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ABSTRACT 

Posiva carried out a seismic survey in the access tunnel of the underground research 
facility ONKALO in 2009. The survey contributes the detailed characterization of the 
bedrock in the final disposal of spent nuclear fuel. The aim of this work was to examine 
the geophysical and geological properties of the chosen tunnel intersections to clarify 
the important characteristics for reflection generation, and evaluate applicability of this 
survey for characterization of crystalline bedrock. 
 
The seismic result consists of 24 projected amplitude images in 12 different angles. The 
size of an image is 260*300 m. The amount of digitized reflectors is over 100 and all of 
them could not be included in this work. The study was limited to 14 intersections that 
were considered important: brittle fault intersections, tunnel-crosscutting fractures, or 
lithological contacts. Presence of a brittle fault zone or a tunnel-crosscutting fracture 
limits the suitable bedrock volume for depositing the nuclear fuel canisters, and wide 
lithological contacts are a common source of reflection. 
 
The seismic data was compared to the existing geological, hydrogeological and 
geophysical data got from the pilot holes and the tunnel. The most important 
characteristics were fractures: orientation, fillings, and thickness of the fillings, 
alteration and water leakage. Geophysically interesting was density, seismic velocities 
and their products: acoustic impedance and synthetic seismograms. 
 
Calculated acoustic impedances showed some differences between cases, but they did 
not indicate the presence of a reflector. The most common cause of reflector was 
undulating slickensided, highly altered, tunnel-crosscutting fracture that had thick 
fracture-fillings and water present. Water was included five times in interpreted 
reflectors. Also few reflectors were connected to varying mineralogy. Few problematic 
cases occurred, where a geological feature and a reflection did not correlate, and three 
of the cases with known geological feature had no reflector.  
 
Reflection seismic measurements can be used in detailed characterization of crystalline 
bedrock. Wide brittle fault zones and lithological contacts but also single fractures were 
detected. However, interpretation is challenging and geological and geophysical 
reference material is needed. All the expected features were not detected and the 
explanations were not always fully satisfying. 
 
Keywords: Reflection seismic measurements, site surveys, drillhole measurements, 
flow logging, pilot hole, crystalline rocks, brittle deformation, nuclear waste disposal, 
Olkiluoto, Finland  



 

HEIJASTUSSEISMISTEN MITTAUSTEN SOVELTUVUUS KITEISEN 
KALLIOPERÄN YKSITYISKOHTAISEEN KARAKTERISOINTIIN 

TIIVISTELMÄ 

Posivan maanalaisessa tutkimustilassa ONKALOssa tehtiin kesällä 2009 heijastus-
seismisiä mittauksia, joiden tarkoituksena oli tutkia yksityiskohtaisesti kallioperän 
ominaisuuksia loppusijoitussyvyydellä. Tämän työn tarkoituksena oli tutkia heijasteiden 
syntymiseen vaikuttavia geologisia ja geofysikaalisia ominaisuuksia, sekä arvioida 
menetelmän soveltuvuutta kiteisen kallioperän karakterisointiin.  
 
Amplitudidataleikkauksia (260*300 m) kertyi 12 eri kulmassa (+70 - -95°) yhteensä 24 
kpl, joista digitoitiin yli sata heijastetta. Tähän työhön valittiin 14 tunnelin leikkaus-
kohtaa, joissa tiedettiin olevan mielenkiintoisia rakenteita: hauraita siirrosvyöhykkeitä 
ja tunnelin leikkaavia pitkiä rakoja, jotka rajoittavat loppusijoitustilavuutta, sekä 
kivilajikontakteja, jotka ovat yleisimpiä heijasteiden aiheuttajia. 
 
Seismistä aineistoa verrattiin olemassa olevaan geologiseen, hydrogeologiseen ja geo-
fysikaaliseen aineistoon, jota on kerätty tunnelista ja pilottireikämittauksista. Tärkeim-
piä tutkimuskohteita olivat raot, niiden suunta, täytteet, täytepaksuus, muuttuneisuus ja 
vedenjohtavuus. Geofysiikan aineistossa keskityttiin tiheyteen ja seismisiin nopeuksiin, 
sekä niistä laskettuihin akustiseen impedanssiin ja synteettiseen seismogrammiin. 
 
Eri tutkimuskohtien akustiset impedanssit vaihtelivat selkeästi, mutta niistä ei voinut 
päätellä heijasteen olemassaoloa. Useimmiten heijaste syntyi tunnelia leikkaavasta pit-
kästä raosta, jolla oli unduloiva haarniskapinta, paksut rakotäytteet ja vedenjohtavuutta. 
Myös muuttuneisuus oli suurta. Vedenjohtavuus oli osallisena kaikkiaan viisi kertaa 
syntyneistä heijasteista. Kolme kertaa heijaste johtui mineralogisista muutoksista. 
Muutaman tutkitun tapauksen heijaste ja geologia eivät vastanneet toisiaan ja kolmessa 
tapauksessa heijastusta ei tapahtunut. 
 
Heijastusseismisiä mittauksia voidaan käyttää kiteisen kallioperän yksityiskohtaiseen 
karakterisointiin. Laajojen hauraiden deformaatiovyöhykkeiden lisäksi yksittäisiä rakoja 
sekä kivilajikontakteja pystytään havaitsemaan. Tulkinnan haastavuus täytyy kuitenkin 
ottaa huomioon. Kaikkia odotettuja rakenteita ei havaittu, ja selitykset eivät olleet 
kaiken kattavia. 
 
Avainsanat: Heijastusseismiikka, paikkatutkimukset, reikämittaukset, pilottireikä, 
virtausmittaus, kiteiset kivilajit, hauras deformaation, ydinjätteen loppusijoitus, 
Olkiluoto, Suomi. 



 

PREFACE 

This work has been carried out in Posiva Oy between 24.5.2010 – 31.01.2011. In this 
study, the interpretation of the tunnel seismic measurements in the ONKALO access 
tunnel is presented. The measurements were made by Vibrometric Oy in summer 2009. 
 
The following people have contributed to reviewing of the predecessor of this report. 
Mari Lahti (Posiva Oy) participated during the whole process by instructing, 
commenting and making suggestions. Markku Paananen from Geological Survey of 
Finland digitized the reflectors and helped with the interpretation work. Eero Heikkinen 
from Pöyry Finland Oy gave technical support with software and theoretical knowledge 
about seismics. Professor Jussi Leveinen (Aalto University) participated by commenting 
the work at the final stage and editing the language. The author would like to thank all 
of them for their comments and suggestions. 
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1  INTRODUCTION 

This chapter explains the motivation for bedrock characterization by reflection seismic 
measurements. 

1.1  Background 

Posiva is the nuclear waste management organisation in Finland. Company's work 
description covers research into the final disposal of spent nuclear fuel and for the 
construction, operation and eventual backfilling and closure of the final disposal 
facility. The repository is located at Olkiluoto in Eurajoki according to Government’s 
favourable Decision in Principle. 
 
Over 20 years Olkiluoto has been characterised by ground- and air-based methods and 
also shallow and deep drillholes. Construction of the ONKALO – an underground rock 
characterisation facility for the final disposal of spent nuclear fuel – was started in 2004. 
It consists of one access tunnel, three shafts, and technical rooms (Figure 1-1). 
ONKALO has been a place for geological mapping and several geophysical and 
hydrological surveys. Surveys and tests can be done in real circumstances in ONKALO, 
what is significant in developing of the actual disposal techniques. 
 
The Olkiluoto area has been widely researched with seismic surveys. Vertical seismic 
profiling (VSP) surveys have been carried out in several drillholes in many campaigns 
(Cosma et al. 2003). In the beginning of 21st century (2000, 2002 and 2004) refraction 
seismic surveys were carried out in three different campaigns, totally about 34 
kilometres. The aim of the refraction seismic surveys was to determine the overburden 
thickness and search for fractured zones (Ihalainen 2005).  
 

 
Figure 1-1. The layout of Posiva’s final disposal facility (Posiva 2010). 

 



4 
 

In 2006 and 2007 3D reflection seismic survey was carried out to define locations of 
gently dipping features and to estimate their continuity (Cosma et al. 2008a). The 
survey geometry was optimised to cover as much as possible until the depth of 1000 m. 
But because deeper site scale coverage was more important than the shallow resolution, 
no seismic information exists from the first 300 m. That is due to the distance between 
the transmitter and the receiver lines (60...100 m) and data processing. As a part of a 
project called HIRE (High Resolution Seismics for Ore Exploration 2007-2010), in 
2008 a large reflection seismic survey (31.1 km) commenced in Olkiluoto, which 
extended to a depth of at least 4 km (Kukkonen et al. 2010). In 2007 and 2009 high-
resolution seismic surveys were carried out in ONKALO access tunnel for detailed 
characterization of bedrock in the final disposal facilities (Cosma et al. 2008b and 
Cosma et al. 2011). The latter is the base of this work and it is presented in Chapter 3. 

1.2  Aim of this work 

Objectives of this study have been to examine the geophysical and geological properties 
of the chosen tunnel intersections to clarify the important properties for reflection 
generation, and finally, evaluate applicability of reflection seismic measurements for 
classification of crystalline bedrock. This is done by correlating the reflection with 
geological features and geophysical data. The theory of seismic reflections is presented 
in Chapter 2. 
 
Current understanding is that the bedrock will generally provide suitable and 
sufficiently stable conditions for a repository. This is the situation although site specific 
features exist: extensive deformation zones, volumes of relatively low mechanical 
strength in relation to rock stress, sparse occurrence of highly transmissive fractures or 
saline groundwater probably affecting safety of the repository. The purpose is to avoid 
such features. (Hellä et al. 2009). Main engineering geological features of Olkiluoto and 
failure zones in this survey area are presented in Chapter 4. 

1.3  Interpretation 

The study was limited to 14 intersections that were considered important: brittle fault 
intersections, tunnel-crosscutting fractures, or lithological contacts. The cases are 
systematically studied in Chapter 6. Reflections were digitized from four different 
amplitude data planes: P-wave data source being on the wall, P-wave data source being 
on the floor, S-wave data source being on the wall, and S-wave data source being on the 
floor. 
 
The seismic data is compared to the existing geological, hydrogeological and 
geophysical data. Geological reference material is collected from tunnel mapping and 
core logging, and geophysical material from pilot hole measurements. The most 
important characteristics are fractures: orientation, fillings, and thickness of the fillings, 
alteration and water leakage. Geophysically interesting is density, seismic velocities and 
their products: acoustic impedances and synthetic seismograms. These parameters are 
presented in Chapter 5. 
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1.4  Results 

As a result, some mutual characters of the features are listed that indicated a presence of 
a seismic reflector. Assuming that the geometry of the feature is favourable, a feature 
that has these certain characters would cause a reflection. Or, if no reflection exists, 
some properties of the feature should explain it. Applicability of the survey is evaluated 
according to the detectability of different features, and accuracy of different amplitude 
data planes. 
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2  SEISMIC THEORY AND METHODS 

Basics of the theory of the seismic measurements are described in this chapter, 
including wave types, seismic velocities, propagation of a seismic signal, equipment 
and data processing. The focus is on the reflection seismic method. 

2.1  Seismic reflection and refraction methods 

The idea of reflection seismic method is to send seismic waves to the ground and record 
the duration on which the reflected wave returns onto the surface. The time is called 
two-way-time (TWT). The source that causes seismic waves has to be rather strong that 
the upcoming signal has adequate signal-to-noise ratio. When knowing the velocities of 
ground (bedrock) layers, the depths of reflection boundaries can be calculated. 
 
In refraction seismic measurements a wave hits a boundary on critical incidence angle. 
Then the refracted wave propagates along the boundary and sends waves back to the 
surface with the critical angle. Arrival times of refracted waves can be picked and then 
the velocities can be defined by forming a travel-time-graph. 
 
The most money spent on geophysics is in oil and gas industry. Reflection seismic 
method can have a wide depth range and ability to find subsurface structures and faults, 
the places where oil and gas accumulations are situated. Reflection seismic 
measurements are also used in other various tasks of pure and applied earth sciences. In 
Finland, one of the biggest projects is HIRE (High Resolution Seismic Reflection 
Survey in Ore Exploration of Crystalline Rock Areas) that has been carried out in 2007-
2010. For the survey, seismic reflection measurements were carried out in 15 potential 
ore deposit in Middle-, Eastern- and Northern-Finland, and also at the planned final 
disposal site of nuclear fuel at Olkiluoto (in 2008). The aim was to study the 
applicability of the method and produce useful information about structures and 
lithology for ore exploration. (Kukkonen et al. 2010) 

2.2  Equipment 

Common method for causing seismic waves is to explode a dynamite charge or another 
explosive. These explosives are placed in a hole into the ground or bedrock. Seismic 
source can also be a hammer in small and not so deep surveys, or a mechanical vibrator 
(for example dropping a weight). In the surveys carried out on water, air-guns are 
widely used as a source. 
 
Geophones are small devices that record reflections. Geophones are usually placed on 
the both side of the source. They must be placed near the source so that only the 
reflections from the boundaries are registered. Also the depth of the boundary must be 
greater than the wavelength. A geophone is formed by a permanent magnet and a coil. 
The seismic source generates movement in the ground and the movement between the 
coil and magnet induce tension into the coil. The magnet stays still, and a solenoid 
attached to the cover of geophone, is moving. For marine purposes the detector is called 
a hydrophone. In reflection seismic measurements geophones are placed so close to the 
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source that only the rays reflected from the boundaries are registered. Reflection occurs 
if the wavelength is much smaller than the depth of the boundary. (Peltoniemi 1988) 
 
A seismograph is an instrument that measures differences of tension in the solenoid and 
digitizes it. Tension is proportional to the velocity of ground movement. Thereby 
amplitude of the ground movement can be calculated. Seismograph registers the 
amplitude as a function of time (Kearey et al. 2002). Reflections are recorded as 
wavelets, because it is impossible to record the primary reflection impulse response 
directly. The shape of a wavelet depends upon the used energy source, and also 
transmission losses along the reflection path. Primary reflections are the wanted records, 
so everything else is noise. Noises can be divided into two categories: source-generated 
and ambient noise. (Gadallah & Fisher 2005) 

2.3  Wave types 

A seismic source causes body waves and surface waves. Compressional (P) and shear 
(S) waves are body waves travelling in the interior of a medium (Telford et al. 1990). 
The direction of particle motion is different in P- and S-waves. P-wave particle 
propagates along the wave direction (x). P-wave propagates as a direct wave, an air 
wave, a head wave or a reflected wave. They arrive to the geophone in order of their 
travel velocities. Direct wave is the first arrival until the crossover distance. After that, 
the head wave is the quickest. Reflected waves are never the first arrivals, which makes 
the reflection seismic interpretation more difficult than refraction seismic interpretation. 
(Gadallah & Fisher 2005) 
 
S-wave propagates to perpendicular directions (y and z). Due to perpendicular 
directions, S-waves appear in vertical and in horizontal. SV-waves appear in the motion 
within a vertical plane through the propagation vector, and SH-waves the horizontal 
motion in the direction perpendicular to this plane (Shearer 1999). 
 
If incident wave motion is perpendicular to the plane, the conversion from P- to S-
waves, or vice versa, is not happening. An interface being horizontal, reflected and 
refracted P-waves and SV-waves can be generated, because SV-waves generate P-
waves and SV-waves. Reflected and refracted SH-waves are the only waves that 
incident SH-waves can generate. (Sheriff & Geldart 1982) 
 
Surface waves are generated if a medium has a free surface. Surface waves do not give 
information about the underground structures, but they appear in seismic records as 
unwanted signals that have to be muted. Rayleigh waves (ground rolls) propagate at the 
surface where the particles describe ellipses in the vertical plane. (Parasnis 1997). They 
can be considered a type of noise, which encounter frequently and can be observed on 
exploration seismic records. Ground roll may have the largest amplitude event on a 
seismic record, covering the wanted reflected event. (Gadallah & Fisher 2005) 
 
Another surface wave type is a Love wave. They occur if the S-wave velocity in the top 
layer is less than in the substratum (the layer underneath). Particles propagate 
perpendicular direction of the wave and in a plane parallel to the surface, like shear 
waves. (Parasnis 1997). As for Love waves, they do not cause much problems on 
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seismic interpretation, except if special energy sources are used to generate SH-waves, 
what causes high amplitudes for Love waves. (Gadallah & Fisher 2005) 
 
Tunnel waves are a sort of tube waves propagating along and around the tunnel. They 
are surface-coupled Stoneley waves, which are a type of large-amplitude interface (or 
surface) wave that propagate along a solid-fluid interface (Oilfield Glossary). Tunnel 
waves accomplish loops that may cover a significant part of the shot gathers (Cosma et 
al. 2010). Tube waves can produce information about the elastic properties of the 
surrounding medium (Sheriff & Geldart 1982). 
 
All the waves in the seismic spectrum are not from a seismic source used in the 
measurements. Weak natural sources like wind or water waves cause microseismic 
vibration, and industrial activity and traffic lead to significant vibration. They are all 
considered as a noise, which disturbs the surveys. (Kearey et al. 2002) 

2.4  Seismic velocities 

Seismic velocities are dependent on properties of rock mass. P-waves cause changes in 
volume of an individual particle, and S-wave causes bending (but no change of volume) 
(Bacon et al. 2007). In P-waves, compression and shearing is happening, what makes 
the velocity sensitive to the bulk (k) and shear (�) moduli the medium (Shearer 1999). 
Density of the medium affects less (Formula 1). The Lamé parameter � tells about 
stresses and strains of rock in perpendicular directions. Its meaning in the seismic 
reflection of crustal fault zones has emphasized. Serpentinisation of ultramafic rocks 
degrease � and �, whereas for mafic and felsic rocks, the values of � and � are observed 
from low to high. (Ji et al. 2010) 
 

� � ��� � �	
 � ���� 	 � 
                                                                        (1) 

 
where  � is P-wave velocity 
  � and � are Lamé parameters  
  k is bulk modulus 
  � is a density of a medium. 
 
The formula 1 is a solution for seismic wave equation. It defines that velocity is 
reversible proportional to the square root of density and directly proportional to the 
square root of elastic parameters. It means that great density would cause low seismic 
velocity. But when density increases, elastic properties of rock commonly increase even 
more (Yilmaz 2001b), and therefore high density often indicates high P-wave velocity. 
Still, anisotropy and mica orientation can have a reverse correlation. The situation is the 
same with S-wave velocity. But a certain density does not signify a certain seismic 
velocity. That is because elastic properties of different rock types can be variable. 
(Kuusisto 2007) 
 
P-wave velocity is clearly higher than S-wave velocity (�) according to formulas of P- 
and S-wave velocities (Formulas 1 and 2), because the values of elastic moduli (�, � and 
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k) are positive (Kuusisto, 2007). S-wave velocity is typically about a half of P-wave 
velocity. However, nature of the fluid fillings in rock pore spaces affects differently on 
P- and S-wave velocities: S is relatively insensitive to it, whereas P-waves react more 
easily. (Telford et al. 1990). That is because the interstitial fluid does not change the 
shear modulus (�) appreciably (Sheriff & Geldart 1983). But S-waves do not propagate 
in liquids because � is 0 in liquids (Kuusisto 2007). 
 

�� � ��	
������������������������������������������������������������������������������������������������������������ 
 
The velocity of Rayleigh waves is smaller than the velocity body waves, about 0.9 �. 
Love wave velocity depends on the wavelength. For short wavelengths the velocity is � 
in the upper layer but for long wavelengths the velocity is � in the substratum. (Parasnis, 
1997) 

2.5  Propagation of a seismic signal 

A seismic source (an explosion or a vibration) produces an impulse which lasts more 
than 0.1 ms. Material in the zone tightens, refracts, brakes, and partly melts and the 
impulse becomes a wavelet, some tens of milliseconds long. Due to reflection and 
refraction on boundaries, the wavelet divides into several different waves. Fermat's 
principle says that a wave propagates from point to point by a path, which takes a 
minimum time. That path line is called a ray. Waves cause stress in the ground and that 
causes strains. The strain is usually elastic when talking about seismic waves. 
 
When P-wave (or S-wave) hits the interface, four kinds of waves are usually generated: 
reflected and refracted P-waves and also reflected and refracted S-waves. Both media 
being solids, boundary conditions are set by four equations with four variables: 
amplitudes of the generated waves. (Sheriff & Geldart 1982). The amplitudes of 
reflected and refracted P-waves are A1 and A2, and their angles are �1 and �2. 
Correspondingly, the amplitudes of reflected and refracted S-waves are B1 and B2, and 
the angles �1 and �2. (Telford et al. 1990) Snell's law presents the relations between 
angles and velocities (Formula 3). 
 ������� � ������� � ������� � ������� � ���������������������������������������������������������� 
 
The quantity p is a raypath parameter (and �i and �i describes the velocities of P- and S-
waves). Zoeppritz has developed equations governing the amplitudes (Formulas 4-7). 
They describe how the amplitudes of the reflected and transmitted P- and S-waves 
depend on the angle of incidence but also the properties of the media above and below 
the interface (Bacon et al. 2007). Reflection/refraction angle on a boundary of two 
media is dependent on the wave velocity, and furthermore, the nature of the medium 
that is determined by densities and elastic constants. (Sheriff & Geldart 1982) 
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 �� ��� �� � �� ��� �� � �� ��� �� � �� ��� �� � � ��� ��������������������� �� ��� �� � �� ��� �� � �� ��� �� � �� ��� �� � �� ��� ����������������!� 
 ��"� ��� ��� � ��#� ��� ��� � ��"� ��� ��� � ��#� ��� ������������������ � �� "���� ����������������������������������������������������������������������������������������������$� 
 �� %�#���� ��� � ��#���� ��� � �� %�#���� ��� � ��#���� �������� � � %�#���� �� ��������������������������������������������������������������������������������������������&� 
 
where    %' � �' �'( ��������������������������������������������������������������������������������������������������������)� 

"' � 
'�'����������������������������������������������������������������������������������������������������������*� 
 #' � 
'�'�������������������������������������������������������������������������������������������������������+,� 
 
�i in formula 8 describes a relation between seismic velocities. The relation is different 
for each rock type. It is sometimes used to determine lithology (Telford et al. 1990). Z 
and W (Formulas 9 and 10) are called acoustic impedances that are products of density 
and seismic velocities of the medium. A wave reflects (and refracts) from a boundary if 
the difference of acoustic impedance is big enough. Densities of geological materials 
vary only inside one order of magnitude (in Olkiluoto about 2550 - 4000 kg/m3, median 
2720 kg/m3: Aaltonen et al. 2009). Distribution of seismic velocities is much wider 
(bedrock in Olkiluoto about 3930 - 7130 m/s, median 5650 m/s: Aaltonen et al. 2009) 
and that is why differences in seismic velocity are usually the cause of the seismic 
reflection. 
 
