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ABSTRACT 

The construction of the ONKALO access tunnel started in September 2004 at Olkiluoto. 
Most of the investigations related to the construction of the access tunnel aim to ensure 
successful excavations, reinforcement and sealing. Pilot holes are drillholes, which are 
core drilled along the tunnel profile. The length of the pilot holes typically varies from 
several tens of metres to a couple of hundred metres. The pilot holes are aimed to 
confirm the quality of the rock mass for tunnel construction, and in particular to identify 
water conductive fractured zones and to provide information that could result in 
modifications of the existing construction plans.  
 
The pilot hole ONK-PH12 was drilled from ONKALO chainage 4092 to chainage 4215 
in January 2010. The length of the hole is 123.96 metres. The drilling method was 
orientated core drilling. The deviation of the drillhole was measured during and after the 
drilling phase. Electric conductivity was measured from the collected returning water 
samples.  
 
Logging of the core samples included the following parameters: lithology, foliation, 
fracturing, fracture frequency, RQD, fractured zones, core loss, and weathering. The 
rock mechanical logging was based on Q-classification. The test to determine rock 
strength and deformation were made with Rock Tester -equipment.  
 
Water conductivity of the fractures or fractured zones was measured by Posiva Flow 
Log equipment. The measurements were done in two phases. During flow 
measurements also grounding resistance electric conductivity and temperature were 
measured. In flow logging test, sections of 0.5 m with increments of 0.1 m were used. 
Water loss measurements were conducted in the drillhole section 5.0-123.85 m dhd.  
 
Geophysical logging as well as optical and acoustic imaging of the pilot hole included 
the fieldwork of all surveys, the integration of the data as well as interpretation of the 
acoustic and drillhole radar data.  
 
Groundwater sampling was not applicable because no measurable flow from the 
drillhole into the tunnel could be detected. The sum of flows measured by the PFL DIFF 
probe was 5.9 mL/min. 
 
A group of geoscientists carried out integrated interpretation based on the investigation 
results of ONK-PH12 on March 2010. The idea of a single-hole interpretation has been 
developed with the objective to identify and describe the general characteristics of 
major rock units and possible deformation zones within a drillhole. A single-hole 
interpretation involves integrated interpretation of the data from the geological 
mapping, geophysical logging as well as hydrogeological investigations. The method is 
regarded useful especially for developing integrated and detailed modelling for the use 
of the RSC (Rock Suitability Criteria) program.  
 
Keywords: pilot hole, ONKALO, core drilling, drillhole measurements, flow logging 
 



 

 

 

PILOTTIREIÄN ONK-PH12 KAIRAUS JA REIKÄTUTKIMUKSET 

TIIVISTELMÄ 

ONKALOn ajotunnelin rakentaminen aloitettiin Olkiluodossa syyskuussa 2004. 
Useimmat ajotunnelin rakentamisen aikaiset tutkimukset liittyvät louhinnan, lujituksen 
ja injektoinnin suunnitteluun. Pituudeltaan muutamista kymmenistä metreistä satoihin 
metreihin olevat pilottireiät kairataan tunnelin profiiliin. Pilottireikien avulla 
varmistetaan kalliomassan laatu ennen louhimista. Pilottireikien avulla tunnistetaan 
vettä johtavat rakenteet ja niistä saatavilla tiedoilla voidaan modifioida olemassa olevia 
louhintasuunnitelmia. 
 
Pilottireikä ONK-PH12 kairattiin paalulukemalta 4092 paalulukemalle 4215 tammi-
kuussa 2010. Reiän pituus on 123,96 metriä. Kairaus tehtiin suunnattuna näytteen-
ottona. Taipuma mitattiin kairauksen aikana ja sen jälkeen. Sähkönjohtavuus mitattiin 
reiästä palautuvasta reikävedestä otetuista vesinäytteistä. Kallionäytteiden tarkastelu 
käsitti seuraavat parametrit: litologia, liuskeisuus, rakoilu, rakoluku, RQD, rikkonai-
suusvyöhykkeet, näytehukka ja rapautuneisuus. Kalliomekaaninen raportointi perustui 
Q-luokitukseen. Kiven lujuus- ja muodonmuutosparametrit määritettiin Rock Tester -
laitteistolla. 
 
Rakojen sekä rakovyöhykkeiden vedenjohtavuus mitattiin Posiva Flow Log-virtaus-
eromittarilla. Mittaus suoritettiin kahdessa vaiheessa. Virtausmittauksen yhteydessä 
mitattiin myös maadoitusvastus, reikäveden sähkönjohtavuus ja lämpötila. Virtaus-
mittauksessa käytettiin 0,5 m mittausväliä ja 0,1 m pisteväliä. Vesimenekkikokeet 
tehtiin reikäsyvyysvälillä 35,0-123,85 metriä. 
 
Reikägeofysiikan mittauksista ja reiän optisesta sekä akustisesta kuvantamisesta saadut 
tulokset integroitiin ja akustisen menetelmän ja reikätutkan data tulkittiin. 
 
Vesinäytteenottoa ei voitu suorittaa, sillä mitattavaa vuotoa kairareiästä tunneliin ei 
havaittu. PFL DIFF menetelmän havaitsema vesivuotojen yhteissumma on 5,9 mL/min. 
 
Mittaustulosten valmistuttua maaliskuussa 2010 ryhmä geologeja, geofyysikoita ja 
hydrogeologeja teki aineistolle yhdistetyn tulkinnan. Yksireikätulkinnaksi nimetyssä 
menetelmässä tulkitaan samanaikaisesti kairareiän geologiset, geofysikaaliset ja 
hydrogeologiset aineistot muodostaen kuvan reiässä tavattavista kivilajiyksiköistä ja 
mahdollisista deformaatiovyöhykkeistä. Menetelmä tuottaa tietoa erityisesti RSC-
ohjelman (Rock Suitability Criteria) tarvitsemaan yksityiskohtaiseen mallinnukseen. 
 
Avainsanat: pilottireikä, ONKALO, kallionäytekairaus, reikämittaukset, virtausmittaus
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1  INTRODUCTION 

The construction of the ONKALO access tunnel started in September 2004. The 
investigations during the excavation of the access tunnel will provide detailed 
information of the bedrock and provide possibility to monitor the disturbances caused 
by the construction activities. Most of the investigations are common in tunnelling 
projects and aim to ensure successful excavation, reinforcement and sealing. 
Additionally, investigations that are specific for ONKALO project are carried out, as an 
example the pilot holes that are drilled along the tunnel profile. The current layout of 
ONKALO together with the locations of the pilot holes is presented in Figure 1-1.  
 
As ONKALO access tunnel deepens the impact of high groundwater pressure will be 
more and more important for the construction and investigation activities. For acquiring 
essential data for the construction design studies such as probing, tunnel mapping and 
pilot hole drilling are carried out. These methods also provide data for the site 
characterisation that include geological, rock mechanical and hydrogeological 
modelling.  
 
