 

Pseudotachylyte

A typical rock which is mainly confined to the regime in which semi-brittle deformation 
zones develop is pseudotachylyte (Fig. 3.1), a black glassy material reminiscent of 
basaltic glass (“tachylyte”).  This forms in the frictional slip regime by localized melting 
due to the generation of frictional heat (e.g. Snoke et al. 1998, Curewitz & Karson 1999, 
Toro & Pennacchioni 2004), and often intrudes the adjacent wall rock as systems of 
veins.  The importance of these rocks is that they provide means of studying the 
conditions and timing of fault movement (e.g. O´Hara 2001, Sherlock & Hetzel 2001, 
Bjornerud & Magloughlin 2004).  From the point of view of the recognition of 
deformation zones in the field and in tunnel outcrops, the occurrence of black 
preudotachylyte veins and masses, which are easily recognizable, provides a signal that 
a semi-brittle deformation zone (or possibly a low temperature ductile deformation 
zone, cf. Fig. 3.1) may be encountered in the immediate vicinity. So far, no 
pseudotachylytes  have been observed in Olkiluoto.

SFI data acquisition - assignment of ID code 

For semi-brittle deformation zone intersections (SFI in Table 3-1), the following system 
is used for the assignment of ID codes: 

Tunnel intersections:

ONK-SFI-XX

Where XX is a flowing number assigned by the order of mapping the intersections. The 
actual location of the intersection will be given in separate attribute table. ONK refers to 
the ONKALO access tunnel.

Trench intersections:    

OL-TK1-SFI-XX 

Where XX indicates the location of the intersection in the investigation trench. OL-TK 
refers to specific investigation trench.
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Drillhole intersections: 

OL-KR1-SFI-XX

Where XX indicates the along-the-hole location of the intersection. OL-KR refers to 
specific drillhole. 

SFI data acquisition - the main parameters 

As noted above, there is very little scientific literature on semi-brittle deformation 
zones, and those reports which exist indicate that such zones are very difficult to handle, 
structurally.  The only parameters which can be treated with some hope of success are 
the orientation and true thickness of the core zone (the zone of cataclasite and/or welded 
crush rock).  Because semi-brittle zones alone (i.e. without being the location of later 
cohesionless fracturing and crushing) consist of intact rock which is very similar, from a 
rock engineering or hydrogeological point of view, to the country rock on either side, 
their potential significance for the present project is much less than brittle deformation 
zones (see Section 3.2).  Also, there have been no definitive reports of cataclasites at 
Olkiluoto, although some descriptions have noted irregular networks of closely spaced 
welded fractures, as precursors of zones of intense brittle deformation.  Nevertheless, 
semi-brittle deformation zones are potentially important structures and the geological 
data acquisition programme is geared to recognise and parameterize them, if they are 
encountered, as indicated in Table 3-5. 



Table 3-5. Data acquisition table for semi-brittle deformation zone intersections (SFI)

Semi-brittle deformation zone intersection identification code: SFI 
(indicates location and whether core, outcrop or tunnel data, etc.) 

Intersection characterisation:

..........................................................................................................................................................................................................................................................................................

.......................................................................................................................................... . . . . . . .  

(description of location (including outcrop conditions) and main features (including observations justifying SFI classification, whether part of composite zone, etc.), together 
with labelled sketches of the intersection (and pseudotachylyte veins/masses, if observed), photograph and sample numbers, etc.)

Accuracy of/confidence in required parameter for different data 
sources (cf. Table 1-1) Measurable quantities 

(measurement) 
Required parameter 
(parameterization) 

Derivation of required parameter 
core data outcrop data tunnel data 

ORIENTATION 
dip angle of core zone dip angle of core  zone as measured not possible low or not possible med-high 

dip azimuth of core zone dip azimuth of core zone as measured not possible med-high med-high 

SIZE
apparent thickness of core zone true thickness of core zone, t derived geometrically from 

orientation 
only apparent 
thickness determinate 

low med-high 

plunge/trend of the line along which 
the  measurement was made 

(required to determine true 
thickness) 

   

KINEMATICS 

compile relevant site knowledge shear direction 
sense of shear 
amount of shear 

geological argumentation, few if 
any kinematic indicators 

rough estimates may be possible 
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SFI data acquisition - geological description 

Table 3-5 outlines the numerical data which are required to fully characterize an SFI, 
with a view to constructing a geological model of the site.  It is intended as a “check 
list”, indicating also the uncertainties inherent in different sources of data.  It is not 
intended as a geological mapping spreadsheet, since the detailed protocols used in the 
structural mapping of cores, trenches, tunnel walls, etc. need to be tailored to the work 
conditions and project aims, as well as to the fact that data on other features are being 
collected at the same time (as described in Chapters 2 and 4 of this report).  However, it 
should be underlined that each SFI needs a detailed, qualitative, geological description,
accompanied by detailed imagery (hand sketches, photos, 3D laser scanning, etc., 
depending on situation) and the collection of samples.  The overview characterization at 
the top of Table 3-5 should be brief summary of the most important direct observations 
at the intersection, before any sophisticated study and analysis of the collected material 
has taken place.  The aim is to progressively fill out the descriptive part of the 
geological data acquisition programme with parallel laboratory studies, to provide a 
background for understanding the mode of formation and geological significance of 
selected intersections as modelling proceeds.      

3.3.2 Low-Grade Ductile Deformation Zone Intersections (Dsi)   

Low-grade ductile deformation zones, often referred to as mylonite zones (see 
Subsection 2.1.4), are some of the most intensely studied phenomena in structural 
geology and are often found as late to post-orogenic features in crystalline complexes, 
such as the Fennoscandian Shield. A good example is the Kynsikangas Shear Zone, 
some 30 km NE of Olkiluoto (Paulamäki et al. 2002, Pajunen et al. 2002), and possible 
small examples have been reported at Olkiluoto (e.g. Paulamäki 2005a, 2005b, 
Paulamäki & Aaltonen 2005, Nordbäck & Talikka 2006), and at Äspö (e.g. Bossart et 
al. 2001).  In general, however, their occurrence at Olkiluoto must be quite rare because 
they have not been reported from any of the drillholes, even though they should be 
easily recognizable in rock cores.  For the sake of completeness, a short summary of the 
structural relations in and around low-grade ductile deformation zones, with selected 
references, is given below, as a background to the geological data acquisition 
programme.  In the geological data base, low-grade ductile deformation zone 
intersections will be labelled DSI in the geological data base (see Table 3-1). 

Structural relations in ductile deformation zones 

A conceptual model of the structural relations in a low-grade ductile deformation zone 
(mylonite zone) is shown diagrammatically in Fig. 3.2.    One of the most important 
primary features of such zones, which distinguishes them from high-grade ductile 
deformation zones (Subsection 3.3.3, below) is the presence of undeformed wall rock 
on each side of the zone (cf. Ramsay & Graham 1970, Ramsay 1980, Ramsay & Huber 
1987).  The rigidity of the rock blocks on either side is a fundamental prerequisite for 
the interpretation of the structures within such a zone, since strain compatibility 
arguments suggest that only then will the strain be of the type known as 3D rotational 
plane strain (or in 2D,“simple shear” in a plane parallel to the direction of movement).  
As in the case of most other types of deformation zone, the architecture of low-grade 
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ductile deformation zones can be thought of in terms of a core zone, which in this case 
is marked by the development of mylonites (see below), and two zones of influence, one 
on either side of the core (Table 3-2). The zones of influence represent the transition 
from mylonite to undeformed wall rock, and, when the wall rock is homogeneous, they 
are often marked by a typical curving foliation, as the strain decreases in intensity 
outwards and disappears at the deformation zone margin (Fig. 3.2).  When the wall rock 
is very heterogeneous, as at Olkiluoto, the zones of influence are marked by the 
deflection, folding and boudinage of the pre-shearing, protolithic fabric elements 
(foliation, veins, contacts, etc., cf. Munier et al. 2003, Fig. 2-1b).  Structural relations 
within the mylonitic core and the zones of influence of low-grade ductile deformation 
zones have been studied extensively over the past two decades, resulting in a 
voluminous scientific literature on the structures and microstructures which can be used 
to measure and analyse the direction of movement and the strain variations within such 
zones (e.g. Simpson & Schmid 1983, McClay 1987, Hanmer & Passchier 1991, Talbot 
& Sokoutis 1995, Passchier & Trouw 1996, Wennberg et al. 1998).  
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Figure 3.2. Internal structures in a typical low-grade ductile deformation zone 
(Hanmer & Passchier 1991, Fig. 33).  (A) The mylonite marking the “core” of the 
deformation zone is shown in black and the “zones of influence” on each side of the 
core are represented by the zones of curving ‘S’ planes, which die out at the shear zone 
margins, marked by the half-arrows.  Outside the shear zone margins, the rock is 
undeformed (i.e. not affected by the deformation which took place within the shear 
zone). The enlarged view shows details of the typical “SC” structure in the influence 
zone, S being the foliation and C being narrowly spaced dicontinuities parallel to the 
shear plane.  (B) Enlarged view of the typical shear bands (also given the symbol C’) 
which develop in the mylonites of the core zone. The SC and the C’ structures are used 
in the field for determining the sense of shear in the deformation zone. 

As indicated above, low-grade ductile deformation zones zones must be distinguished 
from high-grade ductile deformation zones in heterogeneously deformed tectonite 
complexes (Subsection 3.3.3).  This distinction is based on rheological arguments and 
their structural implications, which can be illustrated with reference to the Sibson-
Scholz fault zone model (Fig. 3.1).  Low-grade ductile deformation zones develop in the 
upper part of the plastic flow regime, between the lines T1 (onset of quartz plasticity) 
and T2 (onset of feldspar plasticity), which essentially bracket greenschist facies 
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conditions.  Under these conditions, strain-softening takes place: once initiated, the 
deformation becomes more and more concentrated within the zone, since materials in 
the zone become progressively weaker relative to the wall rock as deformation proceeds 
(e.g. White et al. 1980, Davis & Reynolds 1996, Passhier & Trouw 1996).  Strain-
softening mechanisms in mylonites are due to some or all of the following processes: 
decreasing grain size, growth of more easily deformable minerals (e.g. white mica), 
hydrolytic weakening of quartz and other minerals, development of lattice-preferred 
orientation facilitating dislocation glide, and shear heating.  At deeper levels in the crust 
than line T2 (i.e. under amphibolite facies conditions or higher, see Fig. 3.1), feldspars 
become plastic and all minerals recrystallize when strained. Strain softening is 
suppressed, pervasive heterogeneous ductile deformation becomes the dominant process 
(with complex strain variations, rarely corresponding to plane strain),  and ductile shear 
zones which can be analysed in the way described in the above references do not form.       