The Zoeppritz's equations can be transformed into more simple form in cases of normal 
incidence. In the normal incidence, the tangential stresses and displacements are zero 
for a P-wave, and therefore the angles of the reflected and refracted P-waves and the 
amplitudes of reflected and refracted S-waves are also zero. The equations then get the 
following forms: 
 �� � �� � � ��������������������������������������������������������������������������������������������������������++� "��� � "��� � �"�� ���������������������������������������������������������������������������������������+�� 
 
The solutions, normal reflection (R) and transmission (T) coefficients are presented in 
Formulas 13 and 14 (Telford et al. 1990). Reflection coefficient is a relation between an 
amplitude of reflected wave A1, and amplitude A0, came from a surface perpendicularly 
to the boundary, R = A1/A0. If R =0 all waves are refracted. Reflection coefficient tells 
about the contrast of acoustic impedance between two layers, a.k.a. the strength of the 
reflector (Musset & Khan 2000). 
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Shearer (1999) describes changing of the reflection and transmission coefficients by the 
ray angle. In near-vertical incidence angle (� = 0°), the reflected wave has a phase shift 
of 	 (180°) whereas transmitted pulse is unaltered. The results are rather same when the 
incidence angle is � < 30°, but when the incident ray becomes more horizontal, the 
amplitude of reflected wave approaches zero and the amplitude of transmitted wave 
increases. An incidence angle being about 49 degrees, the reflected amplitude becomes 
zero and the transmitted amplitude one, meaning that no reflected wave exists at this 
angle in spite of acoustic impedance variations. 
 
The transmitted ray is horizontal when reaching the critical angle. Then the amplitude of 
the transmitted SH wave is two and the amplitude of the reflected wave is one. Beyond 
the critical angle is total internal reflection. Polarity reversal occur when the phase shift 
is 	 or -	, and pulse distortions are caused by intermediate phase shifts between 0 and 	 
and between 0 and -	. (Shearer 1999) 
 
Amplitude of a wave attenuates on the way for two main reasons: 1) the wave front 
usually spreads out travelling from the source and then the energy has to be shared over 
a greater area, and 2) when some of the wave energy is absorbed in not fully elastic 
conditions (Musset & Khan 2000). Attenuation is due to for example source strength 
and coupling, geometrical divergence, reflection coefficient, scattering, noise, geophone 
sensitivity and coupling, reflection curvature and rugosity, absorption, transmissivity 
and multiples. 

2.6  Data processing 

Data processing starts with selection of events on the record that represent primary 
reflections. Their travel times must then be translated into depths and dips and reflecting 
horizons to be mapped. Also multiple reflections and diffractions must be taken into 
account. The most important character of recognizing an event is coherence, which is 
necessary for recognizing any event. A wave has about the same effect on each 
geophone and it overrides other arriving energy if it is strong enough. Then the traces 
look quite the same during the interval of arriving wave. Coherence is this similarity in 
appearance in traces. (Telford et al. 1990) 
 
Other important characters are amplitude standout, an increase of amplitude (such as 
results from the arrival of coherent energy), character that is a distinctive appearance of 
the waveform, identifying a particular event, and moveout that is an event's systematic 
difference in the trace-to-trace traveltime. Coherence and amplitude standout states the 
presence of a strong seismic event and by moveout the nature of an event can be 
identified. (Telford et al. 1990) 
 
Some waves share the same reflection point. These waves are compiled and the 
procedure is called common depth point (CDP) gather. Common midpoint (CMP) is its 
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projection on the ground surface a.k.a. the midpoint between the source and the 
receiver. Usually a raypath does not propagate downright under the source, but goes 
with a slope to a boundary and then back to the surface. But then the travel-time of a 
seismic wave grows. The time difference between a vertical and a slope raypath is 
called normal move out (NMO). NMO grows when the distance is growing. In NMO-
correction, travel-times are changed into a situation where the source and the geophone 
would be one upon the other, which improves the signal-to-noise ratio. The next step on 
processing is stacking. It means that NMO-corrected waves are counted together, which 
again improves the signal-to-noise ratio and makes easier to recognize the reflectors. 
 
Boundaries are seldom horizontal. By migration the dip of the boundary is taken into 
account. If the migration is not done, the layers will be defined narrower than the real 
situation is. That is because the reflector is supposed to come directly below the source. 
The point of reflection is moved into its true place on the boundary and recorded 
position to the subsurface. In deconvolution, basic seismic wavelet is being compressed 
to a spike and attenuating of reverberating wavetrains to increase temporal resolution. 
(Yilmaz 2001a) 
 
Still another thing to consider when interpreting the reflection seismic data is layers that 
are not flat and constant. A shape varies and surfaces of layers are often discontinuous. 
All this have an effect on the interpretation. (Öhman 2006). Also, the seismic data, 
where amplitudes are proportional to reflectivity everywhere, is not achievable. Local 
lateral variation of amplitude on a particular group of reflectors should be proportional 
to changes of reflectivity. A long-gate automatic gain control (AGC) is often used to 
correct the average absolute reflectivity that, within a long time window, varies a little. 
However, the searched lateral variation may be destroyed if the gate is not long enough. 
When many reflectors are included to the gate, the target event causes only a little 
contribution to the average amplitude in the window. (Bacon et al. 2007) 
 
In crystalline rocks, gradual changes exist in physical properties. That makes estimation 
of velocity difficult. These problems are caused by geological and lithological 
boundaries, which are often irregular and transient. However, accurate velocities can be 
obtained from well-log data. (Moon et al. 1992) 
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3  SEISMIC SURVEY IN THE ONKALO ACCESS TUNNEL 

Assigned by Posiva Oy a seismic specialist Vibrometric Oy carried out a tunnel seismic 
pilot survey in ONKALO in 2007. The survey indicated that seismic measurements can 
be used in rock mass characterization (Cosma et al. 2008b). In summer 2009, a new 
reflection seismic survey was carried out deeper in the ONKALO access tunnel. The 
aim of the new survey was to characterize the bedrock block in 3D. The survey was 
placed in the access tunnel between chainage 3320-3610 m on the right hand wall and 
on the floor. The surveyed area consist partly the area of the possible first central tunnel 
and panels at the disposal level. Reflectors can be detected in the distance of 260 m 
along the survey line and 300 m in the perpendicular direction. Description of the 
survey and the data is given below in this chapter. Processing steps are described in the 
Posiva's working report by Cosma et al. (2011 [in prep.]) 

3.1  Equipment 

Seismic source was executed by using Swept Impact Seismic Technique (SIST). The 
SIST technique produces the seismic signals by a series of pulses which are pre-
programmed. The non-repeatability of the impact intervals is controlled effectively with 
the use of monotonous variation of the impact rate. That also achieves a wide bandwidth 
even in situations with poor rock or ground conditions. (Cosma et al. 2008b) The source 
used was a time-distributed swept-impact machine, the Vibsist-250 hydraulic source. 
Sources were installed into 64 mm diameter boreholes to the depth of 4-6 cm at 1 m 
spacing as shown in Figure 3-1. They were on the right-side wall (line 1) at 2 m height, 
and on the floor (line 2), 5 m from the geophones. (Cosma et al. 2011) 
 
Geophones used were high frequency (30 Hz) geophones (Figure 3-2). They were 
placed in 40 cm deep, horizontal drillholes, at 3 m intervals and about 1 m elevation 
from the tunnel floor so that the vertical distance between the source and geophone lines 
is about 1 m. These 3-component receivers (the X-component vertical, the Y-
component horizontal along the tunnel axis and Z the component horizontal, 
perpendicular to the tunnel wall) were equipped with OyoGeospace SMC1850/30Hz or 
Oyogeospace GS20DM/28Hz geophones. A good contact for the rock was secured by 
rubber tubes.  (Cosma et al. 2011) 
 
Recording was made using a Summit II Plus 24-bit seismic data recording system that 
has 240 channels. Impact sweeps of 15 seconds were recorded and then decoded to 
produce 0.25 s seismic traces. Technical specifications of the source and recording 
system are presented in Cosma et al. 2011 [in prep.]. 
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Figure 3-1. The Vibsist-250 seismic source in action in the ONKALO access tunnel. 
(Cosma et al. 2011) 

 

 
Figure 3-2. A three component receiver used in the survey. (Cosma et al. 2011) 
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3.2  Projected seismic images 

At first stage, data were delivered as 3D migrated amplitude data grids. 24 data grids 
between angles +70...-95° are separated an increment of 15 degrees (Figure 3-3). 
Images for the same angle can exist even four times, because data is different in lines 1 
and 2, and also in P-waves and S-waves. Every grid has a point spacing of 1m in the 
tunnel direction and 0.4 m in the perpendicular direction (Sireni et al. 2011 [in prep.]). 
 
Lines 1 and 2 have different survey geometries: line 1 had the sources on the wall and 
line 2 on the floor. That is why the projected images that have a common location reveal 
generally different features. (Sireni et al. 2011 [in prep.]). Because line 1 was aligned to 
the wall, vertical reflectors are more likely detected, whereas in line 2, the horizontal 
reflectors are the main target. Only line 2 reaches the existing tunnel part travelling 
below the survey site, so probalility of detecting any vertical features intersecting the 
deeper tunnel part is low. 
 
P- and S-wave registrations have clear differences. The results of P-waves are much 
clearer and stronger than the ones with S-waves (Figure 3-4). That is because an 
amplitude distribution of P-waves is wider and they achieve more negative and positive 
extremes. Though the data plane is about 300 m long, most of the detected reflectors are 
located within 100 m from the tunnel. But few reflectors can be seen even at the end of 
data planes. However, on the edges and towards the end of the planes, data have some 
uncertainty. (Sireni et al. 2011 [in prep.]) 
 

 

Figure 3-3. Data as 3D migrated amplitude data grids. Data planes are between 
+70°...-95°. The survey was carried out in ONKALO access tunnel between 3320-3610 
m. 
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Figure 3-4. Processed data planes at the angle of -35°. Differences of P- and S-waves 
and lines 1 and 2 can be seen by comparing the figures a-d. a) P-wave line 1, b) P-wave 
line 2, c) S-wave line 1, and d) S-wave line 2. P-wave data is clearer than S-wave data. 
(Sireni et al. 2011 [in prep.]) 

 
Resolution of the survey depends on many factors. Registered wavelength, seismic 
velocities of the media and signal-to-noise ratio are the basis of resolution. In a seismic 
signal, higher frequencies attenuate more quickly, and so the resolution is poorer with 
bigger wavelength. Vertical resolution consists of a limit of separability and a limit of 
visibility (Brown 1999). They are the results of the interaction of the wavelets from 
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adjacent reflecting interfaces. For example, in the case of horisontally layered rocks, the 
limit of separability is one fourth (1/4) of the wavelength, which is the layer thickness 
corresponding to the closest possible separation of two wavelets. But if the separation of 
two wavelets is below this limit, a possibility to be observed in favourable conditions 
still exists. The wavelet distance is still ¼ of the wavelength. (Brown 1999). In this 
survey, the resulting wavelength is about 4 m, so the limit of separability is about 1 m 
(Sireni et al. 2011 [in prep.]). 
 
With a decreasing separation of the interfaces, the amplitude attenuates until the 
background noise blurs the reflected signal and the limit of the visibility has reached. 
Visibility is affected by the acoustic contrast between the layers, random and systematic 
noise and the phase of the data. If the contrast is high and signal-to-noise ratio is 
outstanding, the limit of visibility can be even about wavelength/30, which is a 
thickness of 13 cm in this survey. (Sireni et al. 2011 [in prep.]) 
 
Lateral resolution defines, how narrow distance between two reflecting interfaces can 
be, to get recognized as two separate reflectors. It is a product of the square root of the 
distance and the wavelength (Fresnel Zone). The resolution depends on the frequency, 
seismic velocity and the investigation depth. In this survey the lateral resolution within 
200 m from the tunnel is less than 20 m and within the first 50 m less than 10 m. (Sireni 
et al. 2011 [in prep.]) 
 
Data planes have a "blind" area in the first 15 m, where the amplitudes are weak. It is 
called a dead zone and it is due to geophone placing. Geophones were placed at three 
metre interval, but with denser interval, data could be collected closer to the survey line. 
 
Reflectors were digitized initially by Markku Paananen from the Geological Survey of 
Finland from the 3D migrated amplitude data grids using Surpac-software by Gemcom. 
Each data grid has been triangulated to a digital terrain model. The same reflectors were 
integrated from adjacent data planes to get 3D reflections. The interpretation consists of 
over a hundred digitized reflections and their dimensions vary a lot: the smallest 
reflectors extent only between two data planes shown in Figure 3-3 (separated by angle 
of 15°) and the length is about 15 metres, and the largest are 120° wide or over a 
hundred metres long. Because the data were clearer in P-wave data planes, the focus of 
digitizing was in P-waves. Figure 3-5 shows the reflectors near the tunnel. Data 
continues, however, still several tens of metres, but it is not relevant in this work. S-
wave data planes were considered when S-wave velocity in the pilot hole measurements 
showed a clear anomaly, when the anomaly was stronger than in P-waves, or when the 
P-wave data had no reflectors. 
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Figure 3-5. Digitized reflectors from the P-wave amplitude data planes. Reflections are 
presented as green objects also in the following figures. 
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4  MAIN ENGINEERING GEOLOGICAL FEATURES 

The geological environment of Olkiluoto has been a subject of intensive studies and is 
summarised in detail in Posiva 2009 etc. In these studies, the general lithological and 
deformation features affecting the final disposal of nuclear waste have been 
characterized.  
 
One of the key interests in the site investigations has concerned hydrogeology and more 
closely deep groundwater flow circulation. Also a long-term impact on the safety of the 
repository has to be taken into account because of its hydrogeochemical evolution. 
Therefore, the general lithological features and deformation structures relevant for this 
study can be described as the following: 

4.1  Rock types of Olkiluoto 

The bedrock of Olkiluoto is a part of the Precambrian Fennoscandian Shield. Most of 
the bedrock at Olkiluoto consists of high-grade metamorphic supracrustal rocks. They 
have gone through migmatization with formation of abundant leucocratic granites and 
intrusion by a few thin mafic dykes. (Posiva Oy 2009). The rock types have been 
categorised into a system of nomenclature, which is applicable to Olkiluoto (Mattila 
2006). Descriptions of rock types are presented in Table 4-1. 
 
Table 4-1. Descriptions of different rock types in Olkiluoto area. 

PGR Coarse-grained pegmatitic granite is usually leucocratic and very coarse-grained. It can 
contain large garnet and tourmaline and cordierite grains and in wider pegmatite dykes mica 
gneiss inclusions and xenoliths are typical. (Gehör et al. 2007) 

VGN Veined migmatic metamorphic gneiss has elongated leucosome veins with thickness from 
several millimetres to five - ten centimetres. These veins have a distinct lineation. (Gehör et al. 
2007) 

SGN Stromatic migmatic metamorphic gneiss is quite rare migmatite variety in Olkiluoto. Stromatic 
gneisses are plane-like, linear leucosome dykes or "layers" with width from several 
millimetres to ten - twenty centimetres. The paleosome is usually well foliated and 
metamorphic banding or schistosity occurs distinct. (Gehör et al. 2007) 

DGN Diatexitic migmatic metamorphic gneiss contains migmatite structures that are generally 
asymmetric and disorganized. Proportion of neosome may be over 70 % and paleosome 
particles are coincidental in shape and variable in size. (Gehör et al., 2007) 

TGG Tonalitic-granodioritic-granitic gneiss is relatively homogenous, medium-grained gneiss. A 
weak metamorphic banding or blastomylonitic foliation can occur, but not foliated rocks exist 
also. One type of TGG is well foliated banded gneisses with typical features of high grade 
fault rocks (Gehör et al. 2007). 

MGN Mica gneiss has high content of mica minerals. They are derived from pelitic or semipelitic 
protoliths. Mica gneisses are typically schistose when they are fine-grained, and banded or 
gneissic as medium-grained type. Mica gneisses containing >10 % of leucosome are named 
for migmatitic gneisses. 

MFGN Mafic-gneiss has >35 % of mafic minerals. They have typically hornblende or pyroxene 
bearing, and they are typically banded, but also homogeneous types occur (Gehör et al. 2007). 

QGN Quartz-gneiss is usually fine-grained, homogenous rock that is typically poorly foliated. This 
gneiss contains more than 60 % quartz and feldspars and less than 20 % micas. The rest of the 
rock is often amphibole or pyroxene and for one subgroup garnet porphyroblasts are typical. 

KFP K-feldspar porphyry is igneous rock that has K-feldspar phenocyrsts. 
MDB Metadiabase is igneous rock that is fine-to medium-grained and has basaltic composition 

occurring as dykes and sills. Ophitic textures are typical. 
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In Olkiluoto area, foliation and banding goes mainly towards east-southeast, or south 
(90 - 180 degrees) with gently to moderate dip (10-50 degrees). Naturally, local 
variations occur, and some limited zones with a steeper dip and different dip direction 
of the banding are found. (Heikkinen et al. 2004) 
 
The main rock types in Olkiluoto are gneisses that are anisotropic. It means that seismic 
velocities in horizontal and in vertical paths may be considerably different because of 
internal layering. Fractures aligned in a particular direction can cause variations in the 
azimuth of horizontal velocities. In isotropic case, the response of seismic waves is 
controlled by two rock properties: acoustic impedance and the ratio of P-wave to S-
wave velocity (�/�), whereas in anisotropic case rock parameters are needed more. 
(Bacon et al. 2007) 

4.2  Tunnel-crosscutting fractures (TCF) 

A fracture is defined as a tunnel-crosscutting fracture if it is a continuous fracture, or 
there are shorter, irregular fractures that combined with adjacent short fractures, form 
one continuous feature that crosscuts the whole ONKALO tunnel from one wall to 
another. The engineering geological RG-classification has been used for classification 
of the fractured zones (Appendix 1). Every fracture has to be of class RiI or more to be 
determined a TCF. (Nordbäck 2010) 
 
TCFs are recognised during the systematic geological mapping of the tunnel. Their 
positions are measured by tachymeter and the measured coordinates are visualised using 
Surpac Vision programme. An example of digitized TCFs is presented in Figure 4-1. 
The fracture-filling mineralogy is based on visual observations made during the 
geological mapping of the tunnel. In chainage 2300-3910 m the thicknesses of the 
mineral fillings of TCFs vary from 0.3-200 mm (average 13.7 mm and median 2 mm). 
(Nordbäck 2010) 
 
Tunnel-crosscutting fractures are often undulating slickensided fractures, undulating 
smooth fractures or undulating rough fractures. Most of them are vertical to sub-vertical 
with approximately N-S strikes, or sub-horizontal to horizontal with a gently sloping dip 
to N-NE. Also a small group of sub-vertical TCFs strike E-W. Some measurable slip 
lineations (slickensides) occur. They indicate a strong strike-slip component, even for 
the sub-horizontal fractures. (Hellä et al. 2009) 
 

 

Figure 4-1. An example of digitized tunnel-crosscutting fractures (TCF). TCFs are 
presented as black lines surrounding the tunnel. Brittle and ductile intersections are 
delimited as blue lines. This figure presents the TCFs between chainage 3410-3540 m. 
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4.3  Brittle fault zones (BFZ) 

Brittle structures are joints, veins and fissures with low-temperature mineral fillings, 
single plane faults and fault zones (Aaltonen et al. 2010). Brittle fault intersections show 
cohesionless or low-cohesive deformation products: gouge, breccia, fractured rock and 
their partially or wholly mineralized equivalents. BFI shows clear signs of lateral 
movement, but BJI has no clear signs of lateral movement. Figure 4-2 shows some 
modelled brittle fault zones near the ONKALO access tunnel. The brittle fault zones 
important for this work are described in chapters 4.3.1 - 4.3.4 . (Mattila et al. 2007) 
 
A fault usually consists of a complex branching fault core zone and a zone of influence. 
Subsidiary faults may exist close by the main fault zone. Their location may be within 
the zone of influence or outside it, the situation depends on the distance from the main 
fault zone. Conceptual model of a fault is presented in Figure 4-3. (Mattila et al. 2007). 
 

 
Figure 4-2. General figure of modelled brittle fault zones near the ONKALO access 
tunnel. (Aaltonen et al. 2010) 

 
Figure 4-3. Conceptual model of the architecture of a single fault zone. The fault zone 
consists of the core of the fault and its influence zone. Also subsidiary faults may occur. 
(Mattila et al. 2007) 
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4.3.1  OL-BFZ020B 

OL-BFZ020B travels with an approximate dip of 20 degrees towards SE (140 degrees). 
The location in relation to ONKALO access tunnel and the seismic survey site is 
illustrated in Figure 4-4. The fault is the lower splay of OL-BFZ020A, which is a 
moderately dipping thrust fault. The thickness ranges from 0.2 to 8.6 m, with average of 
about 1 m. The core of the fault consists of densely fractured sections with Ri-class 
RiIII (based on Finnish Engineering Geological system in Appendix 1) and clay-filled 
sections (RiIV), according to all the intersecting drillholes. Hydraulically conductive 
areas are detected. Hydrothermal alteration is not detected commonly. Common 
kaolinisation, and sparse illitisation and sulphidisation are the alteration processes in the 
area. The fault intersects many drillholes, and has been inferred from geophysical VSP-
surveys. Other geophysical indications found are P-wave minima due to intense 
fracturing and resistivity minima and magnetic maxima indicating pyrrhotite. (Aaltonen 
et al. 2010) 
 

 
Figure 4-4. Location of brittle fault zone OL-BFZ020b and a seismic data plane 
(+70°). The fault (red object) intersects the ONKALO access tunnel just before the 
beginning of the seismic amplitude data planes. The fault is gently dipping and it is seen 
over 10 width starting from access tunnel chainage 3285 m. 
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4.3.2  OL-BFZ039 

Brittle fault zone OL-BFZ039 is a repository scale fault, which has been intersected by 
two drillholes and the pilot hole ONK-PH13. Figure 4-5 shows the location of the fault 
in the ONKALO tunnel. The tunnel intersection area was not mapped as a brittle fault 
intersection in the tunnel. In OL-KR29 intersection 61 fractures occur with calcite and 
pyrite infillings. Several fractures have also kaolinite and illite infillings. Their dip 
direction is towards SE and dip is moderate (57°). 29 of the fractures have a slickenside 
surface with sense of movement bearing from SE to SW and a moderate plunge. 
Illitisation of feldspar occurs. Geophysical properties are P-wave minimum, weak 
resistivity minimum and magnetic maximum. (Aaltonen et al. 2010) 
 

 
Figure 4-5. Modelled brittle fault zone OL-BFZ039 and a seismic data plane. The fault 
has a low confidence, because it has been intersected by only two drillholes and the 
pilot hole ONK-PH13. 
 