Pilot holes are gently dipping drillholes that are drilled ahead from the tunnel face along 
the planned tunnel profile. Their length in ONKALO typically varies from 100 m to 250 
m. The locations of the pilot holes are selected based on geological and hydrogeological 
models to cover the sections of the access tunnel that intersect with significant modelled 
structures. The access tunnel below level -300 m will be more thoroughly studied by 
pilot holes than the upper parts of ONKALO. At the repository construction phase the 
detailed characterisation of the rock volume will be handled using relatively long pilot 
holes (200 to 250 m). Therefore it is important to gain experience of their use 
beforehand. 
 
The pilot holes play an important role in preventing the tunnels from unexpectedly 
intersecting fractured zones, which would result in large groundwater inflows, and in 
making it possible to consider such intersections in advance and in carrying out 
appropriate pre-grouting. Pilot holes are also essential for acquiring reliable in situ data 
on the host rock. The drillholes must be designed, assessed and drilled so that the 
disturbances to the host rock (e.g. undesirable hydraulic connections, uncontrolled 
leakages, etc.) are minimized and the natural integrity of the host rock is not 
jeopardised. 
 
The first pilot hole OL-PH1 was drilled from the ground surface prior the tunnel 
excavation works. The following 11 pilot holes from ONK-PH2 to ONK-PH12 were 
aimed to confirm major fractured zones that are hydraulically conductive or other 
structures that were considered interesting. Table 1.1 presents the details of the 
altogether 12 pilot holes drilled. 
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Figure 1-1. ONKALO layout and locations of the pilot holes. 
 
Table 1-1. Technical details of the ONKALO pilot holes. 
 

Pilot hole Hole length 
(m) 

Date drilling 
completed 

Chainage 
interval 

Reference report 

OL-PH1 160.08 Jan. 2004 -23 - 137 Niinimäki 2004 
ONK-PH2 122.31 Dec. 2005 135 - 257 Öhberg et al. 2005 
ONK-PH3 145.04 Sep. 2005 697 - 842 Öhberg et al. 2006b 
ONK-PH4 96.01 Oct. 2005 874 - 970 Öhberg et al. 2006a 
ONK-PH5 202.64 Jan. 2006 991 - 1194 Öhberg et al. 2006c 
ONK-PH6 155.04 Sep. 2006 1404 - 1559 Öhberg et al. 2007a 
ONK-PH7 100.31 Feb. 2007 1880 - 1980 Öhberg et al. 2007b 
ONK-PH8 150.29 July 2008 3116 - 3266 Karttunen et al. 2009 
ONK-PH9 150.27 Nov. 2008 3263 - 3413 Karttunen et al. 2010 
ONK-PH10 180.00 Mar. 2009 3459 - 3639 Mancini et al. 2010 
ONK-PH11 131.21 Oct. 2009 3922 - 4052 Karttunen et al. 2011 
ONK-PH12 123.96 Jan. 2010 4092 - 4215 Lahti et al. 2011 

 
This report describes the drilling and the associated drillhole investigations of the pilot 
hole ONK-PH12. Suomen Malmi Oy, contracted by Posiva Oy, drilled the pilot hole. 
Posiva carried out the geological logging of the drill core and performed the water loss 
measurements. Hydraulic flow measurements were assigned to PRG-Tec Oy. Suomen 
Malmi Oy (Smoy) was assigned the rock mechanical tests and geophysical loggings. 
Following persons have contributed to the compilation of this report: Chapter 2 Vesa 
Toropainen Suomen Malmi Oy, Chapter 3 Tuomas Pere/Posiva Oy, Chapter 4 (4.1 and 
4.2) Tuomas Pere/Posiva Oy, (4.3 and 4.4) Vesa Toropainen/Suomen Malmi Oy, 
Chapter 5 (5.1 and 5.2) Jari Pöllänen and Janne Pekkanen/PRG-Tec Oy and (5.3) Eeva 
Käpyaho, Chapter 6 Anna-Maria Tarvainen/Suomen Malmi Oy. The editing of this 
report has been done by Mari Lahti/Posiva Oy. The Figure 1-1 is drawn by Jyrki 
Liimatainen/Posiva Oy. 

ONK-PH12 

ONK-PH11 
ONK-PH10 

ONK-PH9 

ONK-PH8 

ONK-PH7

ONK-PH4 

ONK-PH5

ONK-PH3 

OL-PH1 ONK-PH2
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2  DRILLING 

2.1  General 

The aim of the drilling work was to drill a 125 m long pilot hole ONK-PH12 inside the 
ONKALO access tunnel profile. The tunnel profile at the starting point of the pilot hole 
was 5.50 m wide and 6.65 m high. The dip of the tunnel was 1:10 (-5.7 degrees). The 
starting point for the pilot hole was at the chainage 4092 and the target point at the 
chainage 4217. The drillhole was left one lift short due to schedule, and reached the 
chainage 4215. The main purpose of the drilling was to acquire and adjust the 
geological, geophysical, hydrogeological and rock mechanical knowledge prior to 
excavation of the tunnel into the rock mass. The purpose of and the studies in the pilot 
holes in general are explained more profoundly in reports TKS-2003 and TKS-2006. 
 
Based on present modelling data, potentially water conductive structures were not 
expected to be penetrated by the pilot hole. 
 
 

 

 
Figure 2-1. The position of pilot hole ONK-PH12 (blue) at chainage 4092 to 4215. 
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2.2  Equipment 

The pilot hole ONK-PH12 was drilled with the Sandvik DE 130 underground diamond 
drill rig (Figure 2-2). The rig is mounted on stationary legs with transport wheels. The rig 
is powered by electric motor using hydraulic pumps. The list of equipment at the site is 
presented in Appendix 2.1.  
 
Atlas Copco’s NQ3 -triple tube core barrel with extra stabilizator and NQ-drill rods were 
used in this drilling work. Drillhole diameter with NQ3 -triple tube core barrel is 75.7 mm 
and drill core diameter is 50.2 mm. The cutting area of the diamond bit of the triple tube 
core barrel is larger than that of the double tube core barrel. In the triple tube core barrel 
the third, innermost, tube is of split type. The innermost split tube containing the sample is 
removed from the core barrel with the aid of a piston working on water pressure. Then the 
innermost tube can be opened and the undisturbed sample can be taken out from the inner 
tube. In this way the sample can be removed from the core barrel as undisturbed as 
possible.  
 

 
 
Figure 2-2. The Sandvik DE 130 underground diamond drill rig.  
 

2.3  Description of the drilling work 

The diamond drill rig was set up at the drilling site on the 15th of January in 2010. A 
surveying contractor (Prismarit Oy) checked the orientation of the rig.  
 
Core drilling started on the 15th of January in 2010. The initial azimuth of the drillhole 
was 127.2 degrees and the initial dip -5.2 degrees (measured by Prismarit Oy 19th of 
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January 2010), Table 2-1. The casing drilling for the pilot hole was done on January 15th. 
The steel casing was drilled for collecting water coming from the hole. The drillhole was 
started by first drilling with � 76 mm bit size core barrel (NQ3) to the depth of ~1.5 
metres. Then the � 76 mm core barrel was drilled over with � 90/77 mm steel tube and 
� 90 mm bit size to the depth of 0.7 metres. After this, the first lift of 2.85 m was 
completed with 76 mm bit size, and drilling continued normally. The purpose of this was 
to place the starting point as accurately as possible to the planned location. 
 