Mylonites

Mylonites (see Subsection 2.1.4) are the typical products of movement in ductile 
deformation zones formed in the interval between T1 and T2 in the Sibson-Scholz model 
fault zone (Fig. 3.1).  They are characteristically fine-grained and strongly foliated, and 
the transformation of the protolith (the rocks in which the deformation zone develops) 
takes place by deformation mechanisms such as crystal plasticity, viscous grain-
boundary sliding, diffusion creep, recrystallization, etc. (for illustrations of typical 
mylonitic microstructures, see, for instance, Schmid & Handy 1991, Passchier & Trouw 
1996, Snoke et al 1998), which dominate in the viscous flow regime.  This statement 
applies mainly to quartz at the top of the depth range in the model (lower greenschist 
facies, Fig. 3.1) and progressively to other minerals near the bottom (upper greenschist-
lower amphibolite facies).  Even at lower amphibolite facies, however, alkali feldspar is 
generally not plastically deformed and forms typical rigid porphyroblasts within the 
fine-grained mylonitized matrix.  Mylonitized rocks are classified as protomylonites, 
mylonites or ultramylonites, according to the volume % of mylonitized matrix in the 
rock (see Fig. 2.1).  Mylonites are easily recognized in tunnels, outcrops and cores by 
the small grain size and the characteristic strong foliation, which often occurs in the 
form of a parallel-sided lamination produced by alternating laminae of fine-grained 
quartz, plagioclase and mafic minerals.  When there is a high proportion of micaceous 
minerals in the rock, it often takes on the appearance of phyllite, hence the informal 
name “phyllonite” in some reports.  Other typical features in the field are the presence 
of alkali feldspar porphyroclasts with characteristic tails and wings, especially in 
mylonites derived from granitic rocks, complex patterns of boudinage and isoclinal 
folding, and  intersecting foliations (SCC´ mylonites, see Fig. 3.2), as described in many 
of the papers cited above. 

It should perhaps be noted that the term mylonite as used now in geological circles (see 
above), is not always synonymous with the term "mylonite" as it was earlier sometimes 
used in engineering geology (non-cohesive, crushed and friable rock zones are referred 
to as “mylonite” zones in some older reports). Mylonite zones, in modern terminology, 
are generally not difficult or unstable zones in underground excavation or core drilling, 
and if they are, it is not because of the weakness of the rock material but because of the 
strong foliation, which will always need to be taken into account (see Subsection 2.2.1).      
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DSI data acquisition - assignment of ID code 

For ductile deformation zone intersections (DSI in Table 3-1), the following system is 
used for the assignment of ID codes: 

Tunnel intersections:

ONK-DSI-XX

Where XX is a flowing number assigned by the order of mapping the intersections. The 
actual location of the intersection will be given in separate attribute table. ONK refers to 
the ONKALO access tunnel.

Trench intersections:    

OL-TK1-DSI-XX 

Where XX indicates the location of the intersection in the investigation trench. OL-TK 
refers to specific investigation trench.

Drillhole intersections: 

OL-KR1-DSI-XX

Where XX indicates the along-the-hole location of the intersection. OL-KR refers to 
specific drillhole.

DSI data acquisition - the main parameters 

As noted above, low-grade ductile deformation zones have been extensively researched, 
and there is a voluminous scientific literature.  The reason for this is that mylonites are 
beautifully structured rocks with abundant geometrical features which can be used to 
analyse the geometry, kinematics and dynamics of the deformation.  The main 
parameters can be treated under three headings: orientation, size (thickness), and 
kinematics.  Because low-grade ductile deformation zones in isolation (i.e. without 
being the location of later cohesionless fracturing and crushing) consist of intact rock 
which is very similar, from a rock engineering or hydrogeological point of view, to the 
country rock on either side, their significance for the present project is much less than 
brittle deformation zones (see Section 3.2).  The indications to date also suggest that 
they are scarce at the Olkiluoto site, compared to the widespread nature of the 
fracturing.  Such zones will come into greater focus if they turn out to be more common 
than it now appears, and/or if they are clearly associated with increased fracturing or 
prove to have been reactivated easily under brittle conditions (see Section 3.4).  In the 
first instance, however, parameterization will focus on zone orientation and zone 
thickness, as indicated in Table 3-6.  Detailed investigation of the kinematics of the 
zones is not at the moment foreseen, although a general assessment will be made 
whenever clear field evidence is available, in order to increase site understanding.   



Table 3-6. Data acquisition table for low-grade ductile deformation zone  intersections (DSI)

Ductile deformation zone intersection identification code: DSI 

Intersection characterisation:

..........................................................................................................................................................................................................................................................................................

.......................................................................................................................................... . . . . . . .  

(description of location (including outcrop conditions) and main features (including observations justifying DSI classification, whether part of composite zone, etc.), together 
with labelled sketches of the intersection, photograph and sample numbers, etc. 

Accuracy of/confidence in required 
parameter for different data sources 
(cf. Table 1-1) 

Measurable quantities 
(measurement) 

Required parameter 
(parameterization) 

Derivation of required parameter 

A. core 
data 

B. out-
crop data 

C. tun-nel 
data 

ORIENTATION 
dip angle of core zone foliation dip angle of core      zone high high high 

dip azimuth of core zone foliation dip azimuth of core zone 

stereographic mean of combined dip angle/dip azimuth 
(strike) foliation measurements 

high high high 

dip angle of whole zone assumed to be the same as the core zone med med med 

dip azimuth of whole zone assumed to be the same as the core zone med med med 

SIZE
apparent thickness of whole zone true thickness of whole zone, T low 

(1) 
low 
(1) 

med 
(1) 

plunge/trend of the line along which 
the measurement was made 

(required to determine true thickness) 

derived geometrically from orientation 
(may be measurable directly in tunnels) 

apparent thickness of core zone true thickness of core zone, t high high high 
plunge/trend of  the line along 
which the measurement was made 

(required to determine true thickness) 
derived geometrically from orientation 
(may be measurable directly in tunnels) 
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KINEMATICS 
shear direction derived from orientation of lineation and supporting 

data 
low or not 
possible 

med-high med-high 

sense of shear derived from kinematic indicators viewed in a plane 
parallel to the lineation 

low or not 
possible 

med-high med-high 

Detailed minor structural 
measurements and observations  

For data acquisition, see McClay 
1987, p. 104-115.  For methods of 
kinematic analysis, see papers cited 
in text. 

amount of shear derived by research- level strain analysis low or not 
possible 

low-med low-med 

(1) Low because the outer margins of the zones of influence are generally extremely vague and gradational, medium in tunnels because of 
better 3D view. 
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DSI data acquisition - geological description

Table 3-6 outlines the numerical data which are required to fully characterize a DSI, 
with a view to constructing a geological model of the site.  It is intended as a “check 
list”, indicating also the uncertainties inherent in different sources of data.  It is not 
intended as a geological mapping spreadsheet, since the detailed protocols used in the 
structural mapping of cores, trenches, tunnel walls, etc. need to be tailored to the work 
conditions and project aims, as well as to the fact that data on other features are being 
collected at the same time (as described in Chapters 2 and 4 of this report).  However, it 
should be underlined that each DSI needs a detailed, qualitative, geological description,
accompanied by detailed imagery (hand sketches, photos, 3D laser scanning, etc., 
depending on situation) and the collection of samples.  The overview characterization at 
the top of Table 3-6 should be a brief summary of the most important direct 
observations at the intersection, before any sophisticated study and analysis of the 
collected material has taken place.  The aim is to progressively fill out the descriptive 
part of the geological data acquisition programme with parallel laboratory studies, to 
provide a background for understanding the mode of formation and geological 
significance of selected intersections as modelling proceeds.      

3.3.3 High-Grade Ductile Deformation Zone Intersections (Hgi) 

Brittle, semi-brittle and low-grade ductile deformation zones (Subsections 3.2.1, 3.2.2,  
3.3.1 and 3.3.2, above) all fall in the category of low-grade deformation zones (see 
Table 3-1), i.e. zones in which the deformation has taken place under low-grade and 
very low-grade metamorphic conditions.  In crystalline complexes consisting of high-
grade metamorphic rocks, migmatites and igneous intrusions, such as at Olkiluoto, this 
implies that these types of deformation zone developed after the complex had cooled 
and consolidated (crystallized- recrystallized), and after the structures produced during 
the accompanying tectonic movements had formed.  Such deformation zones are said to 
be post-crystalline and post-tectonic.  However, the crystalline complex itself 
underwent pervasive heterogeneous deformation during its formation, under melt-
generating, high-grade metamorphic conditions, and this led to the development of a 
foliation in some zones which was much stronger than that in the surrounding rocks.  
These strongly foliated zones in the intact rock are identified in the field using the 
systematic foliation mapping procedures outlined in Chapter 2 (Section 2.2), i.e. they 
are the zones which have been assigned a rock mechanics foliation (RMF) number = 3 
(see Table 2-2). For the deterministic site modelling, intersections which show RMF=3 
characteristics are designated high-grade ductile deformation zone intersections, 
labelled HGI in the geological data base (see Table 3-1). 

It should be noted that low-grade and high-grade ductile deformation zones differ not 
only in the petrography and mineralogy of the rocks they contain (mylonites in low-
grade zones, blastomylonites and mylonitic gneisses in high-grade zones, see Section 
2.1).  They differ also in their structural significance.  A primary feature of low-grade 
ductile deformation zones is that, outside the zones of influence, the wall rocks are 
practically unaffected by the shearing and retrograde metamorphism which characterize 
the zone itself (see Subsection 3.3.2).  In contrast, high-grade ductile deformation zones 
are simply more highly deformed zones in an otherwise continuously deforming rock 
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matrix (hence the nine different categories defining the degree and type of foliation in 
Section 2.2).  The D2  and D3 deformation phases at Olkiluoto (see Subsection 2.1.3), 
which resulted in the composite foliation and associated fold and boudinage structures, 
affected the whole rock complex, but to different degrees at different places.  Returning 
to the Sibson-Scholz fault zone model (Subsection 3.1.2 and Fig. 3.1), these 
deformation phases took place under conditions below the T2 line, where all minerals 
behave plastically and recrystallize continuously, albeit at different rates.  There is no 
tendency to strain softening and therefore no tendency for the deformation to be 
focussed in  narrow zones, but somewhat varying conditions of temperature, lithology, 
grain-size, fluid migration, melt formation, etc., lead to variations in strain intensity and 
strain type from place to place, including the sporadic development of strongly foliated 
zones, distinguished as high-grade ductile deformation zones (in this Subsection) and as 
zones of RMF=3 (in Subsection 2.2.2). 