4.3.3  OL-BFZ045B 

Brittle fault zone OL-BFZ045B is a near vertical fault that intersects the ONKALO 
access tunnel twice (Figure 4-6). It is a narrow zone outlined by two parallel, 
slickensided fractures. Between the fractures, a white about 1.5 cm thick vein of calcite 
occurs. The vein has step-like small-scale faulting and the movement is right-handed. 
Graphite is present in the fractures. The orientation of the fault is 095/80 (dip 
direction/dip), fracture orientations within the core 090/78 and fracture kinematics 
290/20. The fault shows as a magnetic lineament on ground surface. (Aaltonen et al. 
2010) 
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Figure 4-6. Brittle fault zone OL-BFZ045B. The fault intersects the ONKALO access 
tunnel in perpendicular direction. 
 

4.3.4  OL-BFZ084  

Brittle fault zone OL-BFZ084 has been interpreted from many locations, several 
drillholes and the pilot holes ONK-PH10 and ONK-PH13, and therefore the confidence 
is high. The zone has an approximate dip of 60° towards south and the size is estimated 
to be 853 x 704 m (Figure 4-7). According to drillhole OL-KR1, fractures parallel with 
foliation and perpendicular to foliation present abundantly. Some slickensided surfaces 
also occur. (Aaltonen et al. 2010) 
 
According to drillhole OL-KR3, the fault zone has pegmatite containing wide mica-rich 
parts, where the rock has slipped and formed to slickensided fractures. Clay minerals at 
fracture surfaces, porosity and seriticisation and also two remarkable water-flow 
anomalies are detected in the OL-BFZ084 intersection with the OL-KR1. In OL-KR3, 
some pyrite occurs on fracture surfaces and sporadic illite-coatings and clear open 
fractures are detected. Older strong ductile shear is also visible. This shear zone has 
been reactivated and as a result, fractures are afterwards healed and welded by calcite 
and pyrite. (Mattila et al. 2008) 
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Figure 4-7. Brittle fault zone OL-BFZ084. It is wide deformation zone that has many 
intersections in drillholes and also in the tunnel. 

 
Drillhole OL-KR39 shows that the intersection locates in changing VGN/DGN/PGR 
rock that consists of three densely fractured zones with less fractured rock between 
them. VGN is the most fractured. The main orientation of fracturing is 160/25-50 
degrees. Fractures are commonly filled with chlorite, graphite, clay, pyrite and calcite. 
Alteration also occurs: chloritisation and graphitisation at core zones. The less fractured 
parts are only slightly altered. According to pilot hole ONK-PH10, the core of the zone 
is broken up into pieces. The size of the pieces is about 4 cm and less in the diameter. 
Fracture spacing varies between 0.5 and 15 cm, but the fracture-fillings are rather thin. 
(Aaltonen et al. 2010) 

4.4  Ductile deformation zones 

The crystalline bedrock in Olkiluoto and SW-Finland in general, has undergone 
pervasive heterogeneous multiphase deformation. The metamorphosis has reached melt 
generating high grade conditions. More detailed description of the area's multiphase 
deformation is for example in Paulamäki's study (2007). 
 
The multiphase deformation has lead to the development of high-grade (HGI) and low-
grade (DSI) ductile deformation zones that differ in petrography and mineralogy of the 
rocks they contain. They also differ in the rock mechanical significance (Milnes et al. 
2007). 
 
High-grade ductile deformation zones are more intensively deformed zones compared to 
the surrounding rock matrix (Milnes et al. 2007). High-grade ductile deformation zones 
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are medium to coarse-grained zones and have strong foliation with gneissic banding or 
schistosity. These zones are assigned to RMF-class of 3, which means foliation of high 
rock mechanics significance (Milnes et al. 2007). The low-grade ductile deformation 
zones (DSI) possess shearing under retrograde metamorphic conditions (Milnes et al. 
2007). 

4.5  Hydrogeological zones 

The objective of modelling hydrogeological zones (HZ) is to provide the geometry and 
the hydrogeological properties of the zones and the bedrock. For compiling a site-scale 
hydrogeological model, the bedrock can be considered to consist of sparsely fractured 
rock with low fracture transmissivities and hydrogeological zones with moderate or 
high fracture transmissivities. (Posiva Oy 2009) 

4.5.1  HZ020B 

Hydrogeological zone HZ020B is a part of a wider HZ20 system. The transmissivities 
are rather low (< 2*10-8 m2/s). The geometry of this zone is relatively planar and 
average orientation is 136/18. Because of the planar form, hydraulic responses below 
are assessed to be a local connection whose continuity is unknown. (Vaittinen et al. 
2009). The modelled thrust fault zones OL-BFZ098 (current OL-BFZ020A) and OL-
BFZ080 (current OL-BFZ020B) have approximately the same extent and depth interval 
as the HZ020B system (Posiva Oy 2009). 
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5  GENERAL ABOUT THE PARAMETERS AND SOFTWARE 

This chapter describes the existing tools and the data derived from the pilot hole surveys 
that are used in this work. Geophysical pilot hole measurements and core logging data 
are used as reference material. Data has been visualized and processed with software 
describes shortly. 

5.1  Pilot hole measurements 

By the end of 2010, 15 pilot holes were drilled, measured and logged at the ONKALO 
access tunnel in order to confirm the quality of the rock mass for tunnel construction, 
and especially, to verify the water conductive fractured zones beforehand. Pilot holes 
offer geological data but also geophysical and hyrological data contributes the 
modifications of the existing construction plans, for example when pre-grouting is 
needed (Karttunen et al. 2009). 
 
Seismic reflections of this work are located in the area of three pilot holes: ONK-PH9, 
ONK-PH10 and ONK-PH13. Geophysical logs and hydrological measurements carried 
out in these pilot holes are compared with the seismic data. The most important 
measurements considering this work are gamma-gamma density, full waveform sonic 
logging, magnetic susceptibility, resistivity measurements (Wenner resistivity, short and 
long normal resistivity, single point resistance) and flow logging. 

5.1.1  Density 

Density log is derived from the gamma-gamma density measurements. Density 
variations reflect differences in mineralogy and also in porosity. Although the 
differences are in general quite small, they contribute significantly to seismic 
reflectivity contrasts. Density and porosity have a slight log-linear correlation: 
increasing density indicates decreasing porosity. (Aaltonen et al. 2009) 
 
Greater pegmatitic granite (PGR) and tonalitic-granodioritic-granitic gneiss (TGG) 
bodies, greater mafic-gneiss (MFGN) or metadiabase (MDB) containing volumes, and 
significant alteration or deformation domains differ usually in density from surrounding 
rock matrix, and they can cause a reflector. Presence of mafic silicates increases the 
density, and felsic rocks are usually lighter. Thus granitic rocks have low densities and a 
narrow distribution of typical values, whereas gneisses have variable mineral 
compositions and therefore a wider density distribution. Typically, the lowest values of 
all the samples consist mainly of PGR because that rock type does not contain dark 
minerals. Higher density can indicate melanosomes, gneissic (mica-rich) appearance or 
increased amphibole and hornblende content in granites. But leucosome part of the rock 
mass has often lower density. Also alteration and deformation may decrease density. 
Table 5-1 presents the ranges of density for the different rock types. (Aaltonen et al. 
2009) 
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Table 5-1. Density ranges for the different rock types (Aaltonen et al. 2009). Density 
varies from 2545 to 3996 kg/m3 in Olkiluoto area. 
Rock type Density unit 
DGN 2590-2650, 2690-2790 kg/m3 
MFGN 2770-3130 kg/m3 
MGN 2600-2640, 2700-2730, 2770-2790 kg/m3 
PGR 2590-2650 kg/m3 
QGN median 2737 kg/m3 
TGG 2610-2650, 2700-2730 kg/m3 
VGN 2710-2770 kg/m3 
 

5.1.2  P-wave velocity 

P-, S- and tube wave velocities can be defined by processing the sonic recordings (Lahti 
& Heikkinen 2004). Also computation of reflected tube wave energies, the attenuation 
of tube waves and dynamic rock mechanical parameters from the acoustic and density 
are included in the data processing (Karttunen et al. 2010). 
 
Properties affecting P-wave velocity are described, for example, in Aaltonen et al. 
(2009). P-wave velocity is dependent on the elastic properties of the medium. Elastic 
properties of minerals are determined by properties of mineral's chemical components, 
bonding of the constituents, structure and the crystal form. Additionally, orientations of 
these properties affect. Elastic properties of rock mass are determined by minerals and 
their relation in rock mass, contacts between mineral grains and cementation properties. 
Besides reduction of density pores, fractures and micro cracks particularly deteriorate 
elastic properties of rocks and therefore, reduce seismic velocities. In addition, pressure 
and temperature conditions are affecting factors in a bigger scale. However, temperature 
does not affect on seismic velocity very much: increasing temperature reduces seismic 
velocity only about 0.2-0.7*10-3 km/s/°C, depending on the rock type (Kuusisto 2007). 
 
Alteration causes only slightly lower P-wave velocity values. Difference is about 50 -
100 m/s compared with non-altered lithologies. Difference is more obvious in 
pegmatitic granite and diatexitic migmatic metamorphic gneiss than in veined migmatic 
metamorphic gneiss. From deformed samples, 50 % of samples have P-wave velocity 
lower than 5500 m/s, and 30 % lower than 5300 m/s. (Aaltonen et al. 2009) 
 
In crystalline rocks with plenty of feldspar and quartz, P-wave velocity is less than 6500 
m/s, but micas (biotite and muscovite) and serpentine have the lowest seismic 
velocities. Generally, mafic rocks including Ca-rich plagioclase, amphibole and 
pyroxene have higher P-wave velocity (about 7000 m/s) than felsic rocks, because P-
wave velocity decreases when quarts content increases. Ultramafic rock and mafic 
eclogite including pyroxene, olivine and garnet among other things, have higher 
velocities: P-wave velocity is over 8000 m/s. But spinel and garnet have the highest 
velocities. Mg-rich minerals have usually higher velocity than Fe-rich minerals (biotite, 
pyrrhotite, pyrite, and chalcopyrite) in the same mineral group. In non-broken rock 
mass, PGR has the highest values and TGG has slightly higher values than other 
gneisses. MFGN values are scattered and VGN, DGN and MGN have fairly similar 
ranges for all samples. Typical values of different rock types are presented in Table 5-2. 
(Kuusisto 2007; Aaltonen et al. 2009) 
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Table 5-2. P-wave velocity ranges of different rock types (Aaltonen et al. 2009). 
Rock type P-wave velocity unit 
DGN 5500-6050 m/s 
MFGN 5400-6000 m/s 
MGN 5450-5850 m/s 
PGR 5700-6150 m/s 
QGN min: 5520, median: 6072.50, max: 6567 m/s 
TGG 5600-5900 m/s 
VGN 5200, 5350-5600 m/s 

5.1.3  S-wave velocity 

S-wave velocity is also calculated from full waveform sonic log. S-wave velocity 
follows quite well velocity of P-wave. Anomalies are basically the same, but S-wave 
velocity has lower values (about 3400 m/s in intact rock). Porosity and fracturing are 
important factors for S-wave velocities (Aaltonen et al. 2009). 

5.1.4  Susceptibility 

Susceptibility is measured by WellMac down-hole equipment. Susceptibility values 
depend on lithology, alteration and deformation. The main features that cause 
susceptibility are concentration of magnetic minerals, grain size and temperature. 
Susceptibility can change even in the same rock type, but usually regional differences 
are small. Generally, acidic rocks have smaller susceptibility than basic rocks. Also 
sedimentary rocks have smaller values than metamorphic rocks. Anisotropic rocks have 
anisotropic susceptibility: measuring a rock in different directions the magnetic 
properties changes. Susceptibility has a weak, scattered/linear correlation with porosity: 
higher porosity is associated with increased susceptibility (Aaltonen et al. 2009). 
(Peltoniemi 1988) 
 
Magnetite, ilmenite, pyrrhotite and hematite are ferromagnetic minerals that indicate 
high susceptibility. Low susceptibility is usually in diamagnetic (quartz, feldspar and 
graphite) and paramagnetic (micas, pyroxenes and amphiboles) minerals. In brittle fault 
zones magnetic properties have changed. Susceptibility can be decreased if reduced and 
warmer metamorphic solution penetrates into colder rock or, if magnetite oxidizes into 
hematite when brittle zone erodes in a low temperature. Susceptibility can be increased 
if oxidized and colder solution penetrates into metamorphic rock. Susceptibility ranges 
of different rock types in Olkiluoto area are presented in Table 5-3. (Peltoniemi 1988) 
 
Table 5-3. Susceptibility ranges of different rock types in Olkiluoto area (Aaltonen et al. 
2009) 

Rock type Susceptibility unit 
DGN 0-10, 15-60 *10-5 SI 
MFGN 20-200, 600-2000, >5000 *10-5 SI 
MGN 22-40 *10-5 SI 
PGR -2 - 4 *10-5 SI 
QGN 18-40, 60-80 *10-5 SI 
TGG 2-8, 18-34 *10-5 SI 
VGN 0-6, 15-60 *10-5 SI 
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5.1.5  Resistivity 

Four different galvanic measurements are performed in the pilot holes: Wenner 
resistivity, short and long normal resistivity and single point resistance. Measuring 
range is modified from the original 0-10000 
m to 0-40000 
m (Karttunen et al. 2010). 
Resistivity values listed below are measured from core samples in a laboratory. The 
samples are always from intact rock, whereas in pilot hole logs fracturing and fracture-
fillings are included in the measurements. Resistivity ranges of different rock types are 
presented in Table 5-4 and typical values for fracture-fillings are in Table 5-5. 
 
Resistivity may decrease or increase during different processes. In metamorphism, 
resistivity can do both, depending on the process going on. Increasing results form 
carbonatization and silification, but clay alteration, dissolution, faulting, salt water 
intrusion, shearing and weathering may cause decreasing of resistivity (conductivity 
increases). High porosity may indicate low resistivity. (Aaltonen et al. 2009) 
 
Table 5-4. Resistivity ranges of different rock types in the Olkiluoto area measured with 
0.1 Hz. (Aaltonen et al. 2009). 

Rock type Resistivity unit 
DGN 5000-65000 
m 
MFGN 6000-100000 
m 
MGN 3000- 30000, 60000-200000 
m 
PGR 6000-30000 
m 
QGN 10000-500000 
m 
TGG 6000-40000 
m 
VGN 4000-40000, 60000-100000 
m 
 

Table 5-5. Conductivities of some fracture-fillings (Peltoniemi 1988). Resistivity values 
[�m] are calculated by conversion 1S = 1�-1. 

Fracture-filling Conductivity unit Resistivity unit 
graphite 102 - 106 S/m 10-6 - 10-2 
m 
chalcopyrite 10 - 104 S/m 10-4 - 10-1 
m 
pyrite 1 - 105 S/m 10-5 - 1 
m 
magnetite 10-4 - 105 S/m 10-5 - 104 
m 
salt water 10-1 - 10 S/m 10-1 - 10 
m 
groundwater in rock 10-2 - 10-1 S/m 10 - 10-2 
m 

5.1.6  Hydraulic measurements 

Flow rates are measured by using Posiva Flow Log, Difference Flow method (PFL 
DIFF). This method measures the flow rate into or out of defined drillhole sections. It 
improves detection of incremental changes of flow along the drillhole. The flow 
anomaly comes from a single fracture. The location of fractures has a length resolution 
of 0.1 m. (Mancini et al. 2010; Väisäsvaara et al. 2010) 
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5.2  Acoustic impedance 

Acoustic impedance is a product of density and seismic velocity. Logs of acoustic 
impedance are calculated according to Formulas 9 and 10. Acoustic impedance log 
defines the cause of principal seismic reflection. Sudden chances in impedance are often 
due to significant changes in lithology. But lithology can also cause low-amplitude 
impedance changes when the cycle at the frequency is right for resonating with the 
seismic pulse (Anstey & O'Doherty 2002). Broken zones in the bedrock affect more on 
density and especially to seismic velocities, and are therefore the main cause of the 
strong acoustic impedance anomalies. 

5.3  Synthetic seismogram 

A seismic trace is a wavelet, which is convolved with the Earth's reflectivity. Knowing 
the Earth layering and the distribution of velocity and density, it is possible to determine 
the Earth's reflectivity. Synthetic seismogram can be formed by velocity and density 
values from borehole logs but also the wavelet shape has to be known. The reflection 
coefficient series have to be convolved with a convenient wavelet so that it could be 
compared with the seismic trace (McQuillin et al. 1984). A wavelet penetrates on the 
first interface where its energy is divided to transmitted and reflected waves. The waves 
propagate to other interfaces and additional waves are generated. The seismic record is 
formed from the superposition of reflected waves, which have encountered a geophone. 
Snell's law determines raypaths and Zoeppritz' equations energy relationships, but 
problem solving is difficult task because numerous waves are generated. (Sheriff & 
Geldart 1983) 
 
If a seismic trace does not have multiples, filtering the reflection coefficient series to 
have the same bandwidth as the seismic section and subsequent conversion of the signal 
to zero phase can be enough. However, comparison between synthetic seismogram and 
a seismic section to deduce the wavelet can be more useful, because choosing the 
wavelet is difficult and critical for the appearance of the final synthetic seismogram. 
Deduced wavelet can then be used as input to section's wavelet processing. (McQuillin 
et al. 1984) 
 
A synthetic seismogram was calculated by WellCAD software. Synthetic are computed 
from logging derived impedances converted to time domain (from depth axis). Initial 
data were P- and S-wave velocities and density from the pilot hole measurements. The 
simplified windowed approach was computed from derivate, to obtain zero phase 
wavelet. Five windows with 0.2...4 m distances (corresponding time lags) were used to 
calculate the reflection coefficient, then averaged. By summing these coefficients and 
converting them to a vertical seismic profile log, a synthetic seismogram can be shown 
along the pilot hole. The result is quite sensitive for errors in the well logs, and false 
readings are rather mutual on sonic and density logs (McQuillin et al. 1984). 
 
More conventional synthetic was calculated using wavenumber domain application 
(Personal communication, Heinonen 2010) with Ormsby wavelet (Figure 5-1), and at 
250 - 1500 Hz frequency band. Results of these two definitions were practically same 
(Personal communication, Heikkinen 2010). 
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Figure 5-1. Used input signal Ormsby wavelet. It was used in frequency band of 200 Hz 
- 250 Hz - 1500 Hz - 3000 Hz in the new calculations of synthetic seismograms. 
(Personal communication, Heinonen, 2010) 

5.4  Core logging 

Lithology, foliation, fracturing, fractured zones, weathering, rock quality and possible 
intersections are mapped from the core samples. In the lithological mapping, 
metamorphic rocks are classified according to their composition, the texture, and the 
proportion of leucosome. Foliation type and intensity were classified by the method of 
Milnes et al. (2006) and it is presented in Appendix 2. The weathering (alteration) 
degree of the core is divided to four classes: unweathered, slightly weathered, strongly 
weathered or completely weathered. (Mancini et al. 2010) 
 
Fracturing orientations can be defined from the oriented drill core sections by using 
measured core alpha and beta angles, drillhole orientation and hole deviation survey 
data. The WellCAD software was also used to determine orientations from the optical 
drillhole images. Fracture mapping includes also description of fracture type, colour, 
fracture-fillings, surface shape, joint alteration (Ja, Appendix 1: Figure A-1) and joint 
roughness (Jr, Appendix 3: Table A-3). The two latter are parameters of Q-classification 
that is used for rock quality determination. RG-classification (Appendix 1: Table A-1) is 
used to determine fractured zones. (Mancini et al. 2010) 

5.5  Software 

Surpac Vision is a software package for the mining and geological exploration 
industries. It is developed by Gemcom Software International Inc. Surpac has been used 
in digitizing reflectors from the 3D migrated amplitude data grids, and visualizing them 
and the whole survey area in 3D. 
 
WellCADTM is an interactive PC based well data management tool from Advanced 
Logic Technology (ALT) sà. In this study, it has been used in making logs of pilot hole 
measurements and calculation of acoustic impedance and synthetic seismograms. 
Contact orientations of rock types were defined from the Optical Drillhole Images. Also 
other geological data, lithology and fractures are visualized by WellCAD. 
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Lithological contacts are defined using structure log and inputting the azimuth and the 
tilt of the pilot hole. The program calculates the orientation from the drawn sinusoid of 
the contact apparent to true dip and strike. 
 
Hyperdata, developed by Astrock Oy, is a tool for displaying and working with all kinds 
of 2D borehole data. It was used to visualize the core-box images and optical drillhole 
images. 
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6  INTERPRETATION 

This chapter focuses on the interpretation of the digitized reflectors. 14 intersections 
were chosen to this work and they are processed individually. At first, some general 
points of reflectors are presented and in the end, comparisons and conclusion are made. 
 
Most seismic measurements are made in horizontal lines, the source and the geophones 
pointing downwards. Usually a small amplitude or character anomaly exists when a 
vertical seismic section intersects a stratigraphic feature. If the dip of the feature is less 
than 45 degrees (usually in structural interpretation), vertical sections are more efficient 
in structural mapping. An event on a horizontal section is usually much broader than on 
a vertical section, when dip is less than 45 degrees. A gently dipping event is broad and 
a steeply dipping event is narrow. The width of a horizontal section event is typically 
half the spatial wavelength but it becomes narrower with increasing dip and frequency. 
(Brown 1999) 

6.1  Reflectors 

A lithological contact is a common reason for a seismic reflection. Reflection from 
lithology is most often got from banding of granite and gneiss, amphibolite or 
hornblende containing layers and also zones with pyrite veins that are concordant to 
foliation (Heikkinen et al. 2004). Other causes, for example, faults and fracture zones, 
have relatively weak seismic characters. Therefore, they require wide-scale processing 
so that information on the position of the reflectors would maintain in the seismic 
profiles. Improving the signal-to-noise ratio is important for getting the later events 
visible. Phase consistency is a better indicator for identifying reflectors than amplitude 
contrast because the reflection coefficients are rather low.  (Enescu et al. 2004) 
 
According to vertical seismic profiling (VSP) and walk-away VSP (WVSP) 
interpretations made by Heikkinen et al. (2004), continuous reflectors that are strong in 
amplitude originate in most cases from intensely fractured and sheared zones. The core 
may be fairly narrow, with thickness of some meters. Alteration is often present causing 
tens of meters wide acoustic anomalies that are small in amplitude. 
 