Table 2-1. The starting and the surveyed coordinates at depth of 120 metres. 
 

Station X Y Z Azimuth (o) Dip (o) Chainage Method 

Start of hole 6792315.22 1525470.95 -387.78 127.2 -5.2 4092 Location 
survey 

At 120 m 6792243.47 1525566.54 -398.55 126.5 -5.0 4212 Maxibor 

At 120 m 6792242.95 1525566.09 -399.05 127.0 -5.4 4212 EMS 
 
The pilot hole must stay inside the planned tunnel profile. Therefore the pilot hole was 
prepared to be orientated according to demands appointed by Posiva Oy. The steering 
operation was planned to accomplish by wedging. One wedge would have bended the 
hole approximately 1.5 degrees.  
 
Drilling work was carried out as continuous two shift work (á 12 hours). The drilling team 
in a shift consisted of a driller and an assistant. Supervisor Matti Alaverronen 
superintended the work at Olkiluoto.  
 
Handling of the core was based on the POSIVA work instructions POS-001427 ”Core 
handling procedure with triple tube coring (in Finnish)”. The drill core samples were 
placed into about one-metre long wooden core boxes immediately after emptying the core 
barrel and taking the samples. In total, 29 core boxes were used during this drilling work.  
 
Core orientation of ONK-PH12 was carried out by using Ezy-Mark™ system. When 
utilized, the Ezy-Mark tool was locked into the core lifter case of inner tube and set into 
the core barrel. Before drilling starts, the core barrel with the marking tool is lowered 
against the hole bottom. The pencil of the orientation head makes a mark on the hole 
bottom and pins of the tool are pressed to record the profile of the hole bottom. When the 
tool reaches the bottom, the orientation balls of the tool are locked in their lowest 
position, indicating the bottom of the hole direction. During the drilling, marking tool 
slides above the drilled core inside the core barrel. After drilling is finished, the inner tube 
with the sample and the tool is pulled up from the hole by the wire line cable.  
 
The core orientation can be done, when the tool is twisted into Ezy-Mark Orientation 
Cradle (Figure 2-3) so that the orientation balls can be seen from the slot of the cradle. 
When the core sample is set into the cradle and the orientation head is aligned 
respectively with the shape of the core face and pencil mark, orientation can be drawn on 
the outer surface of the core using the edge of the cradle (Figure 2-3). If a pencil mark 
does not exist, the core can still be orientated by using only the pins of the orientation 
head. The block marking “EM” is used with this method. The Ori-Block (Figure 2-4) is a 
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separable pen and pin block of Ezy-Mark. The Ori-Block is used only once and then 
placed to the core box above the oriented lift. This allows the orientation marks to be 
audited afterwards.  
 
Orientation was done in every run where it was possible. The hole was completed in 46 
runs, of which 45 were oriented, Appendix 2.2. Average length of a run was 2.69 metres.  

 

 
 
Figure 2-3. Drawing of the orientation line to the core sample with Ezy-Mark™ 
orientation tool (Photos 2iC Australia Pty Ltd).  
 

 
 
Figure 2-4. The Ori-Block™ separable orientation block (Photos 2iC Australia Pty Ltd). 
 

2.4  Drilling and returning water 

The flushing water was marked with the label agent sodium fluorescein. Sodium 
fluorescein is an organic powdery pigment, which is broken down by UV radiation. The 
labelled drilling water for drillholes was taken from the water pipeline in ONKALO. The 
mixing of the label agent was done by Posiva Oy before pumping water to the ONKALO 
pipeline. After drilling, the drillhole was flushed with water circulating from the bottom 
of the drillhole. During the drilling and flushing 46.7 m³ of labelled water was used. The 
water circulation in the drillhole operated normally during the drilling and practically all 
water returned from the drillhole. 
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Water leakage from the drillhole was observed during drilling, but the leakage was so 
small, that it was not measured. 
 
Electric conductivity of the returning water was observed from every lift with 46 
measurements (Appendix 2.2). The electric conductivity of returning water varied from 
22.4 to 31.4 mS/m, but most of the time was between 25 and 29 mS/m.  
 

2.5  Deviation surveys 

The deviation of the pilot hole was measured with two different devices. The drillhole 
was surveyed inside the drilling rods with Maxibor tool at the drilling depths of 40, 90 
and 123.85 metres. The EMS survey was performed during drilling at drilling depths of 
40 and 123.85 metres. Maxibor was lowered to hole inside drill string with drill rods. The 
EMS downhole deviation survey tool was lowered to the drillhole with rods. Measuring 
interval was three metres in both surveys. The results are presented as a table form in 
Appendices 4 and 5. The surveys were tied to geodetic fix point, which was the drillhole 
start, measured by Prismarit Oy, presented in Table 2-1.  
 
Maxibor is an optical instrument and it measures the curvature of consecutive hole 
segments using reflected light inside its steel tubes.  In basic setup Maxibor device has 
two reflector rings at three metres intervals in a six metres long tube. In a straight hole the 
rings are concentric. When the tool is bent following the curved drillhole, the rings are 
shifted correspondingly. By quantifying this shift, a measure of the bend can be 
calculated. The tool records its rotational attitude from the position of a circular bubble at 
each measuring station. Maxibor measures the rotation angle and uses the information to 
separate true bend from instrument rotation. The diameter of the tube is adjusted for 46 
mm size. When measuring larger drillholes four centralizing rings of suitable size are 
installed directly around the reflector rings, camera and top coupling. Based on the initial 
coordinates, dip and azimuth of the hole and deviation readings of the reflector rings a 
computer program calculates the coordinates and direction of the hole at each survey 
station. 
 
EMS device measures the drillhole dip with an electronic accelerometer and the azimuth 
relative to the magnetic north with a three component fluxgate magnetometer. According 
to the manufacturer, provided there are no magnetic anomalies, the accuracy of the 
azimuth is ± 0.5 degrees and the accuracy of the dip is ± 0.2 degrees. Some magnetic 
anomalies were detected during measuring the drillhole. The azimuth is given to the 
magnetic north and the declination has been added to the results. In the drillhole the 
corresponding declination in EMS calculations is +6.3 degrees, obtained from the basic 
map of the Olkiluoto area. There may be some local variations in the declination.  
 
The results of the deviation surveys at depth of 120 metres with Maxibor and EMS –tools 
are shown in Table 2-1. In pilot hole both the Maxibor survey was carried out to the depth 
of 120 metres and EMS survey to the depth of 123 metres. According to the Maxibor 
results the horizontal deviation of the pilot hole at the drillhole depth of 120 metres is 0.56 
metres to the left and the vertical deviation is 0.11 metres upwards in relation to the initial 
direction of the drillhole (first station of Maxibor survey, Appendix 2.3). According to the 
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EMS results the horizontal deviation of the pilot hole at the drillhole depth of 123 metres 
is 1.20 metres to the left and the vertical deviation is 0.07 metres downwards in relation to 
the initial direction of the drillhole (first station of EMS survey, Appendix 2.4). The 
comparison of survey results at the surveys at the depth of 120 metres and the drillhole 
end coordinates are presented in Table 2-1.  
 