HGI data acquisition - assignment of ID code

High-grade ductile deformation zone intersections (HGI in Table 3-1) correspond to 
zones which have been assigned an RMF number 3 in the procedures for foliation 
mapping (Subsection 2.2.2).  For the purposes of deterministic modelling, these zones 
are assigned ID codes as follows: 

Tunnel intersections:

ONK-HGI-XX

Where XX is a flowing number assigned by the order of mapping the intersections. The 
actual location of the intersection will be given in separate attribute table. ONK refers to 
the ONKALO access tunnel.

Trench intersections:    

OL-TK1-HGI-XX

Where XX indicates the location of the intersection in the investigation trench. OL-TK 
refers to specific investigation trench.

Drillhole intersections: 

OL-KR1-HGI-XX

Where XX indicates the along-the-hole location of the intersection. OL-KR refers to 
specific drillhole.

HGI data acquisition - the main parameters 

Parameterization of high-grade ductile deformation zone intersections (HGI) follows on 
from the instructions in Subsections 2.2.2 and 2.3.1.  The parameters which need to be 
defined for each intersection which has been assigned an RMF number = 3 are shown in 
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the data acquisition below (Table 3-7).  Note that for HGI there are no zones of 
influence to be parameterized - geologically speaking the whole of the “wall rock” is 
everywhere part of the “zones of influence”, i.e. it has everywhere been deformed, to 
varying degrees, during the same phase(s) of deformation as the one(s) causing the 
high-grade ductile deformation in the zone itself.  What actually happens as one moves 
down the Sibson-Scholz model fault zone through the T2 line (Fig. 3.1) is that the zones 
of influence widen and quickly encompass the whole of the lower crust, and the fault 
zone itself loses its individuality and presumably also its lateral continuity. 



Table 3-7 Data acquisition table for high-grade ductile deformation zone intersections (HGI)

Ductile deformation zone intersection identification code: HGI 
(indicates location and whether core, outcrop or tunnel data, etc.) 

Intersection characterisation:

..........................................................................................................................................................................................................................................................................................

.......................................................................................................................................... . . . . . . .  

(description of location (including outcrop conditions) and main features (including observations justifying HGI classification, whether part of composite zone, etc.), together 
with labelled sketches of the intersection, photograph and sample numbers, etc.) 

Accuracy of/confidence in required parameter for 
different data sources (see Table 1-1) Measurable quantities 

(measurement) 
Required parameter 
(parameterization) 

Derivation of required parameter 
A. core data B. out-crop data C. tun-nel data 

ORIENTATION 
dip angle of foliation   (RMF=3) dip angle of whole zone high high high 

dip azimuth of foliation  (RMF=3) dip azimuth of whole zone 

stereographic mean of combined dip 
angle/dip azimuth (strike) foliation 
measurements (for instructions, see 
Subsections 2.2.2 and 2.3.1) 

high high high 

SIZE
apparent thickness of  zone showing 
RMF=3 

true thickness of  zone, t high high high 

plunge/trend of  the line along which the 
measurement was made 

(required to determine true 
thickness) 

derived geometrically from orientation 
(may be measurable directly in tunnels) 

   

STRAIN REGIME 

Detailed minor structural and strain 
analysis (lineations, deformed objects, vein 
system geometry, etc.), see e.g. Ramsay & 

Huber 1987

type of  finite strain ellipse 

strain intensity parameter 

research level investigation - not 
envisaged within the ONKALO project 
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HGI data acquisition - geological description 

Table 3-7 outlines the numerical data which are required to characterize a HGI, in 
conjunction with the procedures explained in Sections 2.2 and 2.3.1 in the present 
report.  The overview characterization at the top of the Table should be a brief summary 
of the most important direct observations at the intersection, before any sophisticated 
study and analysis of the collected material has taken place.  The aim is to progressively 
fill out the descriptive part of the geological data acquisition programme with parallel 
laboratory studies, to provide a background for understanding the mode of formation 
and geological significance of selected intersections as modelling proceeds.      

3.4 Composite deformation zones 

The brittle and ductile structures and fault products often occur together in deformation  
zones, in which case the zone is referred to as composite (Table 3-1).  This phenomenon 
may be due to different processes (see Davis & Reynolds 1996), but the processes of 
interest for the present project are those which result in a brittle overprinting of earlier 
or simultaneous ductile products.  There are three different processes, either alone or in 
combination, which can contribute to such brittle overprinting:   

Long-continued movement on a particular fault zone can result in the wall rock on 
one side of the fault being significantly cooler, and hence significantly more brittle, 
than on the other side, resulting in coeval brittle and ductile deformation at the same 
crustal level (e.g. Grocotte 1977, Sibson et al. 1979, Wawrzyniec et al. 2001, 
Braathen et al. 2004). 

Because the strain field in ductile shear zones is extensional in one direction and 
contractional in the other, perpendicular direction, and because all rocks are weaker 
and/or more brittle under tension than under compression, many ductile shear zones 
show complicated relationships which suggest the progressive coeval development 
of brittle and ductile structures (e.g. Ramsay & Huber 1987, Sylvester 1988, Twiss 
& Moores 1992, Fusseis et al. 2006). 

Ductile shear zones which have ceased to be active, and which have become part of 
an exhumed crystalline complex, tend to form zones of mechanical weakness which 
become the preferred location of brittle fracturing and faulting at a later stage in the 
uplift and exhumation history (e.g. Andréasson & Rodhe 1990, 1994, Larson et al. 
1990, Beunk & Page 2001, Holdsworth et al. 2001, McEwen 2002, Braathen et al. 
2004).

For composite deformation zones, the dating of fault movement at different points in the 
history of faulting often provides critical evidence (e.g. Maddock et al. 1991, Fukuchi 
2001, Sherlock & Hetzel 2001, Zwingmann et al. 2004)    

Composite deformation zones - data acquisition 

From the point of view of geological data acquisition, a composite deformation zone 
can be treated as consisting of ductile, semi-brittle and/or brittle components, each of 
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which must be treated separately, according to Tables 3-3 to 3-7.  For instance, a 
mylonite zone which is overprinted by a brittle fault zone is parameterized by first 
collecting the DSI data (according to Table 3-6) and then the BFI data (according to 
Table 3-3).  The term composite deformation zone, as used in this project, is an informal 
name for the superposition of the these two structures at the same location and with the 
same orientation (but not necessarily with identical zonal margins). 
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4 CHARACTERISATION OF INDIVIDUAL FRACTURES 

Much of rock engineering for underground construction in crystalline rock, and much of 
groundwater flow modelling in fractured rocks depends on a detailed, site-specific 
knowledge of the fracture system, particularly the statistical distributions of the 
orientation, size and spatial arrangement of the individual fractures.  Since these 
distributions cannot be studied continuously in 3D, methods have been developed for 
deducing, or rather approximately estimating, the 3D distributions from spatially limited 
1D (drillholes, scanlines) and 2D (outcrops surfaces, tunnel walls, etc.) data sets.  The 
aim of geological data acquisition in this field is to provide complete and relevant data 
sets, taking into account the limited data collection "windows" (limited length of 
drillhole, limited area of outcrop, etc.) and the limited time usually available for 
characterising every single fracture within the "windows".  The first step in this 
optimisation process is to define what we mean by “fracture” and to subdivide these 
geological objects into a number of descriptive types (Section 4.1).  The second step is 
to develop a framework for quantitative fracture data acquisition and preliminary 
processing (Sections 4.2-4.5), concentrating on those types and parameters which are 
meaningful for the problem at hand.  Based on this framework, data acquisition and 
mapping spreadsheets have been or are being developed which are tailored to the 
different sources of data and levels of investigation (see Table 1-1).  In this Chapter, we 
will refer particularly to the ONKALO tunnel mapping spreadsheet which is at present 
in use, and a list of the items in that spreadsheet is given in Appendix 1, for easy 
reference. The main emphasis in this Chapter is on the description, measurement and 
parameterisation of individual fractures. 

4.1 Fracture Classification - Generic Fracture Types  

Fractures in rocks of the Earth's crust are the result of brittle failure under stress 
conditions of various origins.  Of these, the most important sources in the Olkiluoto 
bedrock are tectonic (plate boundary stresses, intraplate stress, glacial loading/unloading 
stresses, stresses due to differential heating, uplift and erosion, etc.) and man-made (due 
to drilling, blasting, creation of underground openings, etc.), although other sources 
(magmatic cooling, meteorite impact, etc.) cannot be completely ruled out .  For a 
definition of rock fractures in the broad sense, without implying a particular mode of 
origin, we will use the following as our starting point: a fracture is any feature in the 
rock which looks as though it originated by brittle failure as a reaction to differential 
stresses in the bedrock (Table 4-1).  The phrase "looks as though" is important because, 
in most cases, the actual process of fracturing has not been observed; it is a deduction 
based on everyday experience of brittle failure (broken bottles, cracked windows, 
damaged buildings, etc., etc.), and, in geology, on the wide experience gained from 
observing the results of experimental rock deformation under a whole spectrum of 
conditions typical of crustal environments (cf. Paterson 1978, Blés & Fuega 1986, and 
many others, for a recent literature compilation, see Milnes 2006).  The phrase 
"originated by" acknowledges that the presently observed state of any fracture in the 
rock may be the result of a long history, involving repeated reactivation, and sometimes 
transformation into a structural element which does not necessarily look like a fracture 
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in the common meaning of the word.  In crystalline bedrock, the history of brittle 
deformation is often polyphase and usually poorly known, and the different phases may 
have contributed in different ways to the end product, the presently observable fracture 
network.  In cores and tunnels, the last phase of the rock's deformation history is due to 
disturbances caused by human activities, although probably influenced by present-day 
in-situ stress conditions. 