Theoretically, both the top (hanging wall) and the bottom (foot wall) of the fractured 
zone should be distinguishable in the reflection seismic data. That is because the 
reflection coefficient between fractured zone and rather intact crystalline rock around is 
greater than in the rock itself. Fracture zones are often described by low seismic 
velocity and low acoustic impedance. Synthetic seismogram shows polarity reversal 
with strong negative amplitudes on the top of the fracture zone (Juhlin et al. 1991). 
(Moon et al. 1992) 
 
In the study of Heikkinen et al. (2004), VSP reflectors were not always explained by the 
physical properties, meaning density and velocity contrasts, impedance, reflectivity and 
fracturing, at the indicated location. Explanation can simply be misinterpretation, which 
is, however, unlikely for distinct features. Continuity variation may explain something, 
but most likely the explanation is P- and S-wave anomalies that have wide interval in a 
drillhole. 
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If the reflector is far away from the drillhole, extrapolating of continuity becomes more 
unreliable and the planarity assessment can fail. Accuracy turns down also in 
intersection angle between reflector and measuring line being rather small. Then even 
the smallest changes in geometry of the reflector can change the intersection point and 
the correlation with drillhole data becomes more difficult. (Heikkinen et al. 2004) 

6.2  Interpreted reflectors 

The amount of digitized reflectors is extensive (Figure 3-5) and everything could not be 
included to this work. At the start of this study the ONKALO access tunnel covered by 
the seismic data was excavated almost completely; some brittle fault intersections, 
tunnel-crosscutting fractures etc. were already mapped. This work was delimited to 14 
cases that were considered most important. Interpreted reflectors of the cases are 
presented in Figure 6-1. In this chapter, the seismic data is compared to the existing 
geological, hydrological and geophysical data derived from the pilot holes and the 
tunnel. 
 
The following data about geology (lithological description, alteration mapping, ductile 
deformation, zone intersection mapping, fracture logging from the core) and tunnel 
orientations (deviation survey) have been taken from Posiva's Potti database. Data have 
been published (or will be published) in Posiva's working reports of the pilot holes. 
 

 
Figure 6-1. Interpreted reflections along the ONKALO access tunnel. All the reflections 
(green objects) are between chainage 3285-4304 m. 
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6.2.1  ONK-BFI-3285 (OL-BFZ020B/ HZ020B) 

This chapter describes the geological and geophysical properties of the area of brittle 
fault intersection ONK-BFI-3285. The properties are compared to seismic reflections 
and interpretation is made according to comparisons. 
 
Tunnel mapping of the fault 
 
The fault ONK-BFI-3285 is mapped in the ONKALO tunnel, and it is connected to 
hydrogeological zone HZ20B. It has a 0.5-3 m wide core (10 m total width) with totally 
crushed rock that comprise chlorite, calcite, pyrite and clays. Main rock type is an 
altered VGN. Quartz is brecciated together with the different clays as matrix. Alteration 
is quite high, Ja = 8, and Ri-class is RiV. Zone starts at 3285 m; pre core zone ->3288 
m, core zone ->3290 m and post core zone ->3295 m. Average zone orientation is 
140/20 (Aaltonen et al. 2010), but orientation of the intersection on the right wall is 
054/38. 
 
Core logging within the fault area 
 
The drill core of pilot hole ONK-PH9 intersects the fault area. The area consists of four 
lithological components: medium grained DGN, medium grained VGN, coarse to very 
coarse grained PGR again and medium grained DGN. A more detailed description is 
given in Table 6-1. Overview of lithology, fractures and hydrology is in Figure 6-2. 
 
Foliation is measured from pilot hole core samples at about one metre interval. In the 
depths of minima and maxima of synthetic seismograms, orientation of foliation varies 
between 156-193/25-57 and an average being about 175/35. Type of foliation 
(Appendix 2) is mostly irregular or banded.  
 
Table 6-1. Detailed descriptions of rock types in the intersection area. 

Pilot hole depth Geological description 
18.70-27.55m  
(chainage ~3282-3291) 

The section consists of gray, medium grain size DGN that have K-feldspar 
megacrysts. At the end of the DGN section, appear PGR veins and random 
cordierite. Also few MFGN-inclusions occur in the area. Orientation of lower 
contact (with VGN) is 196/52. 

27.55-32.26 m 
(3291-3295) 

VGN is medium grained, grayish green illitized and foliated gneiss. Mafic 
minerals are detected. Pyrite is present as grains and fracture veinlets. Illite 
occurs in matrix, at fractures and in some PGR crysts. VGN is more fractured 
than the earlier DGN. One centimetre width mica layer occurs in the lower 
contact to PGR (orientation of the contact is 174/56). 

32.26-35.40 m 
(3295-3298) 

Heterogeneous PGR has coarse to very coarse grain size. MGN inclusion and 
illite phenocrysts occur in the PGR-layer. 

35.40 m- At 35.40 m PGR changes to 5 m thick DGN-layer with orientation of 084/18. 
DGN is medium grained, grayish green illitized and foliated with some mafic 
minerals. Fracturing is often almost parallel to the core fractures. Leucosome/ 
PGR-veins are present at about 38 m and 39 m. Illite occurs in matrix, at 
fractures and some crysts in PGR. One centimetre width mica layer occurs in 
the lower contact to PGR (orientation of the contact is 133/16). 
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Figure 6-2. Overview of geology around ONK-BFI-3285 area. The fault area is widely 
fractured, altered and hydraulically conductive. Legend is presented in Appendix 3, 
Figure 1. 

 
Overview of the fractures  
 
In the fault seen in ONK-PH9, fracturing is dense and that makes orientation defining 
partly impossible in core logging. Some of the orientations are measured from the 
optical drillhole image (in WellCAD). The list of fractures is in Appendix 4,  Table A-5. 
Calcite and pyrite are the dominating fracture-fillings in the first five metres. Chlorite 
and clay minerals control the next metre. The rest of the fault area has also illite and 
kaolinite. Five of the fractures have been interpreted to slickenside fractures, three as 
grain-filled fractures and also one as clay filled fracture. According to flow rate 
measurements (Posiva Flow log, Difference Flow method), several water conductive 
fractures occur in the fault (Karttunen et al. 2010). Water conductivity is very high 
between chainage 3290-3302 m. 
 
A tunnel-crosscutting fracture (P332) occurs at chainage 3285-3317 m inside the fault 
ONK-BFI-3285. The measured dip direction is 088 degrees and dip 12 degrees, but 
mean orientation is 124/08. The length of the fracture is 40 m and fracture-fillings 
consist of clay mineral, chlorite, calcite and pyrite. Total thickness of fracture-fillings is 
100 mm. Water is dripping in the fracture. Joint roughness profile is USL and alteration 
number is 8. Ri-class is RiIV-Rk4. The fracture is very gently dipping, and therefore it is 
seen in 10 m wide zone. The fracture is seen in the pilot hole at depth of 37.79 m 
(Appendix 6, Figure A-4), which is the depth of the second minimum of S-synthetic. 
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Another TCF (P337) is between 3290-3302 m and it is correlated to the pilot hole depth 
of 30.13 m (Appendix 6, Figure A-3), where is the first maximum of S-synthetic.  
Measured orientation from the tunnel is 161/34 and mean orientation 134/22. The 
fracture is mapped to be 22 m long, wet USL-fracture. Total thickness of fracture-
fillings (clay mineral, kaolinite, chlorite and calcite) is 60 mm. Alteration class is 8 and 
Ri-class RiIV-Rk3. 
 
Geophysical logging of the fault area in ONK-PH9 
 
Geophysical logs from in the fault area are presented in Figure 6-3. At the beginning of 
the fault, density has some variations and seismic velocities start to decrease. These 
changes may be due to PGR-veins and MFGN-inclusions and denser fracturing detected 
in core logging. Density has a negative anomaly peak at chainage 3293 m, where also 
occur a distinct minimum of seismic velocities, probably due to grain filled fractures. 
Fracturing is clearly seen in the core sample (Appendix 6, Figure A-3), where also 
another tunnel-crosscutting fracture exists. S-wave synthetic seismogram shows distinct 
minima between chainage 3290-3292 m and 3300-3302 m and a smaller minimum at 
chainage 3279 m. A P-wave minimum in synthetic seismogram is between chainage 
3295-3296 m. Geophysical changes are listed more detailed in Table 6-2. Resistivity 
values are low during this whole zone. Susceptibility anomaly is found in pre core zone. 
 
 
Table 6-2. Geophysical anomalies in the area of OL-BFZ020B. 

Chainage Geophysical properties 
3285 Moderate or slightly variation of density (2.79), high susceptibility (420), lowered 

resistivity, moderate P-wave velocity (5430) 
3288-3290 moderate density (2.64), moderate susceptibility (10-50), lowered resistivity, 

moderate P-wave velocity (5330, it is stuck in the same reading) 
3290.4 density starts to elevate (2.71; 3290.8: 2.83, 3291.2: 2.64), susceptibility is 

moderate (61), resistivity is low and seismic velocities starts to decrease (P:5240, 
S:3130) 

3291 minimum of S-synthetic, maximum of P-synthetic 
3292.8 minimum values: density (2.39), susceptibility (48), resistivity remains low, P-

wave velocity (3270), S-wave velocity (2130) 
3293 maximum of S-synthetic (TCF, possible place of reflector) 
3293.5 recovered values: density (2.73), susceptibility (43), resistivity still low, P-wave 

velocity (4647), S-wave velocity (2718) 
3295 moderate density (2.66), moderate susceptibility (61), low resistivity, lowered P-

wave velocity (4057), minimum of P-synthetic 
3301 minimum of S-synthetic, seismic velocities start to decrease strongly (TCF, 

possible place of reflector) 
3303 maximum of S-synthetic, seismic velocities start to increase strongly 
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Figure 6-3. Geophysical drillhole logs from the OL-BFZ020b area. Scale is 1:200. 
Seismic velocities have the strongest anomalies between chainage 3291-3303 m. 

 
Interpretation of the seismic reflection of OL-BFZ020B 
 
Tunnel intersection of brittle fault zone OL-BFZ020B (ONK-BFI-3285) is not in the 
seismic data area (amplitude data planes do not reach the section). However, a couple of 
reflections occur, whose extensions seem to intersect the ONKALO tunnel with 
somewhat similar orientation as OL-BFZ020B (Figure 6-4). 
 
The first reflection (the uppermost in Figure 6-4) is seen between +55 and +40 in P-
wave line 1 amplitude data planes. The two lower reflections are seen in S-wave line 1 
data planes between +70...+40. There is no data of S-waves between +25 and -5, so 
evaluation of continuity cannot be done properly. The length of the reflections is about 
80-100 m. Orientation of reflections is about 057/45, but it is not necessarily "correct" 
because the amplitude data planes, where the reflectors were detected, are not in the 
direction of the fault's normal (Figure 6-5 and Figure 6-6). 
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Figure 6-4. Three parallel reflections of brittle fault zone OL-BFZ020B. Reflections 
(green objects) seem to be extensions from the fault that is marked with blue lines in the 
tunnel (between chainage 3285-3305 m). The two black lines between blue lines are 
tunnel-crosscutting fractures. 

 
Figure 6-5. A possibly false orientation of the reflections. The most vertical data plane 
is +70. However, due to orientation of the fault there should be at least two more data 
planes in vertical direction (+100) to get the precise orientations for the reflectors. The 
red horizontal object is modelled brittle fault zone OL-BFZ020B and the three green 
objects are the digitised reflectors. 

Borders of ONK-BFI-3285 
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Figure 6-6. A possibly false orientation of the reflections. The first two blue lines (from 
the top of the image) represent the borders of the fault and black lines are tunnel-
crosscutting fractures. Dip directions of the reflections (green objects) differ from the 
modelled OL-BFZ020B (red object). 
 

The fault is 10 meters wide and the extensions of reflections seem to intersect the tunnel 
near the fault area (chainage about 3280 m, 3285 m and 3305 m). It is difficult to define 
the exact places of the reflector intersections because of the lack of data, but some 
estimations can be done according to the pilot hole geophysics. 
 
Density and seismic velocity anomalies exist after chainage 3290 m. A minor minimum 
of P-synthetic seismogram is at 3288 m and a maximum of P-synthetic at 3291 m, but 
they are probably too far from the estimated extension of the P-wave reflection. 
Therefore, the origin of the P-wave reflection is difficult to determine. But, it seems 
very probable that the first S-wave reflection originates from the minimum of S-
synthetic at 3291 m or the maximum of S-synthetic at 3293 m. Origin of the second S-
wave reflection may be another minimum of S-synthetic at 3301 m or maximum at 
3303 m. 
 
The S-wave reflections can be linked at chainages 3293 and 3301, because they are the 
places of tunnel-crosscutting fractures. Alteration is dense on both fractures, the 
thickness of fracture-fillings is several centimetres and water is also present. The 
correlation with other observed features to the reflection is poor. The features are listed 
in Table 6-3. 
 

Table 6-3. Orientation correlation of observed features to the reflection 057/45. 
brittle fault zone 140/20 (054/38) The latter orientation is measured from the right-hand wall. 

It differs from other measured zone orientations, but 
correlates the reflections. 

foliation 156...193/24...57  
TCF 124/08 134/22 TCF are interpreted as the cause of the reflections, although 

the orientations do not match (see Figure 6-5). 
Water flow  
fractures 

303/76 160/67  114/72 289/78 167/38 175/27 358/81 158/20 
147/31 083/06 290/57 288/73 080/82 090/88 102/22  
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6.2.2  ONK-BFI-3331 

Tunnel mapping of the brittle fault intersection 
 
A brittle fault intersection ONK-BFI-3331 is mapped in the tunnel at chainage 3331 m. 
It is a narrow (0.65 m) deformation zone, but it has also a distinct ductile character. 
Fault breccia, mylonite and thick fillings of quartz and calcite occur in the zone. 
Orientation in the middle is 274/87. Ri-class is RiIII. This intersection is not connected 
to any previously known deformation zone. The fault consists mainly of a tunnel-
crosscutting fracture and dense fracturing around it. 
 
Core logging within the intersection area 
 
The drill core of ONK-PH9 (Karttunen et al. 2010) intersects the fault. Core logging 
data is presented in Figure 6-7.  Rock type in the section is fine-grained, dark gray QGN 
(67.70 - 68.75 m). In the QGN layer, foliated tight contacts and mylonitic seam occur. 
Above QGN is PGR layer, and below KFP layer. Orientation of the PGR-QGN-contact 
is 250/76. Lower contact with KFP at 68.75 m is sharp and unbroken (orientation 
266/66). Foliation type is irregular/schistose and its intensity category is 1 (weakly 
foliated). Foliation orientations are 152/48 (IRR) and 080/82 (SCH).  
 
 

 
Figure 6-7. Geological data from brittle fault intersection ONK-BFI-3331 and the area 
around it. Fracturing is dense and a small water flow anomaly occurs. 
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Overview of the fractures 
 
Several fractures occur in the intersections area (Appendix 4: Table A-6), and one of 
them is a tunnel-crosscutting fracture (P335). It exists at tunnel chainage 3330.3 - 
3333.5 and pilot hole depth of 68.39 m (the core and drillhole images in Appendix 6, 
Figure A-5). Measured orientation from the tunnel is 257/88 and mean orientation 
273/87. Fracture length is estimated to 16 metres. Fracture-fillings are calcite, quartz, 
epidote, pyrite, chlorite, clay mineral and graphite. Total thickness of fracture-fillings is 
even 200 mm. Ri-class is RiIV-Rk3. Joint roughness profile is USL. Joint alteration 
class is 4. 
 
A flow rate anomaly occurs at chainage 3331 m (see Figure 6-7). A water conductive 
fracture is at 68.52 m (pilot hole depth). It has URO-profile and chlorite and clay 
mineral as fracture-fillings. The total thickness is 0.3 mm. Orientation is the same as 
TCF, 253/89 and it is altered (Ja = 3). 
 
Geophysical logging of the intersection area in ONK-PH9 
 
The most distinct features are the low seismic velocities (Figure 6-8) that indicate the 
fractured zone. Density, in turn, is first elevated (2.79 g/cm3) due to lithology (PGR 
changes to QGN) and then it drops to 2.60 g/cm3 due to the fractured zone. Acoustic 
impedance shows only a little variation, because elevated density and decreased velocity 
compensate each other. Values of resistivity are lowered and reason for that may be the 
pyrite in fracture-fillings. Susceptibility varies a little but it is quite moderate. 
 

 
Figure 6-8. Geophysical logs from the brittle fault intersection ONK-BFI-3331. Seismic 
velocities are clearly decreased and also density has variations. Conductivity peak is on 
the edge of the intersection. 
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Interpretation of the seismic reflection of ONK-BFI-3331 
 
A good and clear reflection occurs at 3331 m, in the location of the brittle fault 
intersection (ONK-BFI-3331). It is detected in data planes (P-wave line 1) from +70 to -
50 and it is over 90 m long. Dip direction is towards east (north part) or towards west 
(south part) due to bending of the reflection. Bending is probably due to false migration 
velocity (used migration velocity is 5840 m/s, whereas the velocity of the fault is 5050 
m/s). Dip varies between 70...90°. It seems that the reflection corresponds to modelled 
long fracture (P335) that is the main part of ONK-BFI-3331 (Figure 6-9 and Figure 6-
10). Also the water conductive fracture has the same orientation (Table 6-4). These two 
fractures are so close to each other (13 cm) that they practically could be the same 
fracture. 
 
Orientation of this reflection is also similar to the modelled brittle fault zone OL-BFZ-
045B, but the tunnel intersection of the fault is at 3351-3352 m, which is 20 metres 
ahead (Figure 6-11). Because a reflection should not be farther away than a distance of 
two wavelengths (which is in this case 8 m) this reflection cannot originate from OL-
BFZ045B. 
 

 

Figure 6-9. Reflection from the tunnel-crosscutting fracture of brittle fault intersection 
ONK-BFI-3331 in the ONKALO tunnel. 
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Table 6-4. Orientation correlation of observed features to the reflection 90/70...90 or 
270/70...90. 
brittle fault  
intersection 

274/87 
(082/89 right wall) 

The fault as well as TCF and water conductive fracture is 
oriented similarly with the reflection. They are the main part 
of the fault, and the distance between them is only 13 cm, so 
can be considered as one in seismics. 

TCF 257/88 
water conductive 
fracture 

253/89 

foliation 152/48 080/82  
PGR-QGN 
QGN-KFP 

250/76 
266/66 

 

 

 
Figure 6-10. Brittle fault intersection and the reflection. Orientation of the fault (blue 
lines marked with arrows) and the reflection (green object) is the same. 
 

 

Figure 6-11. Reflection from the ONK-BFI-3331 (green object) and modelled brittle 
fault zone OL-BFZ045b (red object). Orientations are similar, but distance between 
them is 20 metres. 



49 
 

6.2.3  ONK-BFI-3450 (OL-BFZ084) 

Tunnel mapping of the fault 
 
A brittle fault intersection ONK-VT1-BFI-3540 is mapped in the tunnel, and it is 
connected to brittle fault zone OL-BFZ084. Pre core zone is 2.5 m wide, the core is 0.3 
m and post core zone is 1.3 m. The core has semicohesive breccia loosely cemented by 
hydrothermal quartz and chlorite. Calcite, sericite, pyrite, illite and chalcopyrite occur in 
smaller amounts. Two thickly clay-filled fracture planes outline the breccia. The main 
fracture planes are two undulating slickensided fractures with fracture-fillings of 
chlorite, illite and graphite. Ri-class of the core is RiIV-Rk4. 
 
Core logging within the fault area 
 
The drill core of ONK-PH10 (Mancini et al. 2010) intersects the fault zone. The rock 
type in the fault area is grossular-rich quartz gneiss QGN (79.86 m - 88.28 m). A very 
broken zone is at 81.385 - 81.95 m and a densely fractured section is at 81.95 - 84.80 m 
(Figure 6-12), where fracture-fillings are rather thin. QGN has been quite resistant to 
alteration but neosomes around the fracture zone are moderately altered. Cohesively 
brecciated quartz-rich rock occurs around the fracture zone. The altered rock between 
82-88 m is very fine-grained rock that shows old microbreccia filled by thin calcite 
network. Foliation is schistose (intensity 1) between 81 m 84 m. Orientation vary: 
188/53, 143/29 and 051/58. Foliation is irregular around the schistose layer. 
 
Overview of the fractures 
 
In the intersection area, fracturing is dense. Fractures in the fault area are listed in 
Appendix 4, Table A-7. A tunnel-crosscutting fracture (P351) is at 3540. Measured 
orientation is 173/50 degrees and calculated mean orientation is 180/51. The fracture is 
seen in 26 m length in the tunnel. Fracture-fillings are clay mineral, graphite, illite, 
calcite, chlorite and pyrite and the total thickness of the fillings is 7 mm. Joint 
roughness profile is USL and alteration number 8 and Ri-class RiIV-Rk3. The long 
fracture is probably the logged fracture at 81.42 m in the pilot hole depth. Core and 
drillhole images from the TCF are in Appendix 6, Figure A-6. 

 

Figure 6-12. Overview of the geology near the fault area. The most distinct feature is 
dense fracturing. Also several water conductive fractures occur in the fault area. 
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Another long fracture, but not tunnel-crosscutting fracture (so called M-fracture) occurs 
in the left tunnel wall (M15 3545_2). It is much altered (Ja 8) undulating slickenside 
fracture with orientation of 079/65. Thickness of fracture-fillings (SV, CC, KL, SK and 
IL) is 27 mm. The fracture is almost six metres long in the tunnel; another end probably 
continues further and the other end unites to another fracture.  
 
Flow log measurements reveal a distinct water flow anomaly rather widely. At about 
81.4 m, the flow rate is in its maximum of this core, about 13200 ml/h. The leaking 
fractures are at 81.73 m, 82.18 m, 82.78 m, 83.05 m (or 83.06 m), 83.97 m and 84.78 m. 
Fractures at depths of 82.18 m and 82.78 m have a same kind of orientation than a 
reflection. The first of them is slickensided with chlorite and calcite as fracture-fillings 
(a core image in Appendix 6: Figure A-7). It is possibly the origin of one the reflections. 
 
Geophysical logging of the fault area in ONK-PH10 
 
Pilot hole measurements reveal anomalies of low values. Seismic velocities, acoustic 
impedance, density and resistivity have very low values (Figure 6-13). At chainage 
3540 m P-wave velocity drops dramatically from 6030 to 4500 m/s and density from 
2.72 to 2.42 g/cm3. Only the level of susceptibility seems to be at moderate level. 
Fracturing may explain all of these low values, but also alteration may have an effect. 
Low resistivity values are due to very high water flow and pyrite and clay minerals as 
fracture-fillings. 
 

 
Figure 6-13. Geophysical logs from the fault area. Seismic velocities especially are 
low. Density, resistivity and the velocity anomalies are exactly at the same point. 
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Interpretation of the seismic reflection of OL-BFZ084 
 
Three reflections occur at the intersection of OL-BFZ084 (ONK-BFI-3540). The first 
reflection (Figure 6-14) seems to follow the fault. It does not quite reach to this upper 
intersection because it breaks in the "dead zone" area, but it penetrates the lower BFI in 
the pilot hole ONK-PH13 area (at 4285-4295 m). Reflection is digitized from P-wave 
line 2 data and its orientation varies between 110...180/30...60° (an average 145/40). 
 