2.6  Demobilization 

The diamond drill rig was moved from the pilot hole on the 18th of January in 2010. 
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3  GEOLOGICAL LOGGING 

3.1  General 

The core logging of ONK-PH12 followed the normal Posiva logging procedure, which 
has been used in previous pilot hole drilling programmes at Olkiluoto. Geologists from 
Posiva carried out the geological core logging.  
 
During the drilling of the ONK-PH12, the drilling contractor put an orientation mark to 
the drill core after every sample run, whenever possible, and a total of 43 such 
orientation marks were made. From these marks, a base line was drawn onto the drill 
core to act as a ground for directional measurements from the sample. Some orientation 
marks were discarded because of contradictory orientation relative to the previous or 
following mark; also, it was not possible to mark some parts of the drill core with a 
baseline due to spinning of the core during the drilling. A total of 99.8 % (123.75 m) of 
the ONK-PH12 drill core was orientated by using 18 marks (Appendix 3.1). 
 
From the core samples, the lithology, foliation, fracturing, fractured zones, weathering, 
rock quality and possible intersections were mapped. Directions of foliation-planes were 
determined from drillhole images by using Wellcad software (see chapter 3.3); 
directions of fracture-planes were determined, when possible, both from the core and 
from drillhole images (see chapter 3.4). Core samples for rock mechanical field-tests 
were chosen after the full geological logging was made (Appendix 3.2). After the 
necessary markings were made to the core boxes (Appendix 3.3), digital photos were 
taken from every box (Appendix 3.4).  
 

3.2  Lithology 

The lithological classification used in the mapping followed the classification by Mattila 
(2006). In this classification, metamorphic rocks form a compositional series and can be 
separated by texture and proportion of leucosome. Migmatitic metamorphic gneisses are 
divided into veined- (VGN), stromatic- (SGN) and diatexitic (DGN) types. The 
percentage of leucosome content in the migmatitic gneisses is recorded in the log. The 
non-migmatitic metamorphic gneisses are separated into mica- (MGN), mafic- 
(MFGN), quartz- (QGN) and tonalitic-granodioritic-granitic (TGG) gneisses. Igneous 
rock names used in the classification are coarse-grained pegmatitic granite (PGR), K-
feldspar porphyry (KFP) and metadiabase (MDB). The lithology recorded from the 
ONK-PH12 drill core is presented in Figure 3-1 and in Appendix 3.5. 
 
Most of the drill core ONK-PH12 is dominated by VGN, interlayered with sections of 
DGN and PGR. Veined gneisses form 64.2 % of the total core length. The leucosome 
(neosome) content of VGN varies from 20 to 35 %, being on average at ca. 28 %. In 
ONK-PH12 The VGN is typically medium-grained, grey to dark grey, and contains 
various kinds of inclusions (SGN, QGN, MGN), which reflect changes in the protolith 
composition. Mineralogically the veined gneisses in ONK-PH12 consist of plagioclase-
rich cordierite-sillimanite-mica gneisses with occasional garnet. The mineralogical 
variations also reflect changes in protolith composition (Kärki & Paulamäki 2006). 
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Small amounts of graphite occur locally. The dominating foliation type of the VGN in 
ONK-PH12 is moderately banded.  
 
Seven sections of coarse- to very coarse-grained granitic material were logged from the 
drill core ONK-PH12. These sections logged as PGR are located at 4.55 - 8.75, 31.40 - 
38.35, 43.00 - 44.50, 50.80 - 60.00, 61.36 - 65.00, 105.08 - 109.94 and 112.91 - 123.96 
m dhd. PGR forms 33.4 % of the total length of the core. The PGR is typically massive, 
but single occurrences of slightly foliated palaeosome remnants can be seen locally. 
Mineralogically, the pegmatitic granites in ONK-PH12 can be described as coarse-
grained feldspar-quartz rocks with porphyroblasts of garnet and cordierite. The 
cordierite porphyroblasts are typically ~1-3 cm in diameter and some of the grains are 
pinitized. Garnet occurs as porphyroblasts that are usually less than 1 cm in diameter. 
Single bands of sillimanite can also be seen in the pegmatitic granites. The sillimanites 
are mostly greyish but also slightly yellow variants occur in the pegmatitic granites of 
Olkiluoto. 
 
 

 
 
Figure 3-1. The lithology of ONK-PH12. 
  
One short section of DGN was also mapped at 109.94-112.91 m dhd. DGN comprises 
2.4 % of the total length of the drill core. The DGN in ONK-PH12 is heavily 
recrystallized, medium-grained and grey with irregular foliation. Mineralogically the 
DGN in ONK-PH12 consists of plagioclase-rich cordierite-sillimanite-mica gneiss with 
neosome content of ~ 55 %. 
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3.3  Foliation 

Observations of foliation were carried out in one-metre intervals using the core sample 
for characterisation and WellCad borehole imaging software for orientation 
measurements. Foliation type and intensity were classified using the characterisation 
procedure introduced by Milnes et al. (2006).   
 
According to the characterisation procedure, the foliation type is classified into five 
categories: 
 
MAS = massive 
GNE = gneissic 
BAN = banded 
SCH = schistose 
IRR = irregular 
 
The gneissic (GNE) type is dominated by quartz and feldspars with no continuous trains 
of micas or amphiboles, the banded foliation (BAN) comprises intercalated gneissic and 
schistose layers and the schistose (SCH) type is dominated by micas and/or amphiboles 
arranged in continuous trains so that the preferred orientation of their crystallographic 
cleavages provides a general plane of mechanical weakness. Massive (MAS) 
corresponds to a massive rock with no visible orientations and irregular (IRR) to a 
folded or chaotic rock. 
 
Four categories exist for the foliation intensity:  
 
0 = Massive or irregular 
1 = Weakly foliated 
2                    = Moderately foliated 
3 = Strongly foliated 
 
The foliation type and intensity were estimated visually in one metre intervals. A total 
of 124 observations were made. Results of the foliation type and intensity classification 
and foliation orientation measurements from ONK-PH12 are shown in Figures 3-2 and 
3-3, respectively, and presented in Appendix 3.6.   
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Figure 3-2. Type and intensity of foliation in relation to the different rock types in 
ONK-PH12 drill core.  
 