Tectonic and artificial fractures 

Starting from this broad definition, we will assume, until contrary indications are 
obtained, that the rock fractures in the Olkiluoto bedrock are either tectonic, formed by 
natural processes in the Earth’s crust, or artificial, formed by the different drilling and 
construction activities at present taking place on the site (Table 4-1). In natural bedrock 
outcrops, all the fractures are assumed to be tectonic.  In quarries, road cuts, tunnels, 
drill cores, etc., however, the first decision to be made during geological data 
acquisition is whether an observed fracture existed in the bedrock before excavation 
began (i.e. whether it is tectonic), or whether it was produced, as a new fracture, by 
human activity (i.e. whether it is artificial, produced during quarrying, blasting, drilling, 
core handling, etc.).  Although this distinction is often unimportant for rock engineering 
(e.g. security measures have to be taken, whether a fracture is artificial or not), from the 
point of view of the present project it is important because interest focusses on the 
undisturbed, “natural” conditions in the host rock surrounding the future repository.  
Unfortunately, there are no hard and fast rules for making this distinction, and the 
decision must be based on the experience of the observer.  When systematically logging 
drill cores or scanlines, or systematically mapping tunnel walls, the normal procedure is 
to log only tectonic fractures.  Data on artificial fractures, identified on the basis of 
certain positive indications such as lack of mineralisation, alteration or slickensiding, 
clean irregular breakage of drill cores such that there is an exact fit, geometrical relation 
to blast holes, relation to face of the tunnel or “edge” of rounds, where there is the 
biggest influence of blasting etc., may be collected in some instances (e.g. preliminary 
core logging), but are not used in subsequent data processing.  During the current 
geological data acquisition in the ONKALO access tunnel, only tectonic fractures are 
mapped, and artificial fractures are excluded from the geological fracture data base; if 
necessary, collection of data from artificial fractures will be done in separate campaigns.  

Welded and non-welded (tectonic) fractures 

In any rock complex, all tectonic fractures fall into one of two groups, welded and non-
welded (Table 4-1).  Welded fractures are those whose walls, because of the conditions 
of formation or processes later in the fracture’s history, have become welded together 
by metamorphic, magmatic and/or hydrothermal processes, and are now - from the point 
of view of their significance for rock engineering or hydrogeology - part of the intact 
rock.  Such fractures are particularly common in association with cataclasites and 
welded crush rocks, in and around semi-brittle deformation zones (cf. Subsection 3.3.1).  
During fracture mapping for the Q-system in underground contruction, welded fractures 
are identified by  assigning them a Ja-value of 0.75 (Ja = joint alteration number, see 
Section 4.4 and Appendix 2, Table 4) 

Non-welded fractures are tectonic fractures which represent planes of weakness in the 
rock.  They are widely distributed in the Earth’s crust, and it has become common usage 
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to refer to non-welded, tectonic fractures simply as “fractures” (the adjectives “non-
welded” and “tectonic” being understood).  This has been the usage in Posiva up to 
now, and is retained in the present geological data acquisition programme.  Hence, a 
fracture can be defined as follows: A fracture is any feature which looks as though it 
originated by brittle failure as a reaction to tectonic stresses in the Earth’s crust, and 
which is non-cohesive or low cohesive, i.e. of  zero tensile strength, or of very low 
tensile strength in comparison with the strength of the surrounding intact rock (Table 4-
1).  If such fractures are mineralised, they are coated with, or partially or completely 
filled by, weak low-temperature minerals (e.g. calcite, clay minerals, and other minerals 
of low strength), such that they are still planes of weakness and potential channels for 
water flow, particularly when the intact rock is crystalline and "hard", as at Olkiluoto. 
Fractures occur in widely distributed, often systematically arranged, systems over broad 
areas of the crust, or as strongly localized  populations in association with brittle 
deformation zones (which are therefore often called “fracture zones”, see Section 3.2). 

A fracture, according to this definition, is a discontinuity in engineering geological 
parlance (cf. Priest 1993, Hudson & Harrison 1997).  It is usual to make the 
conservative assumption that a fracture which would be called a discontinuity by 
engineering geologists and rock engineers would also be considered as a potential 
water-conducting feature by hydrogeologists.  "Potential" in this context means that 
even if a fracture is not hydrogeologically active at the present time, it must be assumed 
to be easily activated or reactivated (re-opened) in the future, due, for instance, to 
changes in the stress regime (plate motion, glacial loading/unloading, etc.).  Fractures 
(discontinuities) are also the main concern in connection with seismic reactivation (e.g.
LaPointe & Hermanson 2002).  With regard to geological data acquisition for a deep 
repository, therefore, fractures, as defined here (Table 4-1), are one of the prime targets 
in site characterisation. 

Generic fracture types 

Based on these broad definitions, there is general agreement on the main types of 
fracture which occur in Nature, and we use these as the starting point for fracture 
characterization.  These are generic fracture types, i.e. they are general types found all 
over the world, not site-specific types developed on the basis of observations at 
Olkiluoto (Fig. 4.1).  Geologically, four types based on readily observable 
characteristics in the field can be distinguished, joints, faults, veins or fissures, and 
stylolites (Table 4-1). 

Joints

Joints are fractures which show no signs of movement parallel to or perpendicular to the 
fracture surface.  The most obvious signs of movement, which will be systematically 
checked (presence/absence) on every fracture, are: 
o slickenside striations on the fracture surface 
o small displacements (greater than 1 mm) of the wall rock across the fracture, as 

shown by heterogeneities (e.g. leucosome in migmatites) on each side of the 
fracture surface 

o thin layer of gouge or other signs of rock crushing along the surface (thickness 
greater than 1 mm) 

o openness of the fracture by more than a certain amount (usually 1 mm) 
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o partial or complete infilling with low-temperature minerals thicker than a certain 
amount (usually 1 mm)  

Lack of these easily observed features is taken to indicate that the fracture in question is 
what is called a joint in the geological literature (cf. Hancock 1985,  Engelder 1987, 
Pollard & Aydin 1988, Hancock & Engelder 1989, Priest 1993).  Joints are also 
identified by a number of positive features which may or may not be developed in any 
particular case.  These include plumes and fringes, irregularity (on a scale which 
precludes lateral movement), and occurrence in regionally regular sets, etc. (cf. Twiss 
& Moores 1992, Ch. 3,  Davis & Reynolds 1996, Ch. 5).  With regard to mode of 
formation, most joints are considered to be extension fractures (rupture mode I), but 
some joints may be formed by shear rupture (rupture modes II-III) under certain, 
presumably very localized, conditions (cf. Engelder 1993).   

Faults

Fractures which  show signs of movement parallel to the fracture surface, such as 
slickensides, displacements, a thin gouge layer between the fracture walls, en echelon 
arrays of tension cracks, characteristic fault terminations, etc., are referred to as faults
(cf. Price 1966, Segall & Pollard 1983, Granier 1985, Gabrielsen 1990, Angelier 1994).  
Since the term fault (in contrast to joint) is scale independent, small faults consisting of 
a single plane of discontinuity, comparable in scale to joints, can be called single- plane 
faults, to distinguish them from larger scale fault zones (cf. Section 3.2), which are often 
referred simply as faults in the literature. Single-plane faults have formed in two ways, 
which are difficult to distinguish in the field.  They may have formed by shear rupture 
(rupture modes II-III) in intact rock (e.g. Aydin & Johnson 1978), implying the local 
occurrence of exceptionally high stress concentrations, or they may have formed by slip 
on joints already present in the rock (e.g. Wilkins et al. 2001), requiring much lower 
differential stress levels.  The fact that much lower stress levels are required to cause 
frictional-slip on already formed fractures, than to create new fractures, particularly in 
“hard”, crystalline rock, implies that the second possible mode of formation is the more 
common phenomenon (see Engelder 1993).  

Veins or fissures, stylolites 

The two remaining types of fracture which are normally distinguished in geological field 
work are veins and stylolites.  These are essentially joints in mode of formation, but in both 
cases there are indications that there has been appreciable movement perpendicular to the 
fracture, veins in the opening mode and stylolites in the closing mode (see, for instance, 
Groshong 1988, Dunne & Hancock 1994).  The term vein is used for fractures with a 
partial or complete low-temperature mineral infilling of appreciable thickness (greater than 
1 mm).  For open fractures, however, the term fissure is often used (Table 4-1).  The term 
stylolite is used when characteristic features of pressure solution, i.e. the removal of 
material from the fracture site, are observed.    

From a geological point of view, joints, (single-plane) faults, and veins or fissures, are the 
structures most commonly found at the Olkiluoto site.  At Olkiluoto, stylolites have not 
been reported, and are not to be expected (they are only common in carbonate rocks).  
They will not be considered further, except to be aware that they may exist and would need 
to be distinguished, if, against all expectations, they were observed (hence their inclusion 
in Table 4-1). 
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Table 4-1. Generic nomenclature of fractures, summarized in a hierarchical 
classification scheme, starting with a general definition of a rock fracture, in the broad 
sense. For discussion and references, see text.

rock fracture, in the broad sense 
- any feature in the rock which looks as though it originated by brittle failure as a reaction to differential  

stresses in the bedrock 

tectonic fracture
- rock fractures which look as though they were produced by differential stresses of 

tectonic origin 

artificial
fracture
- see text 

welded 
fracture
- see text 

(non-welded) fracture
- tectonic fractures which are non-cohesive or low cohesive, i.e. 

of  zero tensile strength, or very low tensile strength with 
respect to the strength of the surrounding intact rock.  