The second reflection is also digitized from P-wave line 2 data and it has an orientation 
of 130/70. The same orientation is measured with VSP in Olkiluoto drillhole OL-KR1 
between 105-110 m (Mattila et al. 2008) and that also is related to OL-BFZ084. 
Orientation is similar with the water conductive fracture and that is the probable cause 
of the second reflection. Orientation correlations are presented in Table 6-5. 
 
The third reflection is at chainage 3547 m, where is a minor minimum of P- and S-
synthetic. The actual anomalies are at 3540-3543 m. Dip direction varies between 128-
137° and 300-313° and dip is quite steep: 76-87°. The reflection is detected in 
amplitude data planes between +70 and -20 of P-wave line 1, and it is about 50 m long. 
Another reflection at 3535 m has the same size and orientation. Its origin is unclear 
(chapter 0). Because the amplitude data planes are compiled from 2D data, it is possible 
that the third reflection (and the reflection at 3535 m) is an offset reflector from OL-
BFZ084 (Figure 6-15). 
 

 

Figure 6-14. Reflections 1, 2 and 3 near the intersection area of OL-BFZ084. The first 
reflection is oriented similarly with the fault and the second reflection has the same 
orientation than VSP reflector in OL-KR1 and it is connected to a water conductive 
fracture in the fault. The third may be an offset reflection (like the reflection at 3535 m). 

1 2 

3 reflection 
at 3535
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Table 6-5. Orientation correlation of observed features to the reflections: 
110...180/30...60 (the first reflection), 130/70 (the second reflection) and 130...140, 
300...310/76...87 (the third reflection). 

brittle fault  
intersection 

172/54 The first reflection follows the fault and the second by the water 
conductive fracture (the same orientation is got also in previous VSP 
measurements in OL-KR1). 

tcf 108/51  
M-fracture 079/65  
water conductive 
fractures 

179/38 
 

120/58 
 

154/73 
 

163/56 
 

250/60 
 

177/61 
 

074/51 

foliation 188/53 143/29 051/58 141/22 163/39   
VSP in OL-KR1 
VSP in OL-KR13 

131/62 
175/15 

 

 

 
Figure 6-15. An offset reflection from OL-BFZ084. The direction reflects as false 
because the data is not 3-dimensional, but reflectors have been linked from separate 2-
dimensional data planes. 
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6.2.4  ONK-BFI-4276 (OL-BFZ084) 

Tunnel mapping of the fault 
 
Brittle fault intersection ONK-BFI-4276 is mapped as a wide deformation zone. The 
zone starts at chainage 4276 m and ends at 4298 m. The core is about 4284-4286 m and 
it consists of incohesive breccia that is characterized by interlayered and heavily altered 
slickensided fracture surfaces with graphite-bearing. Orientation of the core is 163/57. 
Calcite-filled tension veins are detected throughout the whole fault zone. The intact rock 
mass has been pervasively altered to chlorite and saussurite. Ri-class is RiIV-Rk4. 
 
Core logging within the fault area 
 
A drill core of ONK-PH13 (Aalto et al. 2010 [in prep.]) intersects the fault zone. The 
rock type in the fault area (76 - 97 m pilot hole depth) changes between coarse-grained 
pegmatite granite (PGR) and medium-grained veined gneiss (VGN). Geological logs are 
seen in Figure 6-16. Foliation is mostly banded and massive, but also schistosity occurs. 
Intensity is 0-2. Orientation varies between 90-172/31-71 and the average is about 
140/50.  
 
A reflection penetrates the tunnel ceiling in the fault core area (83 - 85 m in the pilot 
hole), where is about two metres thick layer coarse-grained pegmatite granite PGR. 
PGR is cohesively brecciated and cordierite porphyroblasts occur. The reflection 
penetrates the tunnel floor at about 94 m, in 20 m thick layer of VGN. Orientation of 
PGR-VGN contact at 84.90 m is 115/43. VGN is medium-grained and moderately 
banded. Graphite occurs in the rock matrix and also as fracture-fillings. Pyrrhotite is 
present along with the graphite at some locations. A couple of alteration processes occur 
within the graphite area: saussuritization of plagioclase and chloritization of biotite 
(retrograde metamorphose).  
 
Overview of the fractures 
 
Fracturing increases in the fault area. All the fractures in the intersection area are listed 
in Appendix 4 in Table A-8. Four of the fractures are water conductive between 80 - 84 
m (Figure 6-17), and three of them is at about 83 m. But, correlation to the logged 
fractures is not done yet. 
 
Two tunnel-crosscutting fractures occur in the BFI-area. The first, P383, is at 4280 m 
(84.91 m pilot hole depth). It is an undulating slickensided fracture with measured 
orientation of 175/70 and mean orientation of 164/46. Thickness of fracture-fillings is 7 
mm (mostly SV, also GR, CC, SK, KA and KL, see Appendix 3: Table A-4). The 
second TCF, P384, is at 4286 m (86.79 m pilot hole depth). Measured orientation is 
177/63 and mean orientation is 146/54. It is a USL-fracture and it is filled with GR, CC, 
SK, KA and KL. Total thickness of fillings is 1.2 mm. Core and drillhole images of the 
TCFs are in Appendix 6, Figure A-8 and Figure A-9. 
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Figure 6-16. Geological logs from brittle fault intersection ONK-BFI-4276 area. This 
intersection is wide: influence zone is about 20 metres and the core a couple of metres. 
Fracturing, however, is not very dense within the whole influence zone. 
 

 
Figure 6-17. Flow rate log from the ONK-BFI-4276 area. Between 80 - 84 m is four 
water conductive fractures, and three of them is at about 83 m. 
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Geophysical logging of the fault area in ONK-PH13 
 
The zone intersection is wide, but the distinctive geophysical anomalies are located into 
the core area (Figure 6-18). P-wave velocity is low and density varies from low to high, 
because of fracturing and heavy minerals (pyrrhotite). Synthetic seismograms have 
minima at 4284 m and maxima at 4286 m. Susceptibility is very high indicating the 
presence of pyrrhotite. Resistivity values are decreased due to pyrrhotite and graphite. 
Minima and maxima values of density, seismic velocities and susceptibility are 
presented in Appendix 5, Table A-12, and minima and maxima values of acoustic 
impedances are presented in Appendix 5, Table A-13. 
 

 
Figure 6-18. Geophysical logs from the brittle fault intersection ONK-BFI-4276 area. 
All geophysical methods react to the fault. Susceptibility and resistivity have wider 
anomalies than density and seismic velocities. 

 
Interpretation of the seismic reflection of OL-BFZ084 
 
The reflection studied here is the same as the first reflection in the previous section. It 
was interpreted to be a reflection from the fault. The reflection penetrates the tunnel 
ceiling at about 4285 m and the tunnel floor at about 4295 m. The reflection is not very 
strong, but it is still long and continuous (Figure 6-19 and Figure 6-20). Existing 
information about the fault may have guided the digitizing. Orientation correlation to all 
the observed features is in Table 6-6). 
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Table 6-6. Orientation correlation of observed features to the reflection 110...180 
/30...60. 
brittle fault intersection 
modelled brittle fault zone 

165/60  
182/60 

The reflection goes by the fault. 

TCF 164/46 146/54 
foliation 90...172/31...71 (average c. 140/50) 
PGR-VGN 115/43 
 

 

Figure 6-19. Reflection from brittle fault zone OL-BFZ084. This reflection can clearly 
be related to the fault because it intersects both of the BFI's in the ONKALO tunnel. 

 

Figure 6-20. Digitized reflector and modelled OL-BFZ084. Reflection is a bit more 
complex than the straight model, but they propagate along the same path. 
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6.2.5  Water conductive fracture at 3560 

Core logging within the fracture area 
 
The drill core of ONK-PH10 (Mancini et al. 2010) intersects a water conductive fracture 
at 102.42 m, chainage being about 3560 m. The main rock type in the fracture area is 
DGN (88.28 - 125.90 m), but a three metre PGR layer lies between (100.56 - 103.74 m). 
Foliation of DGN at 100.52 m is banded with intensity 2 (183/37). Foliation parallel 
sections of neosome pegmatite cuts this gneiss. DGN changes to PGR with orientation 
of 207/24. PGR layer is coarse-grained, massive and unfoliated (105/38). Some 
saussuritization of plagioclase occur in both rocks.  
 
Orientation of the contact (PGR-DGN) is 300/35. The latter DGN is irregularly folded. 
Pegmatitic neosomes, cordierite-sillimanite-mica gneissic palaeosomes and garnet-
cordierite-sillimanite-feldspar rock neosomes are described in the layer. Distinct 
alteration is not detected. The foliation is banded with intensity 2 (114/26) at 104.47 m 
and irregular at 105.5 m. Overview of geology is in Figure 6-21. 
 
Overview of the fractures 
 
Fractures near the hydraulically conductive area are presented in Appendix 4, Table A-
9. Four water leaking fractures occur near the section area (Figure 6-22). One of them is 
a possible cause of the reflection according to its orientation (111/46) and depth (102.42 
m). It is a filled URO-fracture. Calcite, chlorite and clay minerals occur as fracture-
fillings and the total thickness is 4 mm. Alteration class is 2. Its core and drillhole 
images are presented in Appendix 6, Figure A-11. 
 
A tunnel-crosscutting fracture P352 starts at chainage 3560 m. Measured orientation 
from the tunnel is 053/34 and calculated mean orientation is 108/25. The length of the 
fracture is 25 m. Joint roughness profile is URO and class of alteration is 2. Fracture is 
filled with CC, KL, SK, GR and KA (total thickness is only 0.3 mm). Ri-class is RiI. In 
the pilot hole it is in the depth of 105 m (a core figure is in Appendix 6, Figure A-10). 
 

 

Figure 6-21. Overview of geology near water conductive zones. Fracturing is rather 
steady and water flow anomaly is found in four different fractures. 
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Figure 6-22. Flow log from pilot hole ONK-PH10 between 100-111 m. Water flow 
anomalies occur in four fractures. 

Geophysical logging of the fracture area in ONK-PH10 
 
At the beginning of the water conductive zone (chainage 3559 m), density starts to 
decrease from 2.73 g/cm3 to 2.60 g/cm3 (Figure 6-23). P-wave velocity has some 
variations, it drops from 5790 m/s to 5360 m/s. Decreases of density and P-wave 
velocity is seen in synthetic seismogram as a minimum. The water conductive fracture 
is in the place of lowered values. These decreased values of seismic velocities and 
density may have also been caused by lithological changes. At 3565 m, density is again 
a little lowered and causes minor minimum of synthetic seismograms. Resistivity values 
are steady, nothing anomalous can be seen. Susceptibility is typical. 
 

 
Figure 6-23. Geophysical logs in the pilot hole ONK-PH10 between 3558-3566 m. Logs 
have no distinct anomalies, but some variations occur in seismic velocities. 
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Interpretation of the seismic reflection 
 
A rather small reflection begins at chainage 3560 m. It is detected in P-wave data planes 
(line 2) from -20 to -35. Dip direction is about 110 - 155, and dip varies between 50-70 
degrees (Figure 6-24). The tunnel-crosscutting fracture (P352) has rather similar 
orientation, but the water conductive fracture has better chainage and orientation, and 
also core figure shows more variations in this fracture (Appendix 6, Figure A-11). 
Therefore, the origin of the reflection is probably the water conductive fracture. 
Orientation correlation is in Table 6-7. 
 
Figure 6-25 shows that the reflection has the same orientation than brittle fault zone 
OL-BFZ039. The cause of reflection could be a part of the fault (influence zone) or 
another feature that follows the fault. 
 
Table 6-7. Orientation correlation of observed features to the reflection 
110...160/50...70. The water conductive fracture has the best orientation. 

DGN/PGR 
PGR/DGN 

207/24 
300/35 

   

foliation 183/37 105/38 114/26  
TCF 108/25    
Water conductive 
fractures 

357/76 111/46 331/82 058/42 

 

 
Figure 6-24. Reflection at chainage 3560 m. It is rather small and slightly twisted. 
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Figure 6-25. Reflection from the water conductive fracture and brittle fault zone OL-
BFZ039. Reflection may be a part of the zone or another feature following the fault. 

6.2.6  DGN-MGN-contact at 3585 

Core logging within the lithological contact area 
 
The drill core of ONK-PH10 (Mancini et al. 2010) intersects a contact of DGN and 
MGN at 125.90 m (Figure 6-26). DGN layer above is coarse-grained, irregularly folded 
diatexitic gneiss. Coarse-grained pegmatitic neosomes are up to c. 80 cm wide. MGN 
layer is almost four metres thick. It is fine-grained, moderately foliated sillimanite-mica 
gneiss with gneissic foliation and some sporadic neosome bands. Alteration is not 
detected in either of the layers. Foliation types near the upper MGN-contact is first 
banded (121/40), then irregular (158/55), and finally gneissic (165/61) with intensities 
1, 0 and 2. Orientation of the MGN-contact is difficult to define because it is not sharp 
(core image is in Appendix 6, Figure A-12). Dip is 70-77° and dip direction is about 
130-140°. 
 

 

Figure 6-26. Geological logs from the DGN-MGN-contact area. Fracturing is sparse 
but two lithological contacts exist (DG to MGN and MGN to VGN). 
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Overview of the fractures 
 
Only single fractures were logged near DGN-MGN-contact (Table 6-8). None of the 
fractures is water conductive. 
 
Table 6-8. Fractures near the upper contact of MGN. Abbreviations are explained in 
Appendix 3, Table A-2, Table A-3 and Table A-4. 

depth [m] type of 
fracture 

fracture-
filling 

thickness of 
filling [mm] 

orientation roughness 
profile 

Ja 

125.33  fi CC, SV, KA 0.1 128/89 URO 2 
127.3  fi SV, SK, KA 0.3 085/76 URO 2 

 
Geophysical logging in the MGN area 
 
Change of rock type is seen in geophysical logs in Figure 6-27. P-wave velocity, density 
and acoustic impedance start to increase in the MGN layer. P-wave velocity is in its 
maximum at 128 m and after that it begins to decrease (until at 130 m). Increasing is 
normal when moving from felsic to mafic rock that contains dark minerals. S-wave 
velocity remains steady. Acoustic maximum is one meter after the upper contact. 
Minimum is one and a half metre after the maximum. Resistivity changes are not 
detected and susceptibility is moderate.  
 

 
Figure 6-27. Geophysical logs in the MGN area. Changes in P-wave velocity and 
density can be related to the contact of felsic and mafic rock. 
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Interpretation of the seismic reflection of DGN-MGN-contact 
 
A clear and strong reflection is detected in P-wave line 1 amplitude data planes between 
+70 and -5 (Figure 6-28). Between +70 and +40 the reflection is several tens of metres 
long, but after that it is seen only about 20 metres long. Orientation is about 325/75. 
Orientation correlation of observed features is presented in Table 6-9. 
 
It is probable that the seismic reflector originates from the contact of two different rock 
types. Mica as fine-grained causes an acoustic maximum. Dip directions of the contact 
and the reflection differ 180°, which means that their strikes are same. Dip direction of 
the reflection can be bent into false direction due to migration velocity: bending is 
happening if used velocity is too low or too high. In this case, used migration velocity 
for P-wave is 5840 m/s, whereas velocity in MGN-layer is max 6158 m/s. Thus the dip 
direction might be really 180 degrees on the other way. Also on the edges of the data 
planes orientations might be distorted. 
 
Table 6-9. Orientation correlation of observed features to the reflection 325/75 (the 
strike is 055). 

DGN-MGN-
contact 

130...140/70...77  
(strike: 040-050) 

The strikes of the reflection and the contact are same. 

foliation 121/40 (strike: 031) 158/55 (strike: 068) 165/61 (strike: 075) 
fractures 128/89 (strike: 038) 085/76 (strike: 095)  
 

 
Figure 6-28. Reflection from the DGN-MGN-contact. Reflection is on the edge of the 
data plane, where orientation might be distorted. 
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6.2.7  ONK-HGI-3593 

Tunnel mapping of the high-grade ductile shearzone 
 
A blastomylonitic high-grade ductile shearzone ONK-VT1-HGI-3593 is mapped in the 
tunnel and it has a width of 15 m. The zone is intensively sheared with very linear 
appearance, and elongated and streched leucosome veins occur. Sinistral sense of 
shearing is detected. The zone seems to have a connection with D4 deformation phase, 
but pure shear is not much detected. Orientation of the zone in the middle is 109/40. 
 
Core logging within the shearzone area 
 
The drill core of ONK-PH10 (Mancini et al. 2010) intersects the shearzone area. The 
section consists of veined gneiss, VGN (129.50-151m) that includes palaeosomes 
consisting garnet-mica gneiss and cordierite-sillimanite mica gneiss. Banded foliation is 
minor or moderate (intensity 2, orientation 140/45) at 139.8 m, in the location of a 
compact and massive quartz inclusion with garnet (core and drillhole images in 
Appendix 6, Figure A-13). Also folding occurs. The area is unaltered. Figure 6-29 
shows that the deformation zone is nearly the only geological observation in the area. 
 
Overview of the fractures 
 
Fracturing is sparse (Table 6-10) and no water flow anomaly exists. No fractures occur 
near the boundary of the shearzone, and three fractures are located near the quartz 
inclusion. 
 

 
 

Figure 6-29. Geological logs in the shearzone area. High-grade ductile intersection is 
the only deviating feature. 

Table 6-10. Fractures from the beginning of the shearzone to the area of the quartz 
inclusion. 
depth [m] type of 

fracture 
fracture-
filling 

thickness of 
filling [mm] 

orientation roughness Ja 

139.05 fi CC, SK 0.1 004/79 PRO 1 
139.63 fi CC, KL 0.2 085/79 PRO 2 
139.91 fi CC 0.1 122/56 URO 0,75 
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Geophysical logging of the shearzone area in ONK-PH10 
 
The most distinct features in shearzone intersection are seismic velocity and density 
peaks at 139.8 m (Figure 6-30). Synthetic seismograms show maximum at 139.4 m and 
minimum at 140.4 m. A quartz inclusion is more compact than surroundings. Resistivity 
stays on still and susceptibility is moderate. 
 

 
Figure 6-30. Geophysical logs from the shearzone area. A quartz inclusion causes 
elevated density and seismic velocities. Surrounding area is rather steady. 

 
Interpretation of the seismic reflection from ONK-HGI-3593 
 
The chainage of the shearzone intersection (3593 m) is not in the seismic data area 
(amplitude data planes do not reach in the section), but a weak reflection is detected (in 
S-wave line 2 data planes between -20 and -50), whose extension seems to reach on the 
boundary of ONK-HGI-3593 (Figure 6-31). Reflection is due to increase of density and 
seismic velocities. Increasing values are due to quartz inclusion. However, this 
inclusion is hardly continuous and it is over five metres further than the boundary of the 
shearzone. But these mineralogical changes may follow the foliation in ONK-HGI-
3593. The reflection has an orientation of 161/58, which is rather similar with ONK-
HGI-3593. Orientation correlations are presented in Table 6-11. 
 
Table 6-11. Orientation correlation of observed features to the reflection 161/58. 

ONK-HGI-3593 110/40 This shearzone contains denser quartz inclusion that 
causes density and velocity peaks, but the reflection 
follows the zone itself. 

foliation 140/45  
fractures 004/79 085/79 122/56 069/86 
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Figure 6-31. Reflection from ONK-HGI-3593. The reflection is rather weak, but an 
extension of the reflection could intersect the tunnel on the edge of ONK-HGI-3593. 

6.2.8  Illite-filled fracture at 4223 

Core logging within the fracture area 
 
The drill core of ONK-PH13 (Aalto et al. 2010 [in prep.]) intersects an illite-filled 
fracture. The rock type around the fracture is greyish granite pegmatite, PGR (15.47 m - 
27.25 m) that consists of plagioclase, quartz, K-feldspar with scattered porphyroblasts 
of garnet and cordierite. Sillimanite and kaolinite occur also and plagioclase has been 
illitized widely (Figure 6-32). The foliation type is massive (intensity 0) and orientation 
is about 125/50. 
 

 

Figure 6-32. Geological logs between chainage 4220-4225 m in ONK-PH13. Only few 
fractures occur in the area, but alteration is rather wide. 

ONK-HGI-3593 
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Overview of the fractures 

Fracturing is sparse and no water conductive fractures exist. The fourth fracture on the 
Table 6-12, illite-filled fracture, is interpreted to be a cause of a reflection, although it is 
not a TCF. The thickness of illite is 1.5 mm and alteration class is 3. Core and drillhole 
images from the fracture are in Appendix 6, Figure A-14. Four M-fractures occur near 
the intersection area, but their orientations differ from the reflection (Table 6-13). 
 
Table 6-12. Fractures around the illite-filled fracture. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
filling [mm] 

orientation rouhgness 
profile 

Ja 

21.40 ti IL 1 187/33 URO 2 
21.64 fi IL 0.2 - PRO 2 
22.15 fisl IL, KA 1 360/11 USL 2 
22.16 fi IL 1.5 128/37 URO 3 
22.92 fi KA, IL 0.4 253/90 URO 2 
 
Table 6-13. M-fractures around the illite-filled fracture. 
M-fracture  fracture-

fillings 
thickness of 
fillings 
[mm] 

orientation rouhgness 
profile 

Ja 

M88 4220_10 IL,KA,CC,KL 1 151/19 USL 3 
M89 4220_27 IL,KL,GR,CC 1 187/26 USL 4 
M90 4225_24 IL,CC,KL 1 222/41 USL 3 
M91 4225_33 CC 0.6 064/25 USM 1 
 
Geophysical logging near the fracture in ONK-PH13 
 
The most distinct feature is lowered seismic velocities and impedance (Figure 6-33). P-
wave velocity is lowered because of wide alteration in plagioclase (illitisation), because 
fracturing is too sparse to explain the wide velocity anomaly. The rock type is PGR, 
which is sensitive to the effects of alteration (Aaltonen et al. 2009). Density is very 
moderate for PGR. Resistivity is slightly decreased. 
 

 
 

Figure 6-33. Geophysical logs between chainage 4220-4225 m. Seismic velocities are 
lowered, but other geophysical parameters are steady. 
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Interpretation of the seismic reflection 
 
A clear reflection is detected in P-wave amplitude data planes (line 2) between -50 and -
95 (Figure 6-34). It is due to lowered seismic velocities (density is steady). Orientation 
of the reflection is 128/47 (dip direction/dip) on average. One illite-filled fracture has 
the same orientation (128/37), and also the foliation is similar (Table 6-14). Orientation 
of the reflection is also the same with brittle fault zone OL-BFZ039 (125/56), but the 
fault intersects the tunnel 27 meters further. 
 