Of the 124 foliation observations, 78 were made from VGN, which is the dominant rock 
type. This is slightly less (62.9%) than expected on the basis of the lithological logging 
(64 % VGN; Figure 3-1). These percentage differences are due to a different scale: 
small-scale variations (especially between VGN and DGN) are not logged as separate 
lithological units, but when foliation observations are made, rock type is determined for 
every one-metre section of the drill core. This causes slight percentage differences in 
rock types between the foliation and lithology logs. The VGN is dominated by banded 
(62.8 %) and gneissic (29.5 %) foliation, with irregular (7.7 %) types present locally. 
Irregular (87.5 %) and banded (12.5 %) foliation types are present in the diatexitic 
gneisses of ONK-PH12 (Figure 3-2, Appendix 3.6). All foliation observations logged 
from PGR were classified as massive. All foliation intensities are represented in the 
core but moderately and slightly foliated sections are most common (Figure 3-2, 
Appendix 3.6). 
 
Out of the total 124 foliation observations made from the ONK-PH12, 95 yielded dip 
and dip direction. When plotted in a stereogram (Figure 3-3), the orientations cluster, 
most of them striking E-W and dipping towards S (mean dip/dip direction of 48/173º). 
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Figure 3-3. Contour plot of foliation orientations in ONK-PH12 (Fisher equal area, 
lower hemisphere projection). 
 

3.4  Fracturing 

From the oriented drill core sections, core alpha and beta angles of every fracture were 
measured (Figure 3-4, Appendix 3.7). Each alpha and beta value was then recalculated 
to real dip and dip directions using drill hole orientation and hole deviation survey data. 
Fracture orientations were also determined by using the Wellcad software, for fractures 
identified from the hole-TV images (Appendix 3.8). 
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Figure 3-4. The fracture orientation measurements from orientated core. The core 
alpha (�) angle is measured relative to the core axis, the beta (�) clockwise relative to a 
reference line looking downward the core axis in direction of drilling. Figure modified 
from Rocscience Inc. Borehole orientation data pairs, Dips (v. 5.102) Help.  
 
In addition to orientation, each fracture present in the ONK-PH12 was described 
individually with attributes including type, colour, fracture filling, surface shape and 
roughness. The Ja (joint alteration) and Jr (joint roughness) parameters for the Q-
classification were also determined for each fracture.  
 
The abbreviations used to describe the fracture type are in accordance with the 
classification used by Suomen Malmi Oy (Niinimäki 2004) and are as follows: 
 
op = open 
ti = tight, no filling material 
fi = filled 
fisl = filled slickensided 
grfi = grain filled 
clfi = clay filled 
 
Healed or welded fractures were classified as tight and described in the remarks column. 
The thickness of the filling was estimated with an accuracy of 0.1 mm. Fracture fillings 
were estimated visually; where recognition of a specific mineral was not possible, the 
mineral was described with a common mineral group name, such as clay and sulphides, 
in accordance with the fracture-mineral database developed by Kivitieto Oy. Mineral 
abbreviations used during the logging are shown in Table 3-1.  
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Table 3-1. Abbreviations used for fracture-filling minerals during the drill core logging. 
 

Abbreviation Mineral Abbreviation Mineral 
AN = analcime NA = nakrite 
KS = kaolinite + other 

clay minerals 
HB = hydrobiotite 

BT = biotite PA = palygorsgite 
LM = laumontite HE = hematite 
CC = calcite PB = galena 
MH = molybdenite IL = illite 
CU = chalcopyrite SK = pyrite 
MK = pyrrhotite IS = illite + other clay 

minerals 
DO = dolomite SM = smectite 
MO = montmorillonite KA = kaolinite 
EP = epidote SR = sericite 
MP = black pigment KI = kaolinite + illite 
FG = phlogopite SV = clay mineral 
MS = feldspar KL = chlorite 
GR = graphite VM = vermikulite 
MU = muscovite KM = K-feldspar 
GS = gismondite ZN = sphalerite 

 
 
Fracture surface shape and roughness were classified using a modification of Barton’s 
Q-classification (Barton et al., 1974) as follows: 
 
Shape  Roughness 
Planar  Rough 
Stepped   Smooth 
Undulated  Slickensided 
 
In addition, fracture morphology and alteration were also classified according to the Q-
system (Grimstad & Barton 1993). Fracture morphology was described with the joint 
roughness number, Jr (Table 3-2) and the alteration with the joint alteration number Ja 
(Table 3-3). 
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Table 3-2. Concise description of the joint roughness number Jr (Grimstad & Barton 
1993).  
 

Jr Profile Rock wall contact 
Rock wall contact before 10 cm shear. 

4 SRO Discontinuous joint or rough and stepped 
3 SSM Stepped smooth 
2 SSL Stepped slickensided 
3 URO Undulating rough 
2 USM Undulating smooth 
1.5 USL Undulating slickensided 
1.5 PRO Planar, rough or irregular 
1 PSM Planar smooth 
0,5 PSL Planar slickensided 
Note 
1. Descriptions refer to small scale features and intermediate scale features, in that order.  
Jr  No rock-wall contact when sheared 
1  Zone containing clay minerals thick enough to prevent rock-wall 

contact 
1  Sandy, gravely or crushed zone thick enough to prevent rock-wall 

contact 
Note 
1. Add 1 if the mean spacing of the relevant joint set is greater than 3.  
2. Jr = 0.5 can be used for planar slickensided joints having lineation, provided the lineations are 
oriented for minimum strength. 

 
 
Table 3-3. Concise description of joint alteration number Ja (Grimstad & Barton, 
1993).  
 

Ja Rock wall contact (no mineral filling, only coatings). 
0.75 Tightly healed, hard, non-softening impermeable filling, i.e. quartz, or epidote. 
1 Unaltered joint walls, surface staining only. 
2 Slightly altered joint walls. Non-softening mineral coatings, sandy particles, clay-

free disintegrated rock, etc. 
3 Silty or sandy clay coatings, small clay fraction (non-softening). 
4 Softening or low-friction clay mineral coatings, i.e. kaolinite, mica, chlorite, talc, 

gypsum, and graphite, etc., and small quantities of swelling clays (discontinuous 
coatings, 1-2 mm or less in thickness. 

 Rock wall contact before 10 cm shear (thin mineral fillings). 
4 Sandy particles, clay-free disintegrated rock, etc. 
6 Strongly over-consolidated, non-softening clay mineral fillings (continuous, <5 mm 

in thickness). 
8 Medium or low over-consolidation, softening, clay mineral fillings (continuous, <5 

mm in thickness). 
8-12 Swelling-clay fillings, i.e. montmorillonite (continuous, <5 mm in thickness). Value 

of Ja depends on the percentage of swelling clay-sized particles, access to water, etc. 
 No rock-wall contact when sheared (thick mineral fillings). 
6-12 Zones or bands of disintegrated or crushed rock and clay. 
5 Zones or bands of silty- or sandy-clay, small clay fraction (non-softening). 
10-20 Thick, continuous zones or bands of clay. 
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During the fracture logging, surface colour was also registered. The surface colour is 
often caused by the dominating fracture mineral or minerals, e.g. chlorite (green) or 
kaolinite (white). Existence of minor fracture-filling minerals usually causes some 
variation in the colour of the fracture surface. These shades were described as reddish or 
greenish, etc. 
 