(When the word “fracture” is used alone in 
Posiva reports, this is the meaning. A fracture 
defined in this way is a “discontinuity” in rock 

engineering terminology) 

stylolite
- see text 

joint
- any 

(tectonic) 
(non-welded) 

fracture
which does 
not show 

evidence of 
movement, 
parallel  or 

perpendicular 
to the 

fracture
surface

fault
(single-
plane)

- any  
(tectonic) 

(non-
welded) 
fracture

which shows 
evidence of 
movement 
parallel to 

the fracture 
surface

vein,
fissure

- any 
(tectonic) 

(non-welded) 
fracture

which shows 
evidence of 
movement 

perpendicular
to the fracture 
surface, in the 

opening 
mode, either 
physically 

open (fissure) 
or wholly or 

partially 
filled with 

weak, low T 
minerals 

(vein)
NB.  In the Q-system for stability assessment in 

underground construction (App. 1 and 2), all these 
geological types are referred to as “joints”
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“Joint” - a word of caution 

There is general agreement in geological circles, and in many geotechnical ones, too, 
that a joint is a fracture which shows no signs of relative movement of the fracture walls 
(see definition and references above).  However, one of the most widely used rock mass 
quality systems, Barton’s Q-system and its derivatives (Barton et al. 1974, Grimstad & 
Barton 1993,  Barton 2002) uses the word “joint” in a different way - as a synonym for 
“fracture” on present usage (Table 4-1).  Since the Q-system is being used and will 
continue to be used in ONKALO for selecting suitable reinforcement and support 
measures in the tunnels, a word of caution is in order.  The word joint, as it is used, for 
instance, in the Tables in Appendix 2 (Q-system) encompasses not only joints as 
defined in Table 4-1, but also faults, veins, fissures, etc., i.e. it encompasses all types of 
fracture (discontinuity).  This usage, however, is insufficient for site characterisation 
and process understanding, where the different types of fracture also have genetic 
significance.  Hence, within the framework of the geological data acquisition 
programme, we will continue to use “fracture” as the general term, and “joint” for a 
particular type of fracture with well-defined characteristics.  In Appendix 1, all types of 
fracture, of which joint is one, are given the abbreviation JO (indicating correspondence 
to the rock engineering usage in the Q-system).  Which generic type of fracture a given 
JO entry corresponds to can be derived from the attributes listed in the spreadsheet  (e.g. 
“true” joints have no appreciable aperture or filling thickness; single-fault planes show 
signs of movement, e.g. have measurable slickenlines, etc.).  In Appendix 2, the term 
“joint” as used in the Q-system is retained, since it is so entrenched in the Q-system 
nomenclature, but the user must be aware that, in that context, it refers to all types of 
fracture (i.e. all types of discontinuitiy, see Table 4-1).
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(a) (b)

(c) (d)

Figure 4.1.  Some typical examples of generic fracture types: (a) joint (Olkiluoto 
migmatite, Finland), (b) fault (Novate granite, Italy), (c) veins (Windgällen iron oolite, 
Switzerland), (d) joint (or very thin vein) with altered wallrock (Öland limestone, 
Sweden).  Photos: A.G. Milnes.
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4.2 General Fracture Characterization at Olkiluoto 

The assignment of a given brittle structure to one of the main types in Table 4-1 is the 
first step in the process of general, site-specific, fracture characterisation which must 
precede any quantitative parameterization.  The aim in this Section is to outline the 
other important steps in this process - a list of qualitative observations which are 
required for each fracture measured during systematic fracture logging or mapping.  
Each of the items below needs to be noted quickly and accurately before any of the 
quantitative measurements or parameter estimates discussed in Sections 4.3 and 4.4 are 
made, and need to be attached to each fracture, as labels, in the fracture data base.  This 
work has a specific aim which is often lost sight of in large projects, the creation of a 
site-specific fracture typology.  The aim is not simply to collect qualitative descriptions, 
but rather to develop a system in which the generic types distinguished in Table 4-1 can 
be further characterised on the basis of site-specific features, to give a small number of 
categories, which are observed repeatedly, more or less well developed, and which can 
eventually be established as particular, for Olkiluoto typical, fracture groups.  This type 
of work is merely the application of standard practices in other areas of geology, 
particularly in the field mapping of lithologies, stratigraphic sequences, sedimentary 
environments, etc..  A good example is the procedure used to map the Olkiluoto 
migmatites.  At the beginning, in the early 1990s, the geologists were confronted by a 
bewildering variety of heterogeneous rocks which were documented meticulously from 
outcrop to outcrop.  At the same time, attempts were made progressively to find 
correspondences and regularities to identify and group together the different lithologies, 
leading to the development of appropriate groups which were given different names.  
Afterwards, some categories and names were found to be inappropriate and new 
categories were introduced, as new data became available. This is a kind of “trial-and-
error” process which, in a certain phase of geological mapping, is an integral part of 
geological data processing.  Finally, the mapping results mature and a small number of 
migmatite types are established, which can be meaningfully distinguished on the basis 
of a few key lithological features (see Section 2.1).  With regard to brittle deformation 
at Olkiluoto, this process is at present under way, and to contribute to this is one of the 
main aims of the data collected under the heading “general fracture characterisation”.  

The main types of data to be collected are listed in Table 4-2.  This and the other tables 
in this chapter are “checklists” which indicate the categories of data which are to be 
stored in the fracture database.  They do not necessarily reflect the data sheets, protocols 
and procedures used in practice during data acquisition (core logging, detailed grid 
mapping, tunnel mapping, etc.). The latter are described in detail in the corresponding 
Working Reports.  An example is given in Appendix 1 of this report (based on the 
present tunnel mapping spreadsheet), and Tables 4-2 to 4-4 indicate which of the 
spreadsheet columns in this example correspond to the checklist categories.  

The processing and analysis of the data indicated  Table 4-2  has a very specific aim: to 
distinguish different site-specific types of fracture, independent of orientation.  Because 
the history of fracturing and the circulation of hydrothermal and mineralising fluids at 
each site is site-specific, there are no general guidelines to be followed and no accepted 
classification to be used.  The descriptive data collected during the early part of the 
programme must be reviewed and synthesized continuously, as soon as possible after 
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acquisition, with a view to distinguishing recurring features which can be used to give 
each fracture a distinctive label (site-specific typology).  For instance, two types of 
slickensides might occur, or it might be a common observation that many slickensided 
surfaces have been partially covered with certain minerals after movement took place.  
Eventually, it may be possible to distinguish different types and relative ages of single-
plane faults on the basis of such observations.  Hence, the setting up of meaningful site-
specific fracture types is an important aim of fracture characterisation, together with 
relevant special studies (e.g. fluid inclusion analysis), "meaningful" implying categories 
which reflect relative age relationships and/or conditions of formation.  In the first 
instance, this should be done without reference to fracture orientation, since it is one of 
the main crutches for defining fracture orientation sets and increasing site 
understanding.

Table 4-2.  Data acquisition table for background information and general description 
of single fractures during systematic core logging, detailed areal mapping and tunnel 
mapping within the framework of the ONKALO project. 

Observation/measurement Description or descriptive types 

Column in tunnel 

mapping

spreadsheet

(Appendix 1) 

FRACTURE SETTING 

Survey position, etc. Along-hole depth, map coordinates, 
tunnel chainage, etc. according to 
established surveying procedures 
and referencing 

Spreadsheet
heading

Lithological setting Background lithology or lithologies 
of fracture.  

Column AA 

Structural setting  Position relative to nearest 
deformation zone or zones (give 
defm. zone ID).  Is the fracture 
inside or outside the visually 
estimated zone of influence? 
Relation to core zone, etc 

Will be treated in 
the detailed 
description of 
deformation zone 
intersections 

GENERAL FRACTURE DESCRIPTION 

Generic fracture type According to Table 4-1:
welded fracture
artificial fracture
natural fracture:
joint
fault (single-plane) 
vein or fissure 
stylolite

Each fracture type 
is distinguished by 
characteristic
attributes, derived 
from the data in all 
columns in 
Appendix 1 

Fracture morphology Irregularity (shape at scale 1-10 cm) Columns I and J 
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- rough, smooth, etc. 

Curvature (shape at scale of  10 cm-
10 m) - planar, curved undulating, 
etc.

Description of any observed surface 
markings 

Column Z 

Mineralization/alteration Initial field observations: 
Mineralization -  present, absent, 
partial, fill or coating, general 
characteristics, etc. 

Wallrock alteration - present, 
absent, characteristics? 

Column L  

Characteristics of fracture 
coating/fill/alteration, if 
present

Type of mineral coating/fill 
material 

Column L

Mineralogy of fracture 
coating/fill  

By visual inspection and simple 
field identification methods:
Preliminary identification of 
minerals and/or mineral groups 

Columns M-S 

It should be emphasized that Table 4-2 does not do justice to the critical importance that  
knowledge of the detailed structure and mineralogy of fracture mineral coatings and 
fills, and related wallrock alteration, has for site-specific fracture typology and for 
understanding the brittle deformation history and the history of fluid migration at a site.  
In this area, field observations are  only the very first step of a data acquisition 
programme which is mainly based on detailed laboratory investigations on collected 
samples.  With regard to fracture mineralogy in the drillholes at Olkiluoto, 
investigations have reached a rather advanced state (Front & Paananen 2006, Gehör 
2007), whereas such investigations in the ONKALO access tunnel have hardly started.  
A discussion of data acquisition of this type is outside the scope of the present report, 
and the reader is referred to the reports of  Front & Paananen 2006, Gehör 2006, 
Paulamäki et al. 2006, Paananen et al. 2006, and the extensive references therein.   

4.3 Fracture Orientation and Kinematic Data 

After having characterised the individual fracture, the next step is to measure its 
orientation, together with any structural data which indicate rock movements, i.e. 
kinematic data.  These items are listed in Table 4-3.  The basic geometrical data 
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required for any fracture is, of course, the dip angle and dip azimuth, following standard 
geological procedures (e.g., McClay 1987).  Although a simple and routine 
methodology, every field worker knows that he or she must use considerable judgement 
in order to obtain a measurement which can be considered representative for an often 
quite irregular and/or curving surface. Also, there are other measurement problems, 
depending on data source.  In core logging and scanline logging, the aforementioned 
problem is simply ignored and the fracture orientation is measured at a point dictated by 
the location of the core or scanline/fracture intersection, with the difference that in 
scanline logging one can see whether the measurement is representative or not.  On 
natural outcrops, particularly the subhorizontal ice-smooth surfaces common around 
Olkiluoto, fracture surfaces can often not be measured, only the traces of the fractures 
on the rock exposure.  Since the rock exposures around Olkiluoto are subhorizontal, 
such traces represent the strike of the fracture, at right angles to the dip azimuth, but  dip 
angle is sometimes open to large uncertainty.  Cores, scanlines and flat outcrop surfaces 
also suffer from sampling bias problems.  Tunnel outcrops provide by far the most 
satisfactory basis for reconstructing the fracture system from systematically acquired 
measurements and observations on individual fractures.  Hence, fracture analysis at 
Olkiluoto entered a completely new phase with the start of underground investigations.  
In ONKALO, the aim is to characterise and measure every natural fracture encountered, 
obtaining for each individual fracture its location and orientation in space, together with 
individual characteristics outlined in Sections 4.1 and 4.2.  