 
Figure 6-34. Reflection from an illite-filled fracture. Seismic reflection is strong, 
though the cause of it is a single fracture. 

 
Table 6-14. Orientation correlation of observed features to the reflection 128/47. The 
illite-filled fracture and foliation correlate with the reflection. 
foliation 125/43 126/59  
fractures 187/33 360/11 128/37 253/90 
M-fractures 151/19 187/26 222/41 064/25 

6.2.9  VGN-TGG-contact at 4305 

Core logging within the contact area 
 
The drill core of ONK-PH13 (Aalto et al. 2010 [in prep.]) intersects a contact of veined 
migmatic metamorphic gneiss (VGN) and tonalitic-granodioritic-granitic gneiss (TGG). 
Moderately banded veined gneiss (84.90 m - 103.77 m) consists of cordierite-rich, 
graphite and tourmaline-bearing feldspar mica gneiss. Graphite and pyrrhotite occur in 
the rock matrix, and graphite is also present in some fracture-fillings. Some alteration 
processes occur: saussuritization of plagioclase and chloritization of biotite also within 
the graphite-rich section. The core has also less recrystallized inclusions of MGN and 
almost diatexic parts with irregular foliation. No fracturing appears. 
 
The contact between VGN and TGG is not sharp (core and drillhole images are in 
Appendix 6, Figure A-15). That makes defining of the orientation a bit more difficult. 
Defined orientation is about 100/50. 
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Figure 6-35. Geological logs of the VGN-TGG-contact area. The contact is the only 
distinctive geological feature. 

 
At 103.77 m VGN layer ends and TGG layer begins (103.77 m - 126.57 m). TGG is 
coarse- to medium-grained tonalitic gneiss. Also coarser-grained pegmatitic sections 
occur. Groundmass is plagioclase and quartz-rich, and in addition, scattered 
porphyroblasts of cordierite and garnet are logged. The largest cordierite porphyroblasts 
are over 50 mm in diameter. The rock is unaltered and sparsely fractured. The foliation 
type in VGN is banded and its intensity 2 (107/47) and in TGG massive (0) with 
orientation 110/51. Figure 6-35 shows an overview of the geology. 
 
Overview of the fractures 
 
The core has a section of over seven metres of intact rock at 100-107 m, but a tunnel-
crosscutting fracture (P385) locates at 107.4 m. Its measured orientation is 098/69 and 
calculated orientation 099/74. It is a filled (KL, IL; thickness 1 mm) fracture with an 
alteration of 1 roughness profile URO. It has a weak striation. 
 
Geophysical logging of the contact area 
 
Density decreases rapidly at the contact of VGN and TGG (Figure 6-36) making an 
anomaly in acoustic impedance, which leads to a seismic reflection. Seismic velocities 
are rather steady. Susceptibility is high for VGN, but it is rather steady. Resistivity is 
also decreased in the contact. 
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Figure 6-36. Geophysical logs near VGN-TGG-contact. Density changes clearly cause 
of TGG. TGG is more homogenous than VGN above: all the values are steady. 

 
Interpretation of the seismic reflection of VGN-TGG-contact 
 
A strong reflection is detected in P-wave amplitude data planes (line 2) between -65° 
and -95°. Dip direction varies around 100 and 160 and dip is gently sloping, c. 20 
degrees. Because the reflection is gently sloping (Figure 6-37), it is probable that it 
originates from TGG contact. Correlation of orientations is in Table 6-15. TGG layer is 
pale and lightweight and it may be a part of a bigger TGG formation, whereas the 
tunnel-crosscutting fracture (P385) has too steep dip to be seen in the lower tunnel part. 
 

 

Figure 6-37. Reflection intersecting the ONKALO tunnel at 4290-4330 m. Horizontal 
reflection can often be related to lithological changes: this is a contact between VGN 
and TGG. 

 
Table 6-15. Orientation correlation of the observed features to the reflection 
110...160/20. 
foliation 110/50  
VGN-TGG 100/50 Orientation of the contact is not exactly same, but it is the most 

probable cause of reflection. 
TCF 100/70  
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6.3  Unclear reflectors 

6.3.1  Tunnel-crosscutting fracture (TCF P341) 

Core logging within the TCF area 
 
The drill core of ONK-PH9 (Karttunen et al. 2010) intersects a tunnel-crosscutting 
fracture. The rock type in the TCF area is heterogeneous DGN (132.80-150.27m): fine 
to coarse grain size layers, cordierite grains and megacrystic KFP (Figure 6-38). In 
addition, thicker neosome rich interlayers and MGN layers or inclusions occur in the 
area. Foliation type is schistose (intensity 2, 147/51) at 143.5 m and banded (intensity 2, 
140/22) around it. 
 
Overview of the fractures 
 
A set of fractures is at about 143 m, whose orientation is basically the same, about 
280/85 (Table 6-16), and a tunnel-crosscutting fracture (P341) at 142.89 m (chainage 
about 3407 m). Orientation of the TCF is 293/87 (mean orientation is 124/87). It is seen 
in 15 metres width in the tunnel. Fracture-fillings are calcite, pyrite, chlorite and illite 
(total thickness 0.8 mm). Joint roughness profile is USL and alteration number 2. Ri-
class is RiI. Core and drillhole images from the fracture are presented in Appendix 6, 
Figure A-16. Water flow is rather steady, no anomalies occur in the intersection area. 
 

 

Figure 6-38. Overview of geology between chainage 3400-3408 m. Fracturing is 
increased at about 3406 m, but otherwise geological logs are steady. 
 

Table 6-16. Fractures near the tunnel-crosscutting fracture. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
filling [mm] 

orientation roughness 
profile 

Ja 

142,43 m ti - - - URO 0.75 
142,88 m fisl KL, CC, SK 0.4 354/47 SSL 2 
142,89 m fisl KL, CC, SK 0.3 130/89 USL 2 
143,04 m fi CC 0.1 283/87 PRO 1 
143,05 m fi CC 0.1 274/82 PRO 1 
143,11 m fi CC 0.2 277/83 PRO 1 
143,14 m fi CC 0.1 276/83 PRO 1 
143,15 m fi CC, SK 0.2 281/86 PRO 1 
143,26 m fi CC 0.1 278/84 PRO 1 
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Figure 6-39. Geophysical logs near the tunnel-crosscutting area. Anomalies are rather 
small and sharp. Mineralogical changes cause higher values. Also pyrite as fracture-
filling can have bigger influence than the fracture itself (reverse seismic anomaly). 

Geophysical logging of the TCF area in ONK-PH9 
 
Elevated P-wave velocity and elevated density occur in the intersection (Figure 6-39), 
which refers to mineralogical changes. KFP has usually moderate to high P-wave 
velocity values (Aaltonen et al. 2009), so megacrystic KFP can cause the elevated P-
wave velocity. P-wave velocity of DGN and MGN is typically moderate, but decreases 
with increasing density (Aaltonen et al. 2009). Also thicker neosome rich interlayers 
and MGN layers or inclusions can cause the density and velocity peaks.  
 
Density and velocity peaks are in slightly different places. However, the peaks are less 
than one meter apart, so it might be considered as one feature in this seismic survey. 
The tunnel-crosscutting fracture is located between the peaks. Susceptibility is high near 
the TCF and resistivity is slightly decreased. 
 
Interpretation of the seismic reflection 
 
A reflection is detected in P-wave and S-wave data planes. P-wave reflection is at 
chainage 3404 and it reaches from amplitude data plane +70 to -35 (line1) and it is only 
about 20 metres long (Figure 6-40). An average dip is 83 degrees towards NW (310°) or 
SE (140°) depending on the bending of reflection. Orientation of S-wave reflection 
(Figure 6-41) is the same (317/81) and it is seen in data planes (line 1) between +70 - 
+40 at chainage 3506 and it is about equally long than P-wave reflection. 
 
The tunnel-crosscutting fracture P341 at chainage 3507 m has rather similar orientation 
than the reflections (orientation correlation is in Figure 6-17). But some differences in 
chainages occur: P-wave reflection is at about 3404 m and S-wave reflection 3406 m. 
However, the difference is not large (it is inside the limit of two wave lengths), but in 
most of the studied cases the chainage has been accurate (� 1 m). P-wave reflection was 
digitized mostly in the dead zone area, but it was digitized without knowing the 
presence of this TCF. 
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According to pilot hole geophysics, these reflections do not originate from the TCF, 
because elevated density and seismic velocities are not indicators of a fracture. 
Mineralogy has stronger physical effect than the fracture. Therefore, another or both of 
the reflections can be due to a thicker layer that is oriented similarly with the TCF. 
However, the TCF may be located on the edge of the layer, and so the reflections can 
present both of the features. 
 
Table 6-17. Orientation correlation of observed features to the reflections: P-wave 140, 
310/83 and S-wave 317/81. 
TCF 124/87 mean orientation 

293/87 measured 
 

foliation 140/22 147/51 
 

 

Figure 6-40. P-wave line 1 reflection at chainage 3404 m. 

 

Figure 6-41. S-wave line 1 reflection at chainage 3406 m. 



73 
 

6.3.2  VGN-MFGN-VGN-contact/ ONK-HGI-3515 at 3535 

Tunnel mapping of the shearzone area 
 
ONK-HGI-3515 is a blastomylonitic high-grade ductile shearzone. Shearing is intense 
and it outstands from the host rock. The zone appearance is linear, and elongated and 
streched leucosome veins are detected. The zone is related to D4 overthrusting zone. Its 
orientation is 108/48 and it ends at chainage 3535 m. 
 
Core logging within the shearzone area 
 
The drill core of ONK-PH10 (Mancini et al. 2010) intersects the shearzone area. The 
end of the zone is on a boundary of mafic biotite-hornblende-gneiss (75.03 - 76.14 m) 
and veined migmatic metamorphic gneiss (Figure 6-42). MFGN has an intensive, 
schistose foliation. A couple of metres forward from the section start saussuritization of 
plagioclase and chloritization of biotite. Foliation type varies from gneissic (VGN: 
159/53) to schistose (MFGN: 141/50) and to gneissic (VGN: 153/49). Intensity is 3. 
 
VGN above the MFGN is medium-grained apatite-bearing cordierite-sillimanite-mica 
gneiss with moderate banding. Slightly graphitization occurs in places, also a little 
illitisation just before the MFGN contact. Orientation of the VGN-MFGN-contact is 
131/54 (core and drillhole images in Appendix 6, Figure A-17). VGN below the MFGN 
is medium-grained, moderately banded plagioclase-rich cordierite-mica gneiss that is in 
places diatexitic. Orientation of MFGN-VGN-contact is 163/62. 
 
Overview of the fractures 
 
Some fractures occur near the intersection area (Table 6-18), but flow rate is steady. A 
tunnel-crosscutting fracture starts at 3535 m, but because it is so gently sloping, it 
intersects the pilot hole at 81.42 m (in the middle of the ONK-BFI-3540, chapter 0). 
Also an M-fracture (14 metres long) is in the area. Its orientation is 277/68 and total 
thickness of fracture-fillings (CC, SK, KL) is just 1 mm. Alteration class is 1. 
 

 

Figure 6-42. Geological logs around chainage 3535 m. MFGN-layer and fracturing are 
the most distinctive features. 
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Table 6-18. Fractures near the end of ONK-HGI-3515. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
filling [mm] 

orientation roughness 
profile 

Ja 

75.99  fi CC, KL 0,2 265/68 PRO 2 
76.09  fi CC, KL 0,2 156/63 PSM 2 
76.15  fi CC 0,1 260/66 URO 1 
76.58  fi CC, SV 0,4 269/57 PRO 1 
76.62  fi SV 0,1 267/78 PRO 2 
 

 

Figure 6-43. Geophysical logs near MFGN-layer at chainage 3535 m. High density 
occurs at the same location as the MFGN layer. 

Geophysical logging of the intersection area in ONK-PH10 
 
The most distinct feature in the section is high density (3.16 g/cm3) in Figure 6-43. 
Some variations of seismic velocities also occur. Synthetic seismograms show 
maximum at 3534 m and minimum at 3535 m, which are roughly at the start and the 
end of MFGN layer. Susceptibility is increased in MFGN layer and the values are quite 
moderate for it. Resistivity is steady. Altogether, the values can be explained by the 
MFGN layer. 
 
Interpretation of the seismic reflection 
 
Two geological features - a lithological contact and a ductile deformation zone border - 
occur at chainage 3535 m. Also a reflection is detected at 3535 m (in P-wave line 1 
amplitude data planes between +70 and -50). Dip direction of the reflection varies 
around 120-140 and 300-320 and dip is very steep: 80-90 degrees (Figure 6-44). 
According to pilot hole geophysics, the reflector is a lithological contact because the 
MFGN layer has clearly increased density. However, this reflection cannot be explained 
by the contact of MFGN or any of the fractures, if their orientations have to be 
considered (Table 6-19 and Table 6-18). Dip direction of the contact is the same but dip 
is too gently sloping. Contacts of rock types are not that vertical in the area. Also 
orientation of ONK-HGI-3515 is different. An explanation for the reflection could be an 
offset reflection from OL-BFZ084. Another reflection with the same orientation (Figure 
6-45) is 12 metres ahead (chapter 6.2.3), and that is probably an offset reflection from 
the fault. Another offset reflection is possible, because the fault is quite wide. 
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Table 6-19. Orientation correlation of observed features to the reflection 
130(310)/80...90. 
VGN-MFGN 
MFGN-VGN 

131/54 
163/62 

None of the features has such a 
steep dip than the reflection 
has. foliation 150/50 

ONK-HGI-3515 108/48 
 

 

Figure 6-44. A clear and strong reflection with unclear origin. Its steep dip does not 
match the existing geological features. 

 

 

Figure 6-45. Comparison of adjacent reflections in different cases. A similar reflection 
is located further and that reflection is related to OL-BFZ084. 

An offset reflection from 
OL-BFZ084 
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6.4  Intersections with no seismic reflectors 

6.4.1  ONK-BJI-3339 

Tunnel mapping of the brittle joint intersection 
 
A brittle joint intersection ONK-BJI-3339 is mapped in the tunnel (Figure 6-46). It 
consists of one tunnel-crosscutting fracture (P336) and two other fractures. This 
intersection is not connected to any previously known intersection. The zone has a 
distinct brittle character but without (or few) slickensided fractures. Fractures are 
smooth and fracture-fillings do not occur significantly. The intersection terminates in 
the next zone intersection that has a sub-vertical dip in both walls. Ri-class is 
determined to RiII. 
 
Core logging within the intersection area 
 
The drill core of ONK-PH9 intersects the brittle joint intersection. The rock type in the 
joint area is dark grey mica rich DGN (73.52-90.76 m). The section contains sporadic 
cordierite, blurry occurring KFP-K-feldspar megacrystic DGN units, and also few QGN 
inclusions. Illitisation is pervasive between 73 - 82 m; irregularly varying gneisses and 
feldspar porphyries and mica-rich varieties show sulphides both as dissemination and 
fracture-fillings. Foliation is irregular with intensity 0. Geological logs are seen in 
Figure 6-47. 
 

 
 

Figure 6-46. Tunnel-crosscutting fracture (P336) is a part of the joint intersection 
ONK-BJI-3339. 

 

ONK-BJI-3339 P336 
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Figure 6-47. Geological logs near ONK-BJI-3339. Fracturing is rather dense. 
Alteration bar describes illitisation. 
 

Overview of the fractures 
 
Fractures relating to this brittle joint intersection are listed in Table 6-20. They are M-
fractures mapped from the tunnel. The tunnel-crosscutting fracture (P336, 3335_22) in 
the zone intersection ONK-BJI-3339 is detected at 3338-3350 m on right side and in the 
ceiling of the tunnel (it joins to brittle fault intersection ONK-BFI-3350). The dip is 62 
degrees and the dip direction 285 degrees. The length is estimated to 8 m. Fracture-
fillings are calcite, quartz, graphite and pyrite (total thickness is 1 mm). Joint roughness 
profile is USM and joint alteration number is 3. Ri-class is RiI. P336 cuts the pilot hole 
at 79.18 m. The core image of the fracture is presented in Appendix 6, Figure A-18. 
 
Flow rate is increased between 76.4 m - 77.2 m. Water conductive fracture is located a 
couple of metres before the TCF (at 77.07 m). It has a URO-profile and calcite, pyrite, 
chlorite and clay mineral as fracture-fillings (total thickness is 0.3 mm). Alteration class 
is 3. 
 
Table 6-20. Fractures relating to the ONK-BJII-3339. 

chainage fracture-fillings thickness of 
filling [mm] 

orientation roughness Ja 

3335_22 CC,KV,GR,SK 1 285/62 USM 3 
3335_43 CC, KV, SK 1 016/72 PRO 1 
3340_34 CC,SK, KL,EP 3 329/64 USL 2 
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Figure 6-48. Geophysical logs near the intersection ONK-BJI-3339. Susceptibility is 
very high, but other geophysical properties have only slight changes. 

Geophysical logging of the brittle joint intersection 
 
Only susceptibility seems to have distinct anomaly (Figure 6-48). The values are high. 
Other parameters are quite moderate, but density, seismic velocities and impedance are 
slightly changing. Small maximum and minimum of synthetic seismograms is located a 
couple of metres before and after 3339 m. Density is lowered after 3342 m, in the place 
of TCF. 
 
Interpretation of the seismic reflection 
 
No reflection is detected. Brittle joint intersection ONK -BJI-3339 is rather gently 
sloping that it could tilt away in this "dead zone" area if there were a reflector. Also, it is 
restricted to other intersections. However, geophysics reveals no anomalies of seismic 
velocities or density and thus, no reflections are expected. 

6.4.2  ONK-BFI-3350 (OL-BFZ045B) 

Tunnel mapping of the fault 
 
Brittle fault intersection ONK-BFI-3350 is mapped in the tunnel. It has no connection to 
previously known deformation zones, but it is named to brittle fault zone OL-BFZ045B. 
It is a narrow zone (varies 0.5-1.5 m) of VGN and MGN with a quartz inner zone. Dip 
direction is about 087 (average from the tunnel profile) and dip 82 degrees. Alteration is 
less intense in the widest part and leucosome veins occur more. In the left wall, the 
orientation of the foliation changes, which may be due to KFP part in the wall. In the 
zone borders faults are slickensided. Slickensided fractures are described as red fracture 
elements in Figure 6-49. Ri-class is RiIII. 
 



79 
 

Core logging within the fault area 
 
The drill core of ONK-PH9 (Karttunen et al. 2010) intersects the fault zone. The rock 
type in the fault is dark grey mica rich DGN (73.52-90.76m). The section contains 
sporadic cordierite, blurry occurring KFP-K-feldspar megacrystic DGN units, and also 
few QGN inclusions. In addition, PGR-veins with pyrrhotite grains, quartz-vein with 
pyrrhotite and skarn concretion at 86 m are detected. Pyrite occurs occasionally, but 
from 89.00 m to the end it is with foliated pyrrhotite dissemination with graphite and 
some pyrite. Two fractured zones of class RiII occur in the area. Both consist of two 
parallel slickensided fractures and also white calcite and graphite is detected. The exact 
core location of the fault zone intersection has not been defined. Overview of the 
geology is in Figure 6-49. 
 
Overview of the fractures 
 
Fracturing is dense rather widely (Appendix 4, Table A-10). One water conductive 
fracture occurs at 89.43 m. It has a planar slickensided profile and calcite, chlorite, 
chalcopyrite and pyrite as fracture-fillings (total thickness is 0.4 mm). Orientation is 
141/89 degrees, alteration class is 2 and Ri-class is RiI. 
 
Tunnel-crosscutting fracture (P338) reaches from 3350 m to 3352 m. Dip is 86 degrees 
and dip direction is 82 degrees. The fracture length is 16 m. Fracture-fillings are calcite, 
pyrite, chlorite, quartz, graphite and grouting material. Joint roughness profile is USL 
and alteration class 6. Water conditions are described as damp and Ri-class RiIV-Rk3. 
The TCF cuts the pilot hole in depth of 87.6 m (Appendix 6, Figure A-19). 
 

 
Figure 6-49. Overview of geological data near brittle fault intersection ONK-BFI-3350. 
Alteration bar describes illite and sulphides as fracture-fillings. 
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Figure 6-50. Geophysical logs near brittle fault intersection ONK-BFI-3350. 
Susceptibility has the most distinctive anomaly, but also density varies. 

 
Geophysical logging of the fault area in ONK-PH9 
 
Geophysical anomalies are located mostly between 88 - 91 m (Figure 6-50). Density 
variation is significant and seismic velocities are decreased. Density can be interpreted 
mostly rather high between 88.3 - 91 m, but a minimum is at 88.8 m. The increased 
density is due to foliated pyrrhotite dissemination. A clear and sharp peak is detected 
also at 92.3 m. 
 
Fracturing, alteration or quartz-rich parts cause decreased seismic velocities, which 
compensates the increased density, and therefore variations of acoustic impedances are 
rather small. All the resistivity values are decreased due to pyrrhotite. Susceptibility is 
also high between 88 - 91 m due to pyrrhotite grains and concretion. 
 
Interpretation of the seismic reflection 
 
Brittle fault intersection of OL-BFZ045B is at chainage 3350 m. However, no reflection 
exists close to the area. OL-BFZ045B is a narrow zone, and that makes the detection 
difficult. Orientation of the fault may also be unfavourable for detection, although steep 
perpendicular features have caused reflections. Other explanation can be the fact that 
the fault is placed on the edge of the dataset so there are less data for stacking. 
Therefore, the small features do not strengthen enough to become visible. However, the 
geophysical logging reveal only little variation of density and seismic velocities, and 
even the synthetic seismograms do not give a ground for a good reflection. The seismic 
dataset may still contain indirect indications of the fault. It is possible to see 
discontinuity of reflectors almost in the direction of the fault (Figure 6-51). 
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Figure 6-51. Amplitude data planes (S-wave line 1) without and with the modelled 
brittle fault zone OL-BFZ045B. It is possible to see indirect indications of the fault as 
discontinuity of reflectors in the location of the fault.  
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6.4.3  OL-BFZ039 at 4250 
 
Core logging within the fault area 
 
The drill core of ONK-PH13 (Aalto et al. 2010 [in prep.]) intersects a brittle fault zone 
OL-BFZ039. The rock type in the fault area is slightly-moderately banded, 
fine/medium-grained veined gneiss, VGN (43.27 m - 49.52 m), which consists of 
plagioclase and garnet-bearing cordierite-sillimanite-mica gneiss. The rock is unaltered 
and sparsely fractured. Below VGN layer is a thin PGR layer (49.52 m - 50.65 m). It is 
coarse-grained, reddish K-feldspar-rich pegmatitic granite that consists mainly of K-
feldspar, plagioclase and quartz with scattered porphyroblasts of cordierite. Tourmaline 
occurs in single grains. Orientation of the contact VGN-PGR is 145/50. The foliation 
type is banded with intensity category 2. 
 