A total of 164 fractures were logged from the ONK-PH12 drill core (Appendix 3.7). 
127 fractures were identified and their orientations determined from the hole-TV image 
(Appendix 3.8). Out of the 164 fractures logged from the drill core, 135 (82.3 %) are 
filled, 8 (4.9 %) slickensided, 15 (9.1 %) tight, 3 (1.8 %) grain-filled, 1 (0.6 %) clay-
filled and 1 (0.6 %) open. In addition, one fracture was left unclassified because the 
surface had been destroyed during the drilling. The frequencies of fracture surface 
qualities and joint roughness with joint alteration numbers are shown as histograms in 
Figures 3-5 to 3-7. 
 
The fractures in the ONK-PH12 are either undulated, planar or stepped in shape and 
most have a rough profile: 17.1 % (28 fractures) are classified as PRO and 55.5 % (91 
fractures) as URO. 14 (8.5 %) slickenside fractures were mapped (Figure 3-5, Appendix 
3.7). This explains the high number of fractures with joint roughness numbers of 1.5, 2 
or 3 (Figure 3-6, see Table 3-2). Joint alteration numbers are generally low or moderate, 
with 73.8 % of the fractures having Ja of 2 or lower. Higher Ja -numbers (3-4) were 
given to 43 (26.2 %) fractures (Figure 3-7). 
 
Most of the low-friction fractures in ONK-PH12 are located in sections of generally 
increased fracture density (Figure 3-8). These low-friction fractures comprise 
slickensided and clay- or grain-filled fractures as well as fractures with planar smooth 
profiles. The last 30 meters of the ONK-PH12 drill core are virtually unfractured and 
low-friction fractures do not occur. 
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Figure 3-5. Shape and roughness of fracture surfaces in the ONK-PH12 drill core. 
 
  

 
 
 
Figure 3-6. Distribution of joint roughness numbers of the fractures in the ONK-PH12. 
 
 

Jr
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Figure 3-7. Distribution of joint alteration numbers of the fractures in the ONK-PH12. 
 
 

 
 
Figure 3-8. Distribution of fractures in the ONK-PH12. 
 
To study the fracture density and fracture filling thicknesses in the ONK-PH12, the 
fracture logging data were divided into 20 m long sections, except for the last section 
which is 23.96 m long (Figures 3-9). The densest fracture population is found at 40 - 60 
m dhd, where 58 fractures were logged. The largest total and average fracture filling 
thicknesses are found at 20-40 m dhd with the total fracture filling thickness of 15.9 mm 
(an average thickness of fillings about 0.80 mm per fracture). The last 23.96 meters are 
least fractured and only contain one fracture with 4 mm thick muscovite fillings. For 
presentation reasons the average thickness of the fillings within this section has not been 
multiplied by 100 like in the other sections (Figure 3-9).  
 

Ja
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Figure 3-9. Number of fractures presented with the total and average thicknesses of 
fracture fillings in the ONK-PH12. The fracture logging data are divided into 20 m long 
sections and the average fracture filling thickness is multiplied by 100 for presentation 
reasons, except for the last section which only contains one fracture with 4 mm thick 
muscovite fillings. 
 
The dominant fracture filling minerals in ONK-PH12 are kaolinite (KA), chlorite (KL), 
calcite (CC), pyrite (SK) and illite (IL) (Figure 3-10, Appendix 3.7). Single occurrences 
of quartz (KV), and unspecified clays (SV) are seen sporadically along the core but 
graphite (GR) can only be seen within a short section between 85.48 - 87.55 m dhd.  
Muscovite (MU) is mostly found in fractures located within sections of PGR. The 
slickensided fracture surfaces in ONK-PH12 typically contain chlorite, kaolinite and 
illite with occasional graphite.  
 
The distribution of all fracture orientation observations of ONK-PH12 is shown in 
Figure 3-11 as Fisher equal area, lower hemisphere projection. The fracture orientations 
were determined both from the drill core and the drillhole image, with a total of 164 
fractures oriented. It was possible to orient all fractures from the core, but all fractures 
logged from the core were not identifiable from the OBI and ABI-images. All fracture 
orientation observations from both, core and image were used in determining the main 
fracture directions (Figure 3-11), but for the fractures analysed with both methods, 
orientations measured from the image are considered more reliable (see Appendices 3.8 
and 3.9). For comparison, the fracture orientations measured from the core (164 
fractures) and the image (127 fractures) are also shown separately in Figure 3-11.  
 
The fracture directions measured from ONK-PH12 form clear sets. The most common 
fracture direction in ONK-PH12 is NNE-SSW trending vertical (mean dip/dip direction 
89/110º). Another strong set is sub-horizontal and dipping towards N (mean dip/dip 
direction of 38/325º). One set is formed by sub-horizontal, foliation-parallel fractures 
with the mean dip/dip direction of 48/149º. This set is not clearly visible in the image 
fracture log, which suggests that some of these fractures may consist of closed, 
foliation-parallel fracture planes, which have been detached during the drilling but 
remain intact in the bedrock. These foliation-parallel fractures are also poorly 
recognizable in the optical borehole image. An E-W -trending vertical set (mean dip/dip 
direction 90/165º) is also present as well as two more sub-horizontal sets (mean dip/dip 
directions 53/265º & 39/089º). 
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Figure 3-10. Fracture mineralogy distribution in ONK-PH12. Mineral abbreviations 
are as in Table 3-1. 
 

 
                          
 
Figure 3-11. Distribution of poles to fractures in ONK-PH12 (Fisher equal area, lower 
hemisphere projection).  
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3.5  Fracture frequency and RQD 

Average fracture frequency along the drill hole ONK-PH12 is 1.32 fractures/meter 
(natural fractures) and the average RQD value is 97.38 %. Fracture frequency and RQD 
are shown in Figure 3-12 and presented in Appendix 3.9.  
 

 

Figure 3-12. Frequency of natural fractures and RQD along the ONK-PH12.  
 
 
 
 

3.6  Fractured zones and core loss 

The fractured zones are classified using RG-classification (Korhonen et al. 1974; 
Gardemeister et al. 1976), where the fractured or broken core is divided into four Ri-
classes described in Table 3-4 (the RiI is not used in drill core classification). 
 
Table 3-4. Classification of fractured zones (Korhonen et al. 1974; Gardemeister et al. 
1976; Saanio 1987). 
 

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 
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The drill core ONK-PH12 did not contain any RG-classified fracture zones. 
 

3.7  Weathering 

The weathering/alteration degree of the drill core was classified according to the method 
developed by Korhonen et al. (1974) and Gardemeister et al. (1976) and the following 
abbreviations were used: 
 
Rp0 = unweathered 
Rp1  = slightly weathered 
Rp2  = strongly weathered 
Rp3 = completely weathered 
 
The rock in the drill core ONK-PH12 was generally unweathered and the whole sample 
was classified as Rp0. 
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4  ROCK MECHANICS 

4.1  Rock mechanical field tests on core samples 

Rock strength and deformation property tests were made with Rock Tester-equipment. 
The device is meant for field-testing of cores to evaluate rock strength and deformation 
parameters. The cores to be tested can be left unprepared and the test itself is easy to 
perform and hence is a lucrative testing method. The sample should be in one piece and at 
least 0.30 m long without any healed fractures and not remarkably microfractured. 
 