As indicated above (Section 4.1 and Table 4-1), some types of fracture show structures 
which yield kinematic information, i.e. information on the type of movements which 
have taken place since the fracture formed.  In certain circumstances, these data allow 
conclusions to be drawn about the types of movement which has taken place on 
deterministic deformation zones (Chapter 3), which in turn is important for geological 
modelling at site scale (e.g. providing added criteria for correlation between different 
deformation zone intersections). In this section, we simply list the different types of data 
which are needed for such analysis, first, for faults, and then for veins/fissures (Table 
4.3).  Kinematic data, in general, are more difficult to collect, and require a greater input 
of expert judgement, than orientation data, and the discipline-specific processing is most 
reliable using data sets which were systematically collected during underground 
excavation.

The basic data for the kinematic analysis of faults is derived from two sources (Table 4-
3).  The first source comprises the typical markings on fault planes which indicate 
lateral movement and displacement of the wallrock on each side of the fracture, called 
slickensides. There are two main types: mechanical slickenside striations, due to 
abrasion between the fracture walls as they moved, and crystal fibre striations, due to 
mineral growth as movement proceeded.  However, many different sub-types exist, and 
these need to be described in each individual case, since they give information on the 
mechanical conditions at the time of movement (e.g. Angelier 1994).  The slickenside 
striations, however produced, are taken to indicate the slip direction on the fault, and 
data acquisition consists of measuring these linear structures following standard 
geological methodology (e.g. McClay 1987).  If a fault is slickensided, the orientation 
of the slip direction can always be determined.  Not so with the next items on the 
“checklist”, however.  The sense of movement on the fault plane and the amount of 
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movement which has taken place are more elusive parameters, which need very close 
scrutiny and may not have left their imprint.  For the sense of movement (sense of slip),
it has to be determined whether the hanging-wall of the fault has moved up-plunge or 
down-plunge relative to the footwall, using small steps and other markings on the 
slickensided surface.  If the slickenside striations are horizontal, the convention is to 
determine whether the displacement was sinistral or dextral, looking down on the 
fracture.  The sense of slip can also be assessed using the displacement of recognizable 
heterogeneities in the wallrock on each side of the fault, when this is visible.  The 
amount of slip can only be assessed if displaced heterogeneities are visible, in which 
case all the kinematic parameters are complete.  The amount of slip, however is not 
often determinable, and the basic data for modelling and for fault slip analysis  consist 
of the orientation of the fault plane, the orientation of the slip lines, and the sense of 
slip.              

For veins and fissures, movement has taken place at a high angle to the fracture surface, 
in the opening mode.  Hence, the basic kinematic data consists simply of the thickness
of the partial or complete mineral fill in the vein, or the aperture of the fissure.  A 
common feature, if mineralization was proceeding as the fracture walls moved apart, is 
the development of fibrous crystals at a high angle to the fracture walls.  Such fibrous 
vein fills can yield an enormous amount of information on the kinematics of vein 
formation, when studied in great detail (cf. Ramsay & Huber 1983).  The only 
parameter which is easily measurable, however, is the orientation of the fibres, which 
mark the opening movement and are usually at some angle, not 90o, to the fracture 
walls.  In fact, based on fibre orientation, there is often a whole spectrum of different 
orientations, between fibrous slickenside striations (movement parallel to the fracture 
surface) and fibrous extension veins (movement at right angles to the fracture surface), 
especially when movement is taking place in an already formed fracture network during 
mineralization.    

Table 4-3.  Data acquisition table for the orientation and kinematics of single fractures 
during systematic core logging, detailed areal mapping and tunnel mapping within the 
framework of the ONKALO project. 

Topic Data/characterisation/categories 

Column in tunnel 

mapping

spreadsheet

(Appendix 1) 

FRACTURE ORIENTATION 

Orientation of plane of 
fracture

Dip angle
Dip azimuth  

For measurement procedures, see, 
for instance, McClay 1987

Columns C and D 

Relationship between Concordant or discordant? Col AM 
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fracture orientation and 
foliation Type and degree of foliation in 

fracture walls 

If discordant, orientation of foliation 
where cut by fracture: 
- foliation dip angle 
- foliation dip azimuth 

(Remarks) 

Columns AB and 
AC

KINEMATIC DATA: (SINGLE-PLANE) FAULTS 

Orientation of slickenside 
striations

Plunge
Trend

For measurement procedures, see 
McClay 1987 

Column AE and 
AF

Characterisation of 
slickenside surface 

Type of slickensides: polished 
surface, frictional grooving, fibrous 
minerals, etc.? 

Relationship to mineral growth: 
minerals slickensided, minerals grow 
over grooving, etc.? Give details.

Columns I, J and 
L

Col AM 
(Remarks) 

Sense and amount of slip Sense of slip: hanging-wall up or 
down plunge? (if striations are  
horizontal, movement sinistral or 
dextral, looking down)  For sense of 
slip criteria on slickensided surfaces, 
see, for instance, Angelier 1994 

Amount of slip: displacement of 
heterogeneities, estimated in cm.  

Columns AG, AH, 
AI

Column H 

KINEMATIC DATA: VEINS OR FISSURES  

Separation of fracture walls Aperture in mm (fissures). 

Thickness of partial or complete 
mineral fill (veins)  

Column U 

Column T 
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4.4 Additional Fracture Parameters for Rock Engineering and Discrete 
Fracture Network Modelling 

For the construction of ONKALO, the Rock Tunnelling Quality Index, Q, is being used 
for determining rock mass characteristics and tunnel support requirements.  The Q index 
is dependent on 6 parameters, and the Tables for determining each of these parameters 
are given in Appendix 2.  From the point of view of fracture mapping in ONKALO, 
however, only two of these parameters are descriptive of individual fractures, the “Joint  
Roughness” Number, Jr, and the “Joint Alteration” Number, Ja (Table 4.4) (Barton, 
2002).  These parameters are determined for each individual fracture, as indicated on 
the tunnel mapping spreadsheet (Appendix 1, Columns I+J and L).  The other Q-
parameters require rock mass data, i.e. data describing the fracturing and other 
conditions in a given volume of fractured rock, rather than individual fracture 
measurements or observations. During tunnel mapping for ONKALO, these are 
estimated for each round and the corresponding data given in the heading of the 
corresponding tunnel mapping spreadsheet (Appendix 1).

With regard to the possible use of the fracture data described in Tables 4.2 and 4.3 for 
other purposes related to the construction of ONKALO (e.g. finite element modelling 
for stability investigations), all fractures (joints, single-fault planes or veins or fissures) 
are by definition  discontinuities from a rock engineering point of view (Table 4-1), and 
do not need to be differentiated for engineering purposes. 

For providing the necessary data for Discrete Fracture Network (DFN) modelling, some 
additional parameters need to be collected systematically, which do not appear in the 
above tables.  The main parameter characterising individual fractures is fracture trace 
length, which is a measure of the size of the fracture; in addition, the type of fracture 
trace termination is also an important parameter for DFN modelling (cf. Munier et al. 
2003, Munier 2004, SKB 2005, 2006). 
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Table 4-4. Data acquisition table for the single fracture parameters required for the 
Rock Tunnelling Quality Index, Q, and for Discrete Fracture Network modelling, 
during systematic core logging, detailed areal mapping and tunnel mapping within the 
framework of the ONKALO project. 

Parameter Instructions/categories 

(Appendix 2) 

Column in tunnel 

mapping spreadsheet 

(Appendix 1)

ROCK ENGINEERING: Q-SYSTEM 

Joint Roughness Number 
(Jr)

See App. 2, Table 3 Columns I and J 

Joint Alteration Number 
(Ja)

See App. 2, Table 4 Column L 

DISCRETE FRACTURE NETWORK (DFN) MODELLING 

Trace length Follow instructions in 
Munier et al. 2003, Munier 
2004, and the DFN 
modelling procedures in 
Forsmark and Laxemar 
SDM 1.2 (SKB 2005, 2006) 

Column G 

Type of fracture trace 
termination 

Follow instructions in 
Munier et al. 2003, Munier 
2004, and the DFN 
modelling procedures in 
Forsmark and Laxemar 
SDM 1.2 (SKB 2005, 2006) 

Column V-Y 
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Table 4-4.  Data acquisition table for the fracture length and  fracture frequency during 
systematic core logging, detailed areal mapping and tunnel mapping, for use in 
constructing Discrete Fracture Network models. 

Topic Characterisation/categories

Column in tunnel 

mapping

spreadsheet

(Appendix 1) 

FRACTURE LENGTH 

  Column G 

Follow instructions in Munier et al. 
2003, Munier 2004, and the DFN 
modelling for Forsmark and 
Laxemar SDM 1.2 (SKB 2005, 
2006)

Columns V-Y 
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5 SUMMARY 

Background

“Geological data acquisition” is used here as a general term for the collection of 
observations and measurements by direct observation of exposed bedrock in the field, 
by geological mapping of natural and artificial outcrops, by geological logging of rock 
cores, and by geological investigations on rock walls in tunnels and other underground 
excavations.  In this report, we include the whole rock mass in this term, i.e. the intact 
rock and the fractures, deformation zones and mineralisations  which it contains, since 
the framework of geological data acquisition proposed here is aimed at improving 
understanding of all aspects of the site.  However, only field-based data acquisition are 
included in this report: laboratory-based investigations will be continue, based on the 
field data and sampling, and all the data will be subject to discipline-specific processing, 
as the project proceeds.

The ultimate aim of geological data acquisition is to provide the necessary data base for 
geological models of the bedrock of the Olkiluoto site, particularly in connection with 
the construction of an underground rock characterisation facility, ONKALO, and 
ultimately a repository for spent nuclear fuel, at about 500m depth. The data acquired in 
the geological investigations provide the basis for the construction of the geological 
models, with the aid of geophysical investigations and pertinent data from other areas.  
The geological models define the geometrical and statistical framework for the dynamic 
modelling needed for construction planning, for repository design and layout, and for 
safety assessment.  From this, it is clear that geological data acquisition plays a central 
role in site characterisation and modelling and is intended to provide a solid platform on 
which more specialised subdisciplines (rock mechanics, hydrogeology, seismic risk 
studies, etc.) can base their investigations. 