After thin PGR layer, VGN continues (50.65 - 55.47 m) as medium to coarse-grained 
and heavily recrystallized neosome-rich veined gneiss. Banding in palaeosomes is 
relatively strong. Mineralogical analysis is feldspar-bearing cordierite-garnet-
sillimanite-mica gneiss. In addition, single kaolinized grains occur throughout the 
section. Orientation of PGR-VGN is about 165/32. Figure 6-52 shows the overview of 
geology. 
 
Description of a brittle fault intersection of OL-BFZ039 is not made based on the tunnel 
mapping. The zone is defined later in the single hole interpretation of ONK-PH13 
according to geological and geophysical properties derived from the pilot hole 
investigations. Influence zone is between 48.5 - 54.1 m and the core 52.65 - 53.0 m. A 
drillhole image of the zone area is presented in Figure 6-53. Average orientation of OL-
BFZ039 is 125/56. The general description of the fault OL-BFZ039 is in chapter 0. 
 

 
Figure 6-52. Geological logs near intersection of OL-BFZ039. The fault has few 
fracture groups that are widely altered. 
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Figure 6-53. A drillhole image of the influence zone of brittle fault zone OL-BFZ039. 
The core of the fault is between 52.66-53 m. Only few fractures occur, but several of 
them are slickensided. 

 
Overview of the fractures 
 
The first VGN layer is sparsely fractured, but the thin PGR layer is more fractured. 
Fracturing is dense and also graphite-coated surfaces occur in the following VGN layer. 
The list of fractures is presented in Appendix 4, Table A-11. No water leakage occurs in 
the zone area. A tunnel-crosscutting fracture (P382) locates at about 4244 m (53.28 m in 
the pilot hole). Measured orientation is 175/38 and calculated orientation 149/34. TCF 
is filled slickenside and its fracture-fillings are GR, KL, SV and KA (total thickness is 2 
mm). Alteration category is 4. The core box and drillhole images are presented in 
Appendix 6, Figure A-20. 
 
Geophysical logging of the fault area in ONK-PH13 
 
All the parameters have some changes in the area (Figure 6-54). P-wave velocity values 
are lowest in 51 m (5100 m/s) and 53 m (5130 m/s). The seismic velocities are lowered 
rather widely in fractured areas, but the anomalies are not sharp. Velocity is lowered 
due to fractures, kaolinization and granitic rocks. In PGR and latter VGN, density is 
lowered, it varies between 2.60 - 2.76 g/cm3 Synthetic seismograms show that the place 
is potential for a reflection. Susceptibility variation is moderate. Also resistivity is 
decreased in the area. 
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Figure 6-54. Geophysical logs in brittle fault zone OL-BFZ039 area. According to 
synthetic seismograms, the place is potential for a reflection. 

Interpretation of the seismic reflection 
 
Brittle fault zone OL-BFZ039 intersects the tunnel at about 4250 - 4255 m. But, no 
reflection is detected. According to pilot hole studies, a cause for a reflection could be 
found because both velocity and density values change a reasonably. A similarly 
oriented reflection is detected, as seen in Figure 6-55, but it is located about 30 metres 
earlier in the tunnel than the fault intersection (chainage 4223 m, chapter 6.2.8 ). 
 
Few reasonable explanations for a missing reflector can be found: features may be small 
in size or fractures are not continuous. Also a clay-filled fracture could be a reflector, 
but if the clay-filling is discontinuous, a clear reflection probably does not exist. 
Fracture may also end or continue as negligible. Geometry should not be a problem. 
 

 
Figure 6-55. OL-BFZ039 at 4250 m and the reflection at 4223 m. The reflection is 
oriented similarly with the fault, but it is about 30 m before the fault, and therefore, 
cannot be connected to the fault. 
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6.5  Summary 

Table 6-21 presents the geological and geophysical parameters that were interpreted to 
cause the reflections. Also the parameters from the cases without reflection are listed. 
 
Table 6-21. Short summary of geological and geophysical parameters causing 
reflections, or not causing them. 
FEATURE GEOLOGY GEOPHYSICS 
Reflectors Features causing reflections Anomalies causing reflections 
ONK-BFI-3285 - TCF: USL, fracture-fillings (SV, KA, CC, 

KL) 60 mm, Ja8, wet 
- TCF: USL, fracture fillings (SV, KL, CC, 
SK) 100 mm, Ja8, dripping water 

widely decreased velocities and 
density occasionally due to 
fracturing 

ONK-BFI-3331 TCF: USL, fracture fillings (CC, KV, EP, 
SK, KL, SV and GR) 200mm, Ja4. Water 
conductive fracture next to TCF. 

lowered velocities, changing 
density due to fracturing 

ONK-BFI-3450 
and 
ONK-BFI-4276 
(OL-BFZ084) 

1) very broken zone 
2) water conductive fracture: USL, fracture-
fillings (CC, KL, SK) 0.2 mm, Ja2  
3) an offset reflection 

low velocities due to fracturing 

Water conductive 
fracture 

water conductive fracture: URO, fracture-
fillings (CC, KL, SV) 4 mm, Ja2 

slightly variating density and P-
wave velocity 

DGN-MGN lithological changes (mica-rich layer) increase of P-wave velocity and 
density due to MGN 

ONK-HGI-3593 high-grade ductile intersection: quartz 
inclusion 

increase of density and seismic 
velocities due to quartz inclusion 

Illite-filled fracture -URO fracture, fracture-fillings (IL) 1.5 mm 
(measured from pilot hole, in tunnel 
mapping, the thickness is usually bigger), 
Ja3 
-alteration 
-foliation 

decreased seismic velocities due to 
illitization 

VGN-TGG lithological changes (light granite layer) lowered density in TGG 
Unclear cases   
TCF P341 -TCF: USL, fracture fillings (KK, CC, SK, 

IL) 0.8 mm, Ja2 
-megacrystic KFP 

increased density and seismic 
velocities slightly different places 
due to megacrystic KFP or pyrite as 
fracture fillings 

VGN-MFGN-VGN lithological changes (mafic layer) increased density in MFGN 
No reflection   
ONK-BJI-3339 -TCF: USM, fracture-fillings (CC, KV, GR, 

SK) 1 mm, Ja3 
-illitization 
-sulphides 

high susceptibility due to sulphides 

OL-BFI-3350 -TCF: USL, fracture-fillings (CC, SK, KL, 
KV, GR, IM) 100 mm, Ja6, damp 
-water conductive fracture: PSL, fracture-
fillings (CC, KL, CU, SK) 0.4 mm, Ja2 
-dense fracturing 
-QGN-inclusions, PGR- and quartz-veins, 
skarn concretion 

changing density and slightly 
lowered velocities due to fractures, 
alteration, quartz-rich parts and 
pyrrhotite dissemination 

OL-BFZ039 -TCF: USL, fracture-fillings (GR, KL, SV, 
KA) 2mm, Ja4 
-PGR-layer 
-kaolinization, graphite 

lowered density and velocities due 
to fractures, alteration and granitic 
rocks 
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6.6  Comparison 

Orientations and locations (chainage) of the features compared to the reflections have 
been one important target of interest. Table 6-22 presents measured and calculated 
positions of the features and the reflections, and also the differences. Location 
comparison is not accurate when only an imagined extension of the reflection intersects 
the tunnel, or when the reflection is very gently dipping and the intersection is tens of 
metres. The types of seismic data planes (P-wave/S-wave/line 1/line 2) have also been 
listed.  
 
Reflections can be divided into 4 categories: compatible on chainage and orientation, 
compatible on chainage, compatible on orientation and incompatible reflection. 
Chainage is compatible if the difference is 1 metre at maximum, and orientation is 
compatible if the difference in dip direction is less than 25° and in dip 10°. Results are 
in Table 6-23. Mainly, the results are good: almost half of the cases have compatible 
chainage and orientation. P-wave data produces better results than S-wave data, but S-
wave data is less used in this work. Lines 1 and 2 seem to have no differences in 
accuracy.  
 
Table 6-22. Chainage and orientation comparison of geological features and 
reflections. 

FEATURE (MAPPED OR LOGGED) REFLECTION DIFFERENCE 

  Chainage Orientation Chainage Orientation Data Chainage Orientation

ONK-BFI-3285 3285-3317 088/12  
(mean 124/08) (3285) 057/45 S1 - 031/33 

(067/37) 

  3290-3302 161/34  
(mean 134/22) (3305) 057/45 S1 3 m 104/11  

(077/23) 

ONK-BFI-3331 3330.3-
3333.5 

257/88  
(mean 273/87) 3331 090,270/70-90 P1 - 013/00  

(003/00) 
ONK-BFI-3540_1 c. 3541 120/58 3542 130/70 P2 1 m 010/12 

ONK-BFI-3540_2 3540-3545 172/54 3552 090-180/30-70 P2 7-12 m - 

ONK-BFI-4276 4279-4293 165/60 4290 090-180/30-70 P2 - - 
water conductive 
fracture c. 3561 111/46 3560 113-157/50-70 P2 1 m 002-046/ 

04-24 
DGN-MGN c. 3585 130-140/70-80 3585 315-340/70-80 P1 - 170-200/00 

ONK-HGI-3593 c. 3599 110/40 (zone) (c. 3590) 160/60 S2 9 m 050/20 

IL-fracture c. 4223 128/37 4223 128/47 P2 - 000/10 

VGN-TGG c. 4305 c. 100/50 4290-4330 110-160/20 P2 - 010-060/30 

UNCLEAR CASES      

TCF P341_1 c. 3407 293/87 
(mean 124/87) 3404 135,315/80-90 P1 3 m 022/00 

(011/00) 

 TCF P341_2    3506 317/81 S1 1 m 024/06  
(193/06) 

VGN-MFGN-VGN  3534  
3535 

130/55  
165/60 3535 130, 310/ 

80-90 P1 1 m  
- 

000/25  
025/20 
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Table 6-23. Results of chainage and orientation comparison. 

Compatible chainage & orientation ONK-BFI-3331 TCF P335 P1 
 ONK-BFI-4276 zone OL-BFZ084 P2 
 Water conductive 

fracture 
 P2 

 DGN-MGN  P1 
 IL-fracture  P2 
 TCF P341_2 S-wave reflection S1 
    
Compatible chainage ONK-BFI-3285 TCF P332 S1 
 ONK-BFI-3540_1 Water conductive 

fracture 
P2 

 VGN-MFGN-VGN  P1 
    
Compatible orientation ONK-BFI-3540_2 zone OL-BFZ084 P2 
 TCF P341_1 P-wave reflection P1 
 ONK-BFI-3285 TCF P337 S1 
    
Incompatible reflection ONK-HGI-3593 quartz inclusion S2 

 
 
The data do not suggest that strength of reflector corresponds to engineering 
geologically significant fracture zones. Similar results were found in previous seismic 
interpretations (Heikkinen et al. 2004), where the geological importance and strength of 
reflector were not directly proportional. Reflector is considered strong if it is large 
enough to stand out clearly in the data. According to Figure 6-57, the strong reflector is 
not directly proportional to the differences in acoustic impedance. More important 
factor may be the geometry of the feature. Near vertical features in line 1 data planes 
and horizontal features in line 2 data planes produced most often strong reflectors. 
 
The differences of minima and maxima values of density and seismic velocities in each 
intersection were categorized into five classes. In class 1, the difference is the smallest 
and in 5, the biggest (Table 6-24). The differences are presented in Figure 6-56, and the 
actual minima and maxima values are presented in Appendix 5, Table A-12. The same 
kind of figure of acoustic impedances is presented in Figure 6-57, Table 6-25 but the 
differences are "real". The actual minima and maxima values of acoustic impedances 
are presented in Appendix 5, Table A-13. 
 
Table 6-24. Density, P-wave velocity and S-wave velocity limits of each class. The 
highest class (5) represents the biggest contrast. 

class density VP VS 
1 <= 0.15 <= 500 <= 300 
2 0.16-0.25 501-700 301-450 
3 0.26-0.35 701-900 451-600 
4 0.36-0.45 901-1100 601-750 
5 0.46 => 1101 => 751 => 
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Figure 6-56. Differences of minima and maxima values of density and seismic velocities 
divided into five classes. 

 

 
Figure 6-57. Differences of minima and maxima values of impedances. OL-BFZ020B 
has clearly the highest contrast. 

According to impedance differences, VGN-TGG contact has the weakest reflector, 
though in fact, it has a strong reflector. ONK-BFI-3285, ONK-BFI-3540, ONK-BFI-
4276 and VGN-MFGN-VGN contact have the strongest anomalies of acoustic 
impedances, but their reflectors are not the strongest. 
 
Acoustic impedance can be increased or decreased depending on the direction of change 
in seismic velocities and density. Broken zones lead to decreasing values of impedance, 
but lithological and mineralogical changes can have lowered or elevated values. Figure 
6-58 presents the direction of change in acoustic impedance. Class 3 means very high 
impedance, -3 is very low impedance and 0 is moderate (Table 6-25). 
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Table 6-25. Impedances of P- and S-wave velocities are also categorized into seven 
classes in the direction of change. 

 class P-impedance S-impedance 
very high 3 18 11 
elevated 2 17 10 
elevated-moderate 1 16 9 
moderate 0 15 8 
moderate-lowered -1 14 7 
lowered -2 13 6 
very low -3 12 5 

 
 

 
Figure 6-58. Acoustic impedances of seismic velocities according to their direction 
changes. 
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6.7  Discussions 

14 cases are included in this work. In nine of them, a reflector could be interpreted with 
a reasonable reliability. The origin of two reflectors remained unclear, meaning that a 
reflection is observed, but no corresponding geological feature can be defined. Three 
observed geological features did not cause any reflections. 
 
The chosen intersections were 

� five brittle fault intersections (one of them also hydrogeological zone)  
� one brittle fault zone 
� one brittle joint  intersection 
� three lithological contacts 
� three tunnel-crosscutting fractures 
� two high-grade ductile deformation zones 

 
One intersection had two possible origins: a lithological contact or a high-grade ductile 
deformation zone. 
 
Four modelled brittle fault zones located in the seismic data area were included to this 
work. OL-BFZ084 has two intersections (at 3540 m and 4276 m) and OL-BFZ045B and 
OL-BFZ020B one intersection. OL-BFZ039 has no mapped brittle fault intersection in 
the tunnel, the fault is defined based on single hole interpretation of ONK-PH13. In 
addition, one brittle fault intersection has no connection to any previously known zone. 
Four BFIs were interpreted with a good reliability, whereas one BFI and the BFZ with 
no mapped tunnel intersection were not detected. The BJI had no reflector, but the 
feature itself was not continuous and the seismic indications were minor. 
 
Detectability of the tunnel-crosscutting fractures was rather poor for the chosen, 
individual TCFs. None of these three TCFs had a clear reflection. In the first case, water 
conductive fracture is more probable reflector, and the second case was uncertain 
because a weak reflector was a few metres aside. In the third case, a reflector was found 
but it was in the direction of another fracture, which was not a TCF or a water 
conductive fracture. However, in some brittle fault intersections, TCFs stand out as 
reflectors. 
 
DGN-MGN- and VGN-TGG-contacts had strong reflectors. In the case of VGN-
MFGN-VGN-contact a strong reflector was detected, but the vertical orientation 
indicates that the origin is not in the contact. The other possibility to this reflector was 
the high-grade ductile shearzone, but the average dip of that was also much more gently 
sloping. The other studied ductile shearzone had a probable reflector. 
 
14 intersections were chosen to this work, representing five different types of features. 
It is difficult to estimate the detection probability if only few, or just one, example of 
each case is studied. It would have been interesting to focus only on long fractures and 
brittle fault zones. The results would have been more precise. On the other hand, it was 
the aim at this work to study more widely what can be seen in the survey. More cases 
could have been studied, but then the extent of this work was limited. An accurate result 
of what can be seen by this survey method cannot be estimated in this work, because the 
data set was not studied as a whole. The main scope was to estimate which are the 
geophysical and geological limitations on certain features.  
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7  CONCLUSIONS 

From the interpreted reflectors, reflections originating from tunnel-crosscutting 
fractures (TCF) were found in three cases. All these TCFs had undulating slickensided 
(USL) profile, clay minerals, calcite and chlorite as fracture-fillings, and the thickness 
was 60 - 200 mm. All of them were also altered and had water conductivity. Water 
conductivity was detected five times in the clear reflector cases. Mineralogy explains 
three of the cases. 
 
One case does not have a reflection but would have a lot of potential for a clear 
reflection, because it is a highly altered TCF with USL profile and thick fracture-
fillings. Also water is present, but only detected as dampness of the fracture. Orientation 
is similar with another brittle fault intersection in 20 metres. Consequently, no 
guarantee exist that a seismic response is received in all the cases. 
 
Geological observation and geophysical anomaly do not always go side by side. For 
example, geological observation may be on a boundary of a fractured zone and 
geophysical anomaly may be caused of pyrrhotite in the other side of the broken zone, 
especially, if it is a thick zone. Thus geological and geophysical observations are not 
always seen exactly at the same point. 
 
The method has some potential, a lot of reflectors are seen, but interpretation is rather 
difficult. Geological, hydrogeological and geophysical data is needed to combine 
reflectors to the features. Only looking at the reflection, it is hard to say which feature is 
causing it, wide zone or a single fracture. The results often differed from the estimated: 
in one TCF case the reflection was caused by a water conductive fracture and, in 
another case the origin of the reflection turned out be a filled fracture in altered and 
foliated environment. The method can find even small features, but interpretation is 
difficult and uncertainties exist, also with the bigger features. 
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Appendix 1. Rock classification systems 
 
Table A-1. Engineering geological RG-classification system. 

RiI Section divided into two or more parts by planar fractures. 
RiII Fractured section, where fracture frequency is 10 to 30 centimetres. 
RiIII Densely fractured section, where fracture frequency is less than 10 

centimetres. 
RiIV-Rk3 Densely fractured section, where fracture frequency is 10 to 30 

centimetres. Crush-structure with clay filled fractures. 
RiIV-Rk4 Densely fractured section, where fracture frequency is less than 10 

centimetres. Crush-structure with clay filled fractures. 
RiV Weak clay structure. 
 
 
 

 
 
Figure A-1. Joint alteration number (Ja) in Rock Mass Quality system. 
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Appendix 2. Foliation types and intensities 
 
 
Foliation types: 
 

� Massive (MAS): a massive rock with no visible orientations 
� Gneissic (GNE): dominated by quartz and feldspar and it has no continuous 

trains of micas or amphiboles 
� Banded (BAN): comprises intercalated gneissic and schistose layers 
� Schistose (SCH): dominated by micas and/or amphiboles arranged in continuous 

trains so that the preferred orientation of their crystallographic cleavages provide 
a general plane of mechanical weakness 

� Irregular (IRR): folded or chaotic rock 
 
 
Intensity of the foliation is divided into four categories: 
 

� 0: massive or irregular 
� 1: weakly foliated 
� 2: moderately foliated 
� 3: strongly foliated 
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Appendix 3. Abbreviations of fracture terminology 
 

Table A-2. Fracture types 

Abbreviation Description 
op open 
ti tight, no filling material 
fi filled 
fisl filled slickensided 
grfi grain filled 
clfi clay filled 

  
Table A-3. Fracture profiles 

PRO planar rough 
PSM planar smooth 
PSL planar slickensided 
SRO stepped rough 
SSM stepped smooth 
SSL stepped slickensided 
URO undulating rough 
USM undulating smooth 
USL undulating slickensided 

 
Table A-4. Fracture-fillings 

BT biotite 
CC calcite 
CU chalcopyrite 
EP epidote 
GR graphite 
IL illite 
KA kaolinite 
KL chlorite 
MK pyrrhotite 
MU muscovite 
KV quartz 
SK pyrite 
SV clay mineral 
 

Figure A-2. Legend of geological logs. 
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Appendix 4. Fracture lists of intersections 
 
Table A-5. Fractures of ONK-BFI-3285 (ONK-PH9). 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
fillings [mm] 

orientation roughness 
profile 

Ja 

28.25 fisl KL, CC, SV 0.4 163/56 PSL 2 
28.27 fi KL, CC, SV 0.4 167/55 PSM 2 
28.29 fi CC 0.3 206/60 URO 1 
28.3 fisl KL, CC, SV 0.3 322/73 USL 2 
28.4 fi SV, CC, KL 0.2 - URO 2 
28.41 fi SV, CC, KL 0.2 167/38* URO 2 
28.48 clfi SV, CC, KL 3 - - 6 
28.55 fi KL,CC,SK,SV 0.3 - URO 2 
28.63 fi KL, SV 0.1 - PRO 2 
28.71 fi SV, KL 0.2 - URO 2 
28.89 fi KL, SK, SV 0.2 - URO 2 
28.92 fi CC 0.2 - PRO 1 
28.99 fi CC, KL, SK 0.2 - PRO 2 
29.17 fi IL, KA,SK,KL 0.2 175/27* PRO 3 
29.23 fi CC, SK 2 - URO 1 
29.27 fi CC 2 - PRO 1 
29.28 fi CC 2 - PRO 1 
29.29 fi CC, SK 0.2 - PRO 1 
29.46 op CC, IL, KL,SV 5 - URO 4 
29.58-29.9 
5 fractures 
29.78 

- 
 
 

- - - 
 
358/81* 

- - 

30.03 grfi SK 0.4 158/20* - 4 
30.13 grfi - 2 158/20* - 4 
30.18 grfi - 2 - - 4 
30.47 fi IL, CC 0.2 103/17 URO 3 
30.72 fi CC 0.1 - URO 1 
30.93 fi IL, KA 0.2 - URO 2 
31.3 fi KL, SV 0.2 147/31* USM 2 
31.33 fi KL 0.2 - PRO 2 
31.47 fi SV 0.1 - URO 2 
31.64 fi SK 0.1 - USM 0.75 
31.81 fi SV 0.2 083/06* URO 2 
31.9 fi KL, CC 0.3 - URO 2 
32.17 fisl KL 1 - USL 2 
32.18 fi KL, SV 2 - USM 3 
32.28 fi KL, SK 0.1 - PSM 2 
32.33 fi IL 0.1 - PRO 1 
32.35 ti -  - - PRO 0.75 
32.57 ti -  - - PRO 0.75 
32.61 fi CC 0.1 - PRO 0.75 
32.99 fi IL 0.2 290/57* PRO 3 
33.55-
34.34 5 
fractures 
33.71 
34.00 