Young’s modulus E, Poisson’s ratio � and Modulus of Rupture Smax were measured with 
a bend test in which the outer supports were placed 190 mm apart (L) and the inner 
supports 58 mm apart (U). The diameter of the core (D) is about 50 mm. The test 
arrangement is shown in Figure 4-1. 
 
Young’s modulus describes the stiffness of rock in the condition of isotropic elasticity. 
This can be calculated based on Hooke’s reduced law (Equation 4.1) 
 

  E
a

�
�
�

 [Pa]   (4.1) 

	
� = stress [Pa] 
�a = axial strain 
 
Poisson’s ratio is defined as the ratio of radial strain and axial strain (Equation 4.2). 
 

  
a�
�� r�     (4.2) 

 
�r = radial strain  
�a = axial strain  
 
Values of the Modulus of Rupture are read directly from the Bend test measurement. 
 
The uniaxial compressive strength of the rock, �c, was determined indirectly from the 
point load test results. The point load tests were made according the ISRM suggestions 
(ISRM 1981 and ISRM 1985). The point load index IS50, which is determined in the test, 
is multiplied by coefficient value of 20 to make resulting values correspond to the 
uniaxial compressive strength (Pohjanperä et al. 2005). 
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Figure 4-1. Bend test with radial and axial strain gauges glued on the core sample. 
 
In the point load test, the load is increased until the core sample breaks (Figure 4-2). The 
point load index is calculated from the load required to break the sample. The test result is 
valid only if the broken surface goes through the load points. The point load index IS is 
calculated from Equation 4.3. 
 

  I P
DS � 2  [Pa]   (4.3) 

 
P = point load [N] 
D = diameter of the core sample [mm] 
 
The point load index is dependent on the diameter of the core sample and it is therefore 
corrected to the point load index Is50 (i.e. a 50 mm diameter core) using Equations 4.4 and 
4.5. The index IS50 is then correlated with the uniaxial compressive strength of the rock by 
multiplying the index by a coefficient of 20. After these correlations the result is not 
dependent on the sample size. 
 
  I F IS S50 � 
    (4.4) 
 

  F D
� �
�

�
��50

0 45,

   (4.5) 

 
 
 

    D

     L

L > 0,5D

 
Figure 4-2. Point load test. 
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L 

D 
L > 3,5D 

D � U � L/3 
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4.2  Strength and elastic properties 

Samples for testing the strength and elastic properties of the rock were chosen and taken 
by Posiva geologist. In total, six samples were tested. One bend test and two point load 
tests were made on each sample. If there was a problem in the test, the rock was retested 
if there was enough sample to do the test. 
 
The mean uniaxial compressive strength of the rock in drillhole ONK-PH12 is 144.2 
MPa. The mean elastic modulus (Young’s Modulus) is 67.1 GPa and the mean Poisson’s 
ratio 0.21. 
	
Differences in results are probably caused by the variability in the foliation intensity and 
the grain size. After sample testing, a geologist marked test direction on the point load 
samples and logged the following parameters: foliation angles in the point load tests, rock 
type, foliation intensity and description of foliation. The description of foliation in the 
point-loaded samples is presented in Table 4-2. 
 
The bend test results are presented in Table 4-1 and the point load test results and foliation 
information of point load test samples are presented in Table 4-2. The uniaxial 
compressive strength, Young’s modulus and Modulus of Rupture versus drillhole depth 
are shown in Figure 3.  
 
Table 4-1. Summary of rock mechanics field test results in drillhole ONK-PH12. 
 

Sample ID,  E � Smax Rock 
average       type 
depth, m GPa   MPa   

13.66 69.2 0.13 24.5 VGN 
40.33 63.5 0.20 28.4 VGN 
54.50 92.5 0.24 23.8 PGR 
71.40 59.4 0.24 26.4 VGN 

101.65 87.1 0.26 22.5 VGN 
114.72 31.0 0.18 9.7 PGR 

Average 67.1 0.21 22.6   
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Table 4-2. Summary of point load test results and foliation description of point load test 
samples in drillhole ONK-PH12. 
 

Drillhole Z 
�s50	 �C

�	
Foliation Degree 

of  
Description Rock Note Time 

from 
depth (m) angle2 (°) foliation3 of foliation4 type5   drilling6

(m)   MPa MPa �	 �	           
13.57 -389.03 7.9 157.1 30 90 2 BAN2 VGN   17 
13.82 -389.06 7.9 158.7 25 50 2 GNE2 MGN   17 
40.24 -391.50 5.5 110.4 15 60 2 BAN2 VGN   16 
40.42 -391.51 5.9 118.0 23 85 2 BAN2 VGN   16 

54.41 -392.81 7.1 142.5  -  - 0 MAS0 PGR 
weak shear 

bands 16 
54.59 -392.82 8.4 167.5  -  - 0 MAS0 PGR 16 

71.31 -394.37 (6.6) (132.4) 0 30 2 BAN2 VGN 

Rock 
splintered, 

did not break 15 
71.49 -394.38 7.2 144.7 5 40 2 BAN2 VGN   15 

101.56 -397.16 8.7 174.7  -  - 1 IRR0 VGN 
folded 

foliation 15 
101.74 -397.18 9.2 184.3 30 10 1 BAN1 VGN   15 
114.63 -398.37 8.9 177.7  -  - 0 MAS0 PGR   14 

114.81 -398.39 2.5 50.9  -  - 0 MAS0 PGR 

muscovite in 
breaking 
surface 14 

average 7.2 144.2               
1 Use coefficient factor of 20 
2 Definition of �	 and �	 angles and measured in the tested, point-loaded sample 
 

 

  

3 Foliation intensity in the tested, point-loaded sample. 0=no foliation, 1=weak, 2=medium, 3 = strong (based 
on the Finnish engineering geological rock classification) 
4 Additional description of foliation in the tested, point-loaded sample like  regular through 
 the sample, irregular, two different foliations,etc  
5 Definition of rock type in the tested, point-loaded sample 
6 Time in days between the core drilling and the point load test 

Z (m) calculated using drillhole average dip -5.3º 
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Figure 4-3. Uniaxial compressive strength, elastic modulus, and Modulus of Rupture 
versus drillhole depth in ONK-PH12. 
 

4.3  Rock quality 

Rock quality was determined using Barton’s Q-classification (Rock Tunnelling Quality 
Index; Barton et al. 1974 and Grimstad & Barton 1993) and Hoek’s GSI-classification 
(The Geological Strength Index; Hoek et al. 1995).  
 
The Q-classification was used as a basis for the rock mechanical logging. The core was 
visually divided into sections, where the rock quality was as homogenous as possible. 
The lengths of these sections varied from 2.20 to 21.00 meters. Roughness (Jr, see Table 
4-2) and alteration (Ja, see Table 4-3) numbers were estimated for each fracture surface, 
after which averages, medians and lower and higher quartiles of the parameters were 
calculated for each section and the median values were used in the Q-quality 
calculations. The roughness and alteration numbers for individual fracture surfaces are 
listed in the fracture data table, Appendix 4.7. The sections where no fractures were 
present were classified as massive rock (Jn = 0.5, see Table 4-1). Also, 1 was added to 
the joint roughness number (Jr + 1) in sections where fracture space is more than 3 
metres. In joint alteration (Ja), all tight or closed fractures were classified as 0.75. 
 
The Q-value was calculated by the following equation (Barton et al. 1974 and Grimstad 
& Barton 1993):  
 

SRF
J

J
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The RQD (Table 4-3) was defined as the cumulative length of core pieces longer than 
10 cm in a run divided by the total length of the core run. The total length must include 
all lost core sections, and also take into account the tight or closed fractures. Any 
mechanical breaks caused by the drilling process or extraction of the core from the core 
barrel were ignored. The number of joint sets (Jn) was estimated with Dips software. 
 
 
Table 4-3. Description of RQD and joint set number Jn (Grimstad & Barton 1993). 
 

 
 
The rock quality in ONK-PH12 is, in general, "good", "very good", "extremely good" or 
"exceptionally good" (Figure 4-1, Appendix 4.1). The only exception is the section 
68.50-71.00 m dhd, which is classified as "fair". In the section classified as "fair" two 
fracture directions with random fracturing are present. In the sections classified as 
"good", two fracture sets or more are typically present with sporadic fracturing in 
places, whereas "very good" sections have, in general, only one prevailing fracture 
direction and/or sporadic fracturing. The "extremely good" and the "exceptionally good" 
sections usually have only few fractures or no fractures at all, which gives the rock a 
high RQD value and results, together with only minor alteration and relatively high Jr 
values, in the mentioned high quality. 
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Figure 4-4. The rock mass quality (Q') along the tunnel profile in ONK-PH12. 
 
The GSI-classification (Figure 4-5; Hoek 1995; Hoek & Karzulovic 2001) values were 
calculated from the Q-value according to the equation 
 

44'ln9 �� QGSI  
 
The calculated GSI-values for the ONK-PH12 are also given in Appendix 4.1. 
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Figure 4-5. The GSI (The Geological Strength Index) for schistose metamorphic rocks 
(Hoek & Karzulovic 2001). 
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5  HYDRAULIC MEASUREMENTS 

5.1  General 

Drillhole ONK-PH12 was measured between January 20 and January 21, 2010. Flow 
measurements were made using with PFL DIFF (Posiva Flow Log, Difference Flow 
method). The fieldwork as well as the subsequent interpretation was conducted by 
PRG -Tec Oy. The drilled depth of ONK-PH12 was about 123.85 m and the measured 
depth interval was 1.4 m – 123.2 m. The measurements were started at the bottom of the 
drillhole. It was not physically possible to measure below 123.2 m because of lower 
parts of the PFL DIFF tool.  
 

5.2  Flow logging 

5.2.1  Principles of measurement and interpretation 

5.2.1.1  Measurements 
 
Unlike conventional drillhole flowmeters which measure the total cumulative flow rate 
along a drillhole, PFL DIFF measures the flow rate into or out of defined drillhole 
sections. The advantage that follows from measuring the flow rate in isolated sections is 
improved detection of incremental changes of flow along the drillhole. As these are 
generally very small, they can easily be missed when using conventional flowmeters.  
 
Rubber sealing disks located at the top and bottom of the probe are used to isolate the 
flow of water in the test section from the flow in the rest of the drillhole, see Figure 5-1. 
Flow inside the test section is directed through the flow sensor. Flow along the drillhole 
is directed around the test section by means of a bypass pipe and is discharged at either 
the upper or lower end of the probe. The entire structure is called the flow guide.  
 
Flow rates into or out of the test section are monitored using thermistors, which track 
both the dilution (cooling) of a thermal pulse and its transfer by the moving water. The 
thermal dilution method is used in measuring flow rates because it is faster than the 
thermal pulse method, and the latter is used only to determine flow direction within a 
given time frame. Both methods are used simultaneously at each measurement location. 
 
In addition to incremental changes in flow, the PFL DIFF probe can also be used to 
measure: 
� The electrical conductivity (EC) of both drillhole water and fracture-specific water. 

The electrode used in EC measurements is located at the top of the flow sensor, see 
Figure 5-1. 

� The single point resistance (SPR) of the drillhole wall (grounding resistance). The 
electrode used for SPR measurements is located between the uppermost rubber 
sealing disks, see Figure 5-1, and is used for the high-resolution depth determination 
of fractures and geological structures. 
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� The prevailing water pressure profile in the drillhole. Located inside the watertight 
electronics assembly, the pressure sensor transducer is connected to the drillhole 
water through a tube, see Figure 5-2. 

� The temperature of the water in the drillhole. The temperature sensor is part of the 
flow sensor, see Figure 5-1. 
 

 
WinchPump

Computer

Flow along the borehole

Rubber
disks

Flow sensor
-Temperature  sensor is located 
 in the flow sensor

Single point  resistance electrode

EC electrode

Measured 
flow

 
 

Figure 5-1. Schematic of the probe used in the PFL DIFF. 
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drillhole

Rubber sealing 
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Figure 5-2. The absolute pressure sensor is located inside the electronics assembly and 
connected to the drillhole water through a tube.  

 
The principles behind PFL DIFF measurements are shown in Figure 5-3. The flow 
sensor consists of three thermistors (Figure 5-3 a). The central thermistor, A, is used 
both as a heating element and to register temperature changes (Figures 5-3 b and c). The 
side thermistors, B1 and B2, serve as detectors of the moving thermal pulse caused by 
the heating of A. 
 
Flow rate is measured by monitoring heat transients after constant power heating in 
thermistor A. The measurement begins by constant power (P1) heating. After the power 
is cut off the flow rate is measured by monitoring transient thermal dilution 
(Figure 5-3 c). If the measured flow rate exceeds a certain limit, another constant power 
heating (P2) period is started after which the flow rate is re-measured from the following 
heat transient. 
 
Flows are measured when the probe is at rest. After transferring the probe to a new 
position, a waiting period (which can be adjusted according to the prevailing 
circumstances) is allowed to elapse before the heat pulse (Figure 5-3 b) is applied. The 
measurement period after the constant-power thermal pulse (normally 100 s each time 
the probe has moved a distance equal to the test section length and 10 s in every other 
location) can also be adjusted. The longer (100 s) measurement time is used to allow the 
direction of even the smallest measurable flows to be visible.  
 
The flow rate measurement range is 30 mL/h – 300 000 mL/h. The lower limit of 
measurement for the thermal dilution method is the theoretical lowest measurable value. 

 PRESSURE SENSOR (INSIDE THE ELECTRONICS ASSEMBLY) 

RUBBER SEALING 
DISKS 

FLOW ALONG  
THE DRILLHOLE 
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Depending on conditions in the drillhole, these limits may not always prevail. Examples 
of possible disturbances are drilling debris entrained in the drillhole water, bubbles of 
gas