Guidelines

As a basis or setting up a project-oriented framework for geological data acquisition at 
Olkiluoto for the phase of underground excavations, a number of guidelines need to be 
established.  Some of these are project-related boundary conditions, of which three are 
considered as starting points for the programme: the scales of the geological models 
which are being developed (emphasis on site-scale and ONKALO-scale models), the 
different sources of data (drillhole and scanline logging, cleared-and-cleaned trench and 
outcrop mapping, tunnel mapping), and the different levels of investigation (general, 
systematic and research levels).  In addition, guidelines are being followed based on 
national and international experience, known geological conditions at Olkiluoto, and the 
need for process understanding, as follows: 

The main guideline for determining significant parameters for the ONKALO project 
is the use of national and international experience in similar nuclear waste disposal 
projects in crystalline rock, for which standard data acquisition methodologies have 
been developed. 
Some site-specific geological conditions at Olkiluoto need to be the subject of 
exploratory research, and hence data acquisition needs to included some additional 
parameters and observations, and the development of special procedures, to be 
optimised in the course of the research activities. 
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In addition to the quantitative data needs, dictated by rock engineering and 
hydrogeological considerations, geological data acquisition at Olkilluoto must 
include qualitative data and observations aimed at increasing process understanding 
(genesis of different types of structures, structural history, etc.) as an important aid 
to building reliable geological models and a convincing geosynthesis. 

Framework 

Based on the above considerations, a list of  topics which need to be addressed and 
documented has been built up, which we call the framework for geological data 
acquisition at Olkiluoto, particularly in connection with the ONKALO project (Table 1-
2).  These are the items which must be addressed wherever geological data is being 
acquired in the field.  How each item is addressed will, however, depend on the 
particular circumstances and objectives of the work.  Each data source and each level of 
investigation will requires its own system of geological data acquisition, a specific 
methodology, and spreadsheets and protocols tailored to its own needs.  These will be 
described in the appropriate Working Reports and are not treated in detail here.  
However, as an example of such a system, the present spreadsheet in use for geological 
mapping in the ONKALO access tunnel is described in an Appendix.  This report 
concentrates on the general principles which lie behind the different methodologies and 
data sheets.  These principles are treated under three main headings: characterization of 
intact rock (Chapter 2), characterization of deformation zone intersections (Chapter 3), 
and characterization of individual fractures (Chapter 4).  The different Sections within 
each Chapter correspond to the items listed in Table 1-2, .  In the first instance, the 
geological data acquisition programme (Chapters 2-4), together with the results of the 
parallel geophysics programme, provides the basis for the building of the geological 
Site Descriptive Model.   For this purpose, the raw data need to be processed using the 
standard methods of structural geology, petrology and mineralogy (discipline-specific
processing), and much of the geological data collected will need to be analysed and 
synthezised to attain the necessary degree of geological site understanding for building 
well documented, site-specific conceptual models.  However, the present report only 
provides a framework for the data acquisition procedures. 

Intact rock

Study of the lithological and structural variations in the bedrock at Olkiluoto forms a 
necessary background to the study of fractures, fracture systems and deformation zones, 
which is the main focus of the ONKALO project, both from the construction and long-
term safety points of view.  Some of these activities are already far advanced and based 
on two decades of research, in which case their treatment in this report reflects results 
rather than methods. Geological mapping of natural outcrops and trenches at Olkiluoto, 
and lithological logging of more than 40 rock cores, have already provided a broad basis 
of experience for detailed site characterisation.  This has resulted in a general 
subdivision of the Olkiluoto bedrock into a small number of descriptive lithological 
types, based on visual field assessment of outcrops and cores combined with thin-
section analysis of representative samples.  The intact rock is heterogeneous and 
structurally complex on a small scale (see below), but can be subdivided into number of 
overall lithological types on a large scale, consisting of migmatitic gneisses (subdivided 
into diatexitic, veined and stromatic gneisses, making up 65% of the Olkiluoto 
bedrock), non-migmatitic gneisses (mica, quartzitic, mafic and tonalite-granodiorite-
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granite gneisses, making up more than 15% of the bedrock) and pegmatitic granites 
(making up almost 20% of the bedrock).  Whole rock geochemistry and detailed 
petrography of these rocks show that they represent the sedimentary and igneous rocks 
which were subjected to high-grade metamorphism, partial melting and melt intrusion 
during the Svecofennian orogeny, which took place 1900-1800 million years ago.  At 
the same time, the half-molten rocks were subjected to a long history of folding, 
refolding and ductile shearing which resulted in a composite foliation and complexly 
folded vein systems, and for which a well-established deformational history has been 
worked out. Later, small amounts of rock melt rock were intruded into the bedrock, 
cross-cutting all the Svecofennian structures in the form of  felsic and mafic dykes.  
With regard to the present project, petrological data will continue to be acquired, in the 
course of all mapping activities, using the presently established picture as a guide.  Two 
aspects of the intact rock, however, are now being subject to more systematic 
investigations, since they are of direct significance for project aims: the rock fabric 
(composite foliation and small-scale heterogeneity), and hydrothermal alteration.      

Rock fabric (foliation and small-scale heterogeneity) 

Even the most casual observer can see that many rocks at Olkiluoto, particularly the 
widespread migmatitic gneisses, are very heterogeneous at a small scale - they are 
typified by a banded, “fluidal” or “fragmented” appearance in which the thickness of the 
individual bands, lenses and patches are measured in centimetres or tens of centimetres, 
rather than metres and tens of metres.  In addition, the bands and lenses very often show 
a “preferred orientation”: when outcrops or tunnel walls are viewed from a distance, the 
traces of the bands and lenses on the rock surface are all parallel, like a shoal of fish.  In 
scientific terms, the rock fabric at Olkiluoto is said to be characteristically 
heterogeneous and anisotropic, and can be described in terms of a composite foliation.
The characterisation of the foliation, i.e. the small-scale heterogeneity and anisotropy, 
of many of the rocks at Olkiluoto is a difficult problem, for which there is little previous 
experience or research on which to fall back, but at the same time it is important for 
both rock engineering and performance assessment.  In order to carry out systematic 
investigations, a characterisation methodology has been developed for acquiring 
complete data on variations in type, degree and orientation of foliation along drillholes 
and tunnels (Table 2-1).  This procedure leads directly to parameter which is called the 
rock mechanics foliation, or RMF, number (Table 2-2).  RMF = 0, 1, 2, 3 designates 
small rock volumes (reference rock volumes between 1 and 30 m3) in which the 
foliation is overall of no, low, moderate, high significance respectively.  RMF = 2 is the 
most common designation observed at Olkiluoto, and indicates rocks for which the 
foliation must be taken into account but which are not expected to entail special 
measures during underground excavation.  RMF = 1 is a category which, from a rock 
engineering point of view, can be treated as "massive" (RMF = 0) in most instances, 
although it may be necessary, at some places, to take the foliation into account, 
depending on its orientation with respect to the tunnel axis.  However, the interest of 
rock engineers is likely to be mainly focussed on zones with RMF = 3, because of the 
stability problems which arise in zones of strongly foliated and schistose or banded 
rocks.  Such zones, when they are encountered during core logging and tunnel mapping, 
will be designated “high-grade ductile deformation zone intersections” (see below), and 
an attempt will be made to include them as deteministic structures in the geological 
models.
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Hydrothermal alteration 

Hydrothermal alteration is a wide-spread phenomenon in the Olkiluoto bedrock. 
Petrological and fracture-mineral studies of drill-core samples have indicated 
remarkable changes in mineralogical composition due to multi-stage and widespread 
hydrothermal or hydrometamorphic events in the migmatites, gneisses and granitic 
rocks. Alteration products have been detected, at least in small amounts, in practically 
every drillhole and throughout the site volume studied up to now. In addition to 
hydrothermal alteration, also retrograde metamorphism and weathering have caused 
mineralogical transformations, albeit to a much less degree.  Hydrothermal alteration is 
most important and is the cause of the significant amounts of low-grade clay minerals, 
such as kaolinite and illite, in the Olkiluoto bedrock, as well as sulphides and calcite. 
Hydrothermal effects of the magnitude detected at Olkiluoto so far are thought to 
considerably affect the mechanical and chemical properties of the repository host rock.  
Two different modes of occurrence have been distinguished: fracture-controlled 
alteration, and pervasive (or disseminated) alteration, which affects the whole intact 
rock.  Hence, future research of hydrothermal alteration at Olkiluoto will be carried out 
in association with the ongoing detailed study of fracture mineralogy as well as the 
structural studies of fracture systems and deformation zones. 

Deformation zone intersections

The intact bedrock in Finland, as in many other regions of crystalline rock, is intersected 
by zones of intense deformation which are prone to tectonic reactivation and are 
potential channels for fluid flow.  Geological data acquisition for nuclear waste disposal 
projects is strongly focussed on identifying, locating, characterising and modelling such 
zones.  Since deformation zones are often poorly exposed at the Earth’s surface, this 
will generally only be possible in artificial exposures, such as drillholes, cleared and 
cleaned surface areas and trenches, and tunnels.  The location of deformation zones in 
such exposures are referred called “intersections”, and, since these are the only places 
where direct observation and measurement are possible, these are the key elements in 
building any geological model.  Deformation zone intersections are classified in the 
field according to a simple scheme related to what is known in geoscientific circles as 
the Sibson-Scholz fault zone model (Fig. 3.1 and Table 3-1).  However, they also need 
to be characterised and parameterised in detail, in order to provide the “fix points” in the 
skeleton (fixed because directly observed, not hypothesized), around which the 3D 
geological model is constructed. In the classification scheme, five types of deformation 
zone intersection are recognised , with general characteristics which are easily 
recognisable in the field (Table 3-1) 

BJI - joint zone intersections (brittle deformation zone intersections which do not 
show any evidence of lateral movement) 
BFI - fault zone intersections (brittle deformation zone intersections which show 
clear evidence indicating lateral movement) 
SFI - semi-brittle deformation zone or fault zone intersections (marked by the 
development of crush rock called cataclasite) 
DSI - low-grade ductile deformation zone or shear zone intersections (marked by 
the development of sheared rock called mylonite) 
HGI - high-grade ductile deformation zone intersections (marked by high-grade 
metamorphic rocks, such as blastomylonite, in which the foliation falls in the 
category RMF = 3) 
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In addition, some deformations zone intersections may be composite, with two or more 
of the above types superimposed at the same location and with the same orientation (in 
which case each type is characterised separately). 

Fault zone architecture and parameterisation 

All deformation zone types show a similar architecture (Table 3-2), consisting of a 
“zone of transformation”, in which the intact rock intersected by the zone has been 
completely destroyed and reconstituted,  lined on either side by “zones of influence”, in 
which the deformation is strong but only sufficient to overprint and/or modify the intact 
rock, framed on either side by “zones of no influence”, in which the deformation has 
had no significant effect.  Taking the example of fault zone intersections (BFI), which 
are the most important for the project and also the most common at Olkiluoto, the zone 
of transformation is know as the fault core in the scientific literature, and consists of 
incohesive crushed materials (fault gouge, fault breccia), affected by very low 
temperature and pressure mineral transformations, whereas the zones of influence are 
called damage zones, marked by fracture associations and orientations which are more 
prominent adjacent to the fault core and decrease in importance outwards into the wall 
rocks on either side (zones of no influence).  Increasing attention is being paid the the 
damage zones of faults because: 

There is an obvious relevance of the damage zone concept to the concept of 
“respect distance” with regard to repository layout and design.  
The fracture system in the damage zones is generally more highly connected, 
laterally, and therefore, in crystalline rocks, more permeable than averagely 
fractured wall rock.  In contrast, the core zone often shows a low permeability due 
to the formation of clay minerals and clay-bearing gouge during shearing.  Hence, 
the damage zones may represent the actual water-conducting features associated 
with a major deformation zone.   
Structural analysis of relationships in the damage zones may contribute more to an 
understanding fault zone geometry and kinematics than the fault core zone itself, 
since the core zone is often poorly exposed and filled with completely crushed and 
incohesive materials. 

With regard to parameterisation, the numerical data which are needed for a complete 
characterisation of a BFI consist of the following (Table 3-3): 
o dip azimuth and dip angle of the whole fault zone 
o dip azimuth and dip angle of the fault core 
o dip azimuth and dip angle of the core foliation (if any) 
o thickness of the whole fault zone (core + damage zones) 
o thickness of the fault core 
o slip direction on the fault  
o sense of slip (hangingwall up or down relative to footwall) 
o amount of slip (displacement) 
The thickness parameters are important because they give an approximate measure of 
the size of the fault, even in small windows (e.g. drillhole intersections) and there is an 
extensive scientific literature on the relation between  the thickness, displacement and 
length of faults. 

Fractures

Geologically speaking, a fracture is any feature in the rock which looks as though it 
originated by brittle failure as a reaction to differential stresses in the bedrock of 
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tectonic origin and which are non-cohesive or low cohesive, i.e. of zero tensile strength, 
or of very low tensile strength with respect to the strength of the intact rock (Table 4-1).  
In geology, it is usual to subdivide fractures into a number of generic types which are 
easily recognizable in the field and which indicate different modes of fracture formation 
and movement history.  The three types recognizable at Olkiluoto are joints, faults, and 
veins or fissures.  A fracture, according to above definition, is also a discontinuity in 
engineering geological parlance, and it is usual to make the conservative assumption 
that a fracture which would be called a discontinuity by engineering geologists and rock 
engineers would also be considered as a potential water-conducting feature by 
hydrogeologists.  "Potential" in this context means that even if a fracture is not 
hydrogeologically active at the present time, it must be assumed to be easily activated or 
reactivated (re-opened) in the future, due, for instance, to changes in the stress regime 
(plate motion, glacial loading/unloading, etc.).  Fractures (discontinuities) are also the 
main concern in connection with seismic reactivation.  With regard to geological data 
acquisition for a deep repository, therefore, fractures are one of the prime targets in site 
characterisation.

Fracture data

The acquisition of an adequate and systematic fracture database is a difficult task and 
needs to be closely tied to specific aims, depending on the sources of the data, the øevel 
of investigation and the available techniques.  In this report, no attempt is made to give 
a complete overview.  Rather, a general “checklist” of the parameters and observations 
needed for a complete characterisation, which satisfies geological needs (the need for 
deepening geological site understanding, particularly with respect to brittle tectonic 
evolution) and also provides the necessary data for specific activities (the Q-system for 
selecting suitable reinforcement and support measures in the tunnels, the parameters for 
DFN modelling).  This general list (Tables 4-2 to 4-4) is then compared with data 
acquisition spreadsheet which is at present in use in the ONKALO access tunnel, to 
show how the data is actually being acquired.  The general list contains the following 
components: 

General characterisation data, including fracture setting (survey position, 
lithological setting, structural setting), fracture morphology (irregularity, curvature, 
surface markings) and fracture mineralogy (field determination of fracture coating 
and fill minerals, wallrock alteration, coating/fill distribution pattern) 
Orientation and kinematics (dip azimuth/dip angle, relationship fracture/foliation, 
slickenside plunge/trend, sense of slip, amount of slip, vein/fissure thickness/ 
aperture) 
Parameters for rock engineering and DFN modelling (joint roughness number Jr, 
joint alteration number Ja, fracture trace length, type of fracture termination)  
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APPENDIX 1
GEOLOGICAL MAPPING OF ONKALO - SPREADSHEET 

Spreadsheet page heading

DATA IMPORT 

Site

Tunnel ID 

Round ID 

Chainage from

Chainage to 

Tunnel direction 

Tunnel dip 

Mapping date/time 

Geologist

Page

Picture file 

Following items are included on the page heading - these data apply to all items in 

the following Table, in the PL range given above: 

RDQ - Rock Quality Designation (see App. 2, Table 1)

Jn - Joint Set Number (see App. 2, Table 2)

Jw - Joint Water Reduction Factor (see App. 2, Table 5)

SRF - Stress Reduction Factor (see App. 2, Table 6)
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Headings of columns of the spreadsheet data table
Vertical listing of column headings, with explanations.  For easy 
reference, the columns are coded alphabetically as on the spreadsheet

Col.

code

Column headings on 

spredsheet

Categories/Instructions for use 

A Number ID number of fracture or other structural element 

B Structural element JO, see chapter 4 

TCF  tunnel crosscutting fracture  

LIN  lineation 
FOL  foliation 
FAX  fold axis 
AXP  axial plane 

BJI  joint zone intersection 
BFI  fault zone intersection 
SFI  semibrittle deformation zone intersection 
DSI  low-grade deformation zone intersection 
HGI   high-grade deformation zone intersection 

C Orientation - dip direction Enter dip direction, clockwise from north, 0-360 
degrees

D Orientation - dip Enter dip angle, 0-90 degrees 

E Number of fractures Insert the number of fractures in one set 

F Fracture spacing (m) Enter fracture spacing of fractures in one set (m) 

G Fracture length (m) Enter visible fracture trace length (m) 

H Displacement (cm) Observed displacement  

I Jr - No. Joint Roughness Number 

0.5 = PSL  
1 = PSM 
1.5 = PRO, USL 
2 = USM, SSL 
3 = URO, SSM 
4 = SRO 

J Jr - Profile PSL = Planar, slickensided  
PSM = Planar, smooth  
PRO = Planar, rough  
USL = Undulating, slick.  
USM = Undulating, smooth  
URO = Undulating, rough 
SSL = Stepped, slick.  
SSM = Stepped smooth 
SRO = Stepped, rough 
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L Ja  Joint Alteration Number 

Use Appendix 2, Table 4

M
N
O
P
Q
R
S

Fracture filling
- minerals + oxidation 

See list of abbreviations below 

T Fracture filling 
- width 

Enter width of fracture filling (mm) 

U Aperture (mm) Enter aperture of fracture (mm) 

V Fract. termination - end 1 J = Continue, Cnt 
P = End, End 
Y = Combine, Cmb 

W Fract. termination  
- end 1                        - to 

Id code of fracture where combined to 

X Fract. termination - end 2 J = Continue, Cnt 
P = End, End 
Y = Combine, Cmb 

Y Fract. termination  
- end 2                        - to 

Id code of fracture where combined to 

Z Undulation (cm/m) Enter undulation (cm/m) 

AA Rock type code VGN veined gneiss 
SGN stromatic gneiss 
DGN diatexitic gneiss 
MGN mica gneiss 
QGN quartzitic gneiss 
MFGN mafic gneiss 
TGG ton-granodior-gran 
KFP K-feld. porphyry 
PGR pegm. granite 
DB diabase (mafic dyke) 

AB Foliation type GNE = gneissic 
BAN = banded 
SCH = schistose 
IRR = irregular 
MAS = massive 

AC Foliation intensity Insert foliation intensity.  For GNE, BAN, SCH, 
intensity lies between 1 - 3.  For IRR and MAS, 
intensity is always 0. 
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AD Water leakage Observed water leakage of a fracture. Choose word 
from the list describing water leakage: 
dry
damp 
wet
dripping
flowing

AE F_vector - F_dip Enter a value for the plunge of slip direction 

AF F_vector - F_dir Enter value for the trend of slip direction 

AG Sense of movement  0=unknown 
1=hanging-wall up 
2=hanging-wall down 
3=dextral
4=sinistral

AJ Uncertainty Uncertainty of the sense of movement, based on 
geologists judgement 
V = certain 
E = uncertain 
EE = very uncertain 

AL Deformation phase Enter possible deformation phase of a structural 
element, requires site-specific experience 

AM Remarks Additional comments/remarks 

Minerals: list of abbreviations 
AB = albite                    KV = quartz 
AN = analcime        KS = kaolinite + other clay minerals 
BT = biotite                  LM = laumontite 
CC = calcite       MH = molybdenite 
CU = chalcopyrite             MK = pyrrhotite 
DO = dolomite              MO = montmorillonite 
EP = epidote       MP = black pigment 
FG = phlogopite      MS = feldspar 
GR = graphite               MU = muscovite 
GS = gismondite       NA = nakrite 
HB = hydrobiotite           PA = palygorsgite 
HE = hematite        PB = galena 
IL = illite             SK = pyrite 
IS = illite + other clay minerals  SM = smectite 
KA = kaolinite        SR = sericite 
KI = kaolinite + illlite         SV = clay mineral 
KL = chlorite                VM = vermiculite 
KM = K-feldspar           ZN = zinc blende 

IM = grouting material
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APPENDIX 2
TABLES FOR DETERMINING THE PARAMETERS FOR THE Q-SYSTEM 
(from Grimstad & Barton 1993) 

Grimstad, E. & Barton, N. 1993. Updating of the Q-system for NMT. Proc. of the 
International Symposium on Sprayed Concrete. Fagernes, Norway. Kompen, E. Opsahl, 
Berg. Norwegian Concrete Association, p. 46–66. 

Appendix 2, Tables 1 and 2
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Appendix 2, Table 3 
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Appendix 2, Table 4
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Appendix 2, Table 5 
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Appendix 2, Table 6 