- - - - 
 
 
288/73* 
080/82* 

- - 

34.57 fi CC 0.2 - PRO 1 
34.64 fi KL 0.1 - URO 1 
34.65 ti -  - 090/88* PRO 0.75 
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34.73 fi IL, SV, SK 0.2 - PSM 2 
34.87 fi SK 0.1 - PRO 0.75 
34.88 fi CC, SK, SV 0.6 - PRO 2 
34.94 fi CC 0.2 - URO 1 
35.21 - -  - - - - 
35.26 fi CC 0.3 - PRO 1 
35.27 fi CC 0.2 - URO 1 
35.3 ti -  - - PRO 0.75 
35.83 fisl CC, KL 0.2 - USL 4 
35.89 fisl CC, KL, SK 0.4 - USL 2 
36.07 fi CC 0.3 - CC 1 
36.17 fi CC, SK 0.3 - URO 1 
36.3 fi CC, KL, SK 4 - URO 2 
36.71; 
37.13 

- - - 102/22* - - 

37.79 fi CC, IL - - URO 3 
38.49 fi IL, SV 0.1 - URO 3 
38.68 fi IL, CC 0.2 - URO 3 
38.98 fi SV, CC, SK 0.2 - URO 3 
38.99 fi SV, CC, SK 0.2 - URO 2 
39.05 fi CC 0.2 - URO 2 
39.20 grfi CC 0.3 - PRO 1 
39.29 grfi    - -  - 4 
39.33 grfi    - -  - 4 
39.41 grfi CC 0.3 -  - 4 
39.70 fi CC 0.3 -  - 4 
39.87 grfi IL, KL 0.3 - PRO 1 
40.03 fi KL, CC 0.2 -  - 4 
40.07 fi KL, CC 0.2 - PRO 2 
40.11 fi KL, CC 0.2 - PRO 2 
40.14 fi KL, CC 0.4 - URO 2 
40.19 fi CC, SK, KL 0.4 - URO 2 
40.22 fi CC, KL, SV 0.2 - URO 2 
40.36 fi SV, IL 0.1 - USM 3 
40.39 fi SV, IL 0.2 -- URO 2 
40.5 fi SV, SK 0.1 - URO 3 
40.59 fi SK 0.1 - PRO 2 
40.71 ti SK  - 108/10* URO 1 
40.79  -  -  - - PRO 0.75 
40.88 fi CC, SK 0.1 -  -  - 
41.49 fi CC 0.3 - PRO 1 
41.52 fi KL, IL, CC 0.3 331/72* PRO 1 
41.64 fi KL, IL, CC 0.2 138/17* PSM 3 
41.79 fi KL, CC 0.3 097/12* USM 3 
41.8 grfi CC 5 140/13* PSM 2 
42  -  -  - 340/82*  - 4 
42.17 fi CC, IL 0.3 -  -  - 
42.23 fi CC, IL 0.2 - PRO 2 
42.24 fi KL 0.2 - URO 3 
42.26 fi CC, IL 0.1 351/79* PRO 2 
42.82 - - - 349/76* USM 2 
42.84 - - - 350/75* - - 
* Orientation measured from image, water conductive fractures, bolded tunnel-
crosscutting fractures 
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Table A-6. Fractures of BFI-3331. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
filling [mm] 

orientation roughness 
profile 

Ja 

68.39  fisl KL, CC 0.3 268/81 USL 2 
68.49 fi KL, SV 0.3 253/89* URO 3 
68.56 fi - 0.5 - URO 1 
68.65 fi CC, IL 0.2 - PRO 3 
68.73 fi KL, CC 0.4 - USM 2 
68.79 - - - - - - 
68.89 - - - - - - 
* Orientation measured from image, water conductive fractures, bolded tunnel-
crosscutting fractures 
 
Table A-7. Fractures of ONK-BFI-3540. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
filling [mm] 

orientation roughness 
profile 

Ja 

81.42 grfi SV, KL, KA 0.6 186/46 PSM 6 
81.58 - - - 181/72 - - 
81.6 - - - 187/48 - - 
81.73 - - - 179/38 - - 
81.91 - - - 178/45 - - 
82.06 fi CC, KA 0.2 -/57 URO 2 
82.1 fi KL, CC 0.2 -/42 URO 2 
82.15 fi KL, CC 0.2 -/82 URO 2 
82.18 fisl CC, KL, SK 0.2 120/58 USL 2 
82.26 fi CC 0.2 101/77 PRO 1 
82.27 fi CC 0.1 156/51 PRO 1 
82.35 fi CC, BT 0.3 111/80 URO 2 
82.47 fi CC, SK, MU 0.2 120/35 PRO 2 
82.57 fi CC, SK, MU 0.3 120/33 URO 2 
82.67 fi CC, EP 0.2 041/69 URO 2 
82.72 fi CC 0.1 110/81 PRO 1 
82.78 fi CC, BT 0.3 154/73 PRO 2 
82.79 fi CC, BT 0.3 129/65 URO 2 
82.75 fi CC 0.1 145/38 PRO 0.75 
82.89 fi CC 0.3 113/49 URO 1 
82.95 fi CC, KL 0.2 135/55 USM 2 
82.96 fi CC 0.2 164/82 PRO 1 
82.98 fi CC 0.2 147/36 USM 1 
83.04 fi CC, SV 0.2 164/68 USM 2 
83.05 fi CC, KA 0.5 163/56 URO 2 
83.06 fi CC, SV 0.2 250/60 USM 2 
83.16 fi CC 0.1 169/67 URO 1 
83.2 fi CC, BT, SK 0.3 250/74 URO 2 
83.21 fi CC 0.1 300/58 URO 1 
83.27 fi CC 0.2 115/43 PRO 1 
83.32 fi CC, SV, KL 0.2 321/63 URO 2 
83.39 fi CC, BT 0.2 331/71 PRO 2 
83.44 fi CC 0.2 245/53 PRO 1 
83.45 fi CC, BT 0.2 124/69 PRO 2 
83.51 fi CC, SV 0.2 318/79 PRO 2 
83.53 fi CC 0.1 245/53 SSM 0.75 
83.57 fi KL, CC, SV 0.2 118/85 PSM 2 
83.59 fi CC, BT, SV,EP 0.3 091/84 PRO 2 
83.66 fi CC, KA, SV 0.2 140/44 PRO 2 
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83.7 fi CC, SV 0.2 282/88 URO 2 
83.71 fi CC, SV 0.3 095/38 PRO 2 
83.72 fi CC 0.1 086/43 URO 1 
83.77 fi CC 0.1 059/51 URO 1 
83.81 fi CC, SV 0.4 130/41 URO 2 
83.855 fi KL 0.3 071/50 URO 2 
83.86 fi CC 0.3 147/43 URO 1 
83.97 grfi CC, GR, SV 1.2 177/61 USL 6 
84.04 fi CC, GR, SV 0.4 181/51 USM 4 
84.12 fi CC, KL 0.2 357/76 PRO 2 
84.19 fi CC, SK, BT 0.3 105/32 PRO 2 
84.24 fi CC, KL 0.2 347/71 URO 2 
84.32 fi CC,SV,BT, KA 0.3 155/43 URO 2 
84.46 fi CC 0.1 248/82 PRO 1 
84.55 fi CC 0.2 173/90 URO 1 
84.61 fi CC, SV, SK  0.4 109/24 URO 2 
84.75 fi CC, KA 0.2 073/36 URO 2 
84.78 fi CC, KA, SV 0.4 074/51 PRO 2 
* Orientation measured from image, water conductive fractures, bolded tunnel-
crosscutting fractures 
 
Table A-8. Fractures of ONK-BFI-4276. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
filling [mm] 

orientation roughness 
profile 

Ja 

76.56 fi CC, MU 0.2 170/90 PRO 2 
78.24 fi GR, SV 0.3 155/54 USM 4 
78.57 fi KL, IL, BT 0.3 114/37 SSM 3 
80.6 fi KL, CC, SK 0.3 - URO 2 
80.75 fi KL, GR 0.3 181/79 USM 4 
80.95 ti -   011/88 URO 0,75 
81.34 fi KA 0.1 069/64 URO 1 
82.85 fi KL, SV, SK 0.1 159/70 URO 2 
82.9 fi KL, KA, SV 0.3 - URO 2 
83 fi KL, KA, SV 0.3 - URO 2 
83.01-
83.23   
3 fractures 

- -  - - - 

83.26 fi CC, KA 0.1 -/38 URO 1 
83.34 grfi CC, SK, KA 0.2 -/53 URO 1 
83.38; 
83.4 

- -  - - - 

83.51 ti -  -/45 URO - 
83.66 ti -  -/38 PRO - 
83.71 fi KL, SV, GR 0.3 -/38 USM 4 
83.74 grfi SV, KL 0.3 -/33 URO 2 
83.86; 
83.91 

- -  - - - 

84.05 fi KL 0.2 151/20 URO 2 
84.32 ti -   344/14 URO 0,75 
84.57 ti -   - URO 0,75 
84.7 fi CC,KL,SV,SK 1.2 180/51 USM 2 
84.75 - -   - - - 
84.89 fi CC, KL, GR 0.7 164/63 PRO 4 
84.91 fi CC,KL,GR,SK 0.6 159/57 USM 4 
85  fi CC,KL, SK, GR 0.4 115/43 URO 4 
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85.34 fi CC, KL,SK, KA 0.4 340/86 URO 2 
85.40 fi CC, KL 0.3 359/83 PRO 2 
85.47 fi CC, KL 0.2 309/48 URO 2 
85.48 fi CC, KL 0.2 174/53 URO 2 
85.52 fi CC, KL 0.2 303/65 URO 2 
85.65 fi CC, KL 0.3 177/85 URO 2 
85.78 fi CC 0.1 305/72 URO 0.75 
85.86 fi CC, KL, KA 0.2 193/72 URO 2 
86.46 fi KL, CC, SK 0.2 130/86 URO 2 
86.59 fi KL, SV, SK 0.2 148/85 URO 2 
86.79 fi SV, GR, KL 0.3 183/50 URO 4 
87.34 fi CC 0.2 180/70 URO 0,75 
87.4 fi CC 0.2 132/89 URO 0,75 
87.41 fi CC, SK 0.2 132/89 URO 0,75 
87.58 fi CC,KL,SK,SV 0.5 101/57 URO 2 
87.99 fisl GR 0.3 176/80 USL 4 
88.09 fi CC, SV, KA 0.3 110/60 URO 2 
88.16 fisl GR, KL 0.2 178/57 USL 4 
88.80 fisl GR 0.4 129/53 USL 4 
88.85 fi GR, SK 1 138/45 PSM 4 
88.90 fisl KL, GR 0.3 153/43 USL 4 
89.215 fi CC, GR, SK 0.5 151/57 USM 4 
89.22 fisl GR, CC 0.3 146/42 PSL 4 
89.33 fi CC, KA 0.4 349/79 PRO 2 
89.43 fi CC, KA 0.3 354/83 URO 2 
89.66 fi KL,GR,CC,SK 0.4 156/26 USM 4 
89.82 fi KA, CC, SK 0.3 348/56 PRO 2 
89.96 ti KA 0.1 160/74 URO 1 
90.09 fi CC, SV 0.1 344/83 URO 1 
91.19 fi CC, KL, SK 0.2 352/81 URO 2 
91.67 fi CC, IL 0.2 175/81 PRO 1 
91.94 fi CC 0.2 348/85 URO 1 
92.06 fi CC 0.1 355/84 URO 1 
92.14 fi KL, SV 0.1 172/68 USM 1 
92.83 fi KL, SV 0.1 173/75 URO 1 
93.34 fi MK, SK, GR 0.1 148/88 URO 1 
93.41 fi MK, SK, GR 0.1 125/70 PRO 1 
94.35 fisl KL, GR, MK, 

CC, IL 
0.3 145/66 USL 3 

96.86 fi CC 0.1 267/73 PRO 0,75 
96.92 fisl KL,CC,SK,IL 0.6 165/47 PSL 2 
* Orientation measured from image, bolded tunnel-crosscutting fractures 
 
Table A-9. Fractures around intersection 3565. 
depth [m] type of 

fracture 
fracture-filling thickness of 

fillings [mm] 
orientation roughness 

profile 
Ja 

100.31 fi CC,BT,KA,SK 0.2 128/29 URO 2 
100.43 fi CC, KA, KL 0.3 072/41 URO 2 
100.48 fi KA, KL, SK 0.3 090/34 URO 2 
100.84 fi CC 0.2 063/52 URO 1 
100.91 fi KA, CC 0.2 165/89 PRO 2 
101.14 fi CC, EP 0.2 097/90 PRO 2 
101.22 fi CC, EP 0.2 346/84 PRO 2 
101.26 fi CC, KA 0.2 357/76 PRO 2 
102.39 fi CC, KL, SV 0.3 101/45 USM 2 
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102.42 fi CC, KL, SV 4 111/46 URO 2 
102.68 fi CC 0.1 343/84 URO 1 
103.23 fi CC, IL 0.2 075/56 URO 2 
103.27 fi KA, CC 0.1 218/66 URO 2 
103.34 fi CC, SV 0.1 089/55 URO 2 
104.1 fi KA, CC, SV 0.1 118/71 URO 2 
104.33 fi CC 0.1 075/85 PRO 1 
104.5 fi CC 0.3 357/76 PRO 1 
105.00 fi IL,KL,CC,SK 0.3 120/23 URO 2 
106.69 fi SV 0.1 311/87 URO 1 
106.95 fi SK 0.1 141/87 PRO 1 
107.22 fi KL, CC, SK 0.3 062/22 URO 2 
107.38 fi CC 0.1 354/86 URO 1 
107.43 fi KA, CC 0.1 331/82 URO 2 
107.71 fi CC, KL 0.3 064/43 PRO 2 
107.73 fi CC, KL, KA 0.2 058/42 PRO 2 
108.68 fi KA 0.2 080/78 PRO 2 
* Orientation measured from image, water conductive fractures, bolded tunnel-
crosscutting fractures 
 
Table A-10. Fractures of ONK-BFI-3350. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
fillings 

orientation roughness 
profile 

Ja 

87.07 fi KL, CC 0.3 - URO 2 
87.1 fi CC, KL 0.3 - PRO 2 
87.17 - - - - - - 
87.54 fisl KL, CC 0.3 106/60 USL 2 
87.6 fisl CC, KL, SK 0.5 092/90 PSL 2 
87.64 fi CC, KL, SK 0.3 276/80 USM 2 
87.69 fi KL, CC, SK 0.3 092/85 URO 2 
87.76 fi CC 0.2 199/89 PRO 1 
87.78 fi CC, KL 0.2 127/72 URO 2 
88 fi KL, CC, SK 0.4 093/89 PSM 2 
88.19 - - - - - - 
88.23 - - - - - - 
88.32 fi GR, CC, SK 0.3 112/86 PRO 4 
88.4 fisl CC, GR, SK 0.8 089/83 PSL 4 
88.43 fisl CC, GR, SK 4 091/78 USL 4 
88.48 fi KL, CC 0.3 081/70 URO 2 
88.64 fi KL, CC, SK 0.3 165/52 PRO 2 
89.08 fi KL, CC, SK 0.7 153/68 URO 2 
89.20 fi CC, SK 0.3 199/89 URO 1 
89.33 fisl KL, CC, SK 0.3 142/85 USL 2 
89.37 fisl CC,KL,CU,SK 0.4 131/85 PSL 2 
* Orientation measured from image, water conductive fractures, bolded tunnel-
crosscutting fractures 
 
Table A-11. Fractures in the area of BFZ039. 
depth [m] type of 

fracture 
fracture-
fillings 

thickness of 
fillings [mm] 

orientation roughness 
profile 

Ja 

48.52 m fi GR, IL 1 175/36 USL 4 
49.86 m ti - - 328/20 SRO 1 
50.06 m ti - - 346/20 SRO 0.75 
50.28 m fi SK, KL 0.3 335/17 PRO 1 
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50.34 m fi IL, KL, KA 0.3 354/24 USM 3 
50.83 m fi KA, KL 1 332/18 USM 2 
50.97 m fisl IL, KL 0.7 256/20 USL 3 
51.15 m fisl KL,GR, KA,SV 0.5 187/33 USL 2 
51.18 m clfi KA, KL, IL, SV 1.2 319/06 USM 3 
52.71 m fi KA, IL 0.4 308/32 SRO 2 
52.72 m - - - - - - 
52.76 m fi IL. KA 1 351/30 URO 3 
52.88 m fisl IL, KA 1 177/67 USL 3 
52.87 m fi KL, KA 0.4 002/38 USM 2 
53.06 m fi KA 0.3 278/61 URO 2 
53.10 m fi KA 0.2 155/54 USM 1 
53.12 m fi KA, SV 0.5 339/29 URO 2 
53.28 m fisl GR,KL,SV,KA 1.2 179/46 USL 4 
53.73 m fi IL, GR, KA 0.7 091/34 USM 4 
53.84 m fisl GR, IL, SV 0.7 179/51 USL 4 
* Orientation measured from image, bolded tunnel-crosscutting fractures 
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Appendix 5. Minima and maxima values of geophysical parameters 
 
Table A-12. Minima and maxima values of density and seismic velocities, and maximum 
of susceptibility of all intersections. 

chainage 
Density 
[g/cm3] chainage

Suscep. 
[10-5 SI] chainage

P velocity 
[m/s] chainage 

S velocity 
[m/s] 

ONK-BFI-3285 3290.9 2.83 3285.1 422 3292.8 3267 3292.8 2130 
  3292.7 2.39 3302.8 2578 3302.8 1816 
          3306.6 5870 3306.4 3324 
ONK-BFI-3331 3330.9 2.79 3331.5 59 3330.4 5754 3330.5 3531 
  3331.5 2.6     3331.1 5050 3331.3 3064 
ONK-BJI-3339 3341.6 2.78 3341.6 444 3342.2 5604 3342.2 3295 
  3342.3 2.62             
ONK-BFI-3350 3351.3 2.94 3352.8 4222 3350.9 5604 3350.1 3295 
  3351.7 2.63 3352.6 5111 3351.5 2981 
  3352.3 3.04             
TCF P341 3406 2.91 3406.7 585 3405.2 6071 3405.3 3494 
  3406.4 2.71     3406 5498 3406.2 3184 
VGN-MFGN 3534.4 3.16 3534.8 95 3533.7 5364 3533.4 3139 
  3533.6 2.57     3534.4 5791 3534.4 3445 
ONK-BFI-3540 3540.5 2.42 3540.4 55 3539.6 6031 3539.1 3491 
  3541.4 2.77     3540.5 4504 3540.5 2385 
WATER 
FRACT. 3564.4 2.78 3564 59 3559.5 5364 3559.5 3091 
  3560.3 2.59     3564.2 5909 3564.2 3404 
DGN-MGN 3584.8 2.61 3587 56 3585.2 5569 3585 3285 
  3586.8 2.82     3586.9 6158     
ONK-HGI-3593 3598.8 2.91 3598.3 43 3598.8 5791 3598.7 3575 
  3600.9 2.61     3600.4 5266 3599.7 3139 
IL-fracture 4223 2.66 4223 14 4221.5 5662 4221.9 3385 
          4223.5 4992 4223.1 3028 
OL-BFZ039 4250.1 2.76 4252 45 4249.1 5913 4249.3 3608 
  4250.9 2.61 4252.1 5096 4252.1 3182 
  4253.6 2.62     4254 5132 4254.8 3166 
ONK-BFI-4276 4285.9 2.35 4288.8 347 4283.6 5772 4283.1 3543 
  4287 2.82 4284.1 4710 4284.2 2839 
      4285.6 4313 4285.7 2839 
          4286.2 4455 4286.1 2945 
VGN-TGG 4304.6 2.78 4304.2 70 4302.9 5759 4305 3473 
  4305 2.61     4303.9 5245     
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Table A-13. Minima and maxima values of acoustic impedances and their differences. 
  P-Impedance     S-Impedance   
  max min difference max min difference 
ONK-BFI-3285 16.62 6.43 10.19 8.5 4.59 3.91 
ONK-BFI-3331 15.45 13.66 1.79 9.48 8.23 1.25 
ONK-BFI-3540 16.68 10.91 5.77 9.65 5.78 3.87 
ONK-BFI-4276 16.05 11.36 4.69 9.99 7.08 2.91 
Water fracture 16.42 13.93 2.49 9.46 8.07 1.39 
DGN-MGN 17.14 14.6 2.54 9.37 8.47 0.9 
ONK-HGI-3593 16.86 14.53 2.33 10.29 8.4 1.89 
IL-fracture 15.14 13.15 1.99 9.13 8 1.13 
VGN-TGG 15.48 14.35 1.13 9.65 8.97 0.68 
TCF P341 16.79 14.99 1.8 9.66 8.68 0.98 
VGN-
MFGN/HGI 18.31 14 4.46 10.78 8 2.61 
ONK-BJI-3339 16.11 14.26 1.85 9.55 8.32 1.23 
ONK-BFI-3350 16.82 13.9 2.92 9.91 8.04 1.87 
OL-BFZ039 15.79 13.75 2.04   9.62 8.56 1.06 
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Appendix 6. Core box and drillhole images 

 
Figure A-3. ONK-BFI-3285: TCF (P337) at 30.13 m (ONK-PH9). 

 
Figure A-4. ONK-BFI-3285: TCF (P332) at 37.79m (ONK-PH9). 
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Figure A-5. ONK-BFI-3331: TCF (P335) at 68.39 m (ONK-PH9) 

 
Figure A-6. ONK-BFI-3540: TCF (P351) at 81.42 m (ONK-PH10). 
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Figure A-7. ONK-BFI-3540: A water conductive fracture at 82.18 m (ONK-PH10). 

 
Figure A-8. ONK-BFI-4276: TCF (P383) at 84.91 m (ONK-PH13). 
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Figure A-9. ONK-BFI-4276: TCF (P384) at 86.79 m (ONK-PH13). 

 
Figure A-10. A water conductive fracture at 3560: TCF (P352) at 105 m (ONK-PH10). 
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Figure A-11. Water conductive fracture at 102.42 m (ONK-PH10). 

 
Figure A-12. DGN-MGN-contact at 3585 (ONK-PH10). 
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Figure A-13. ONK-HGI-3593: A compact and massive quartz inclusion with garnet 
(ONK-PH10). 

 
Figure A-14. Illite-filled fracture at 22.16 m (ONK-PH13). 
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Figure A-15. VGN-TGG-contact at 4305 (ONK-PH13). 

 
Figure A-16. TCF (P341) at 142.89 m (ONK-PH9). 
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Figure A-17. VGN-MFGN-contact at 75.03 m (ONK-PH10). 

 
Figure A-18. ONK-BJI-3339: TCF (P336) at 79.18 m (ONK-PH9). 
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Figure A-19. ONK-BFI-3350: TCF (P338) at 87.6 m in ONK-PH13. 

 
Figure A-20. OL-BFZ039: TCF (P382) at 53.28 m in ONK-PH13. 
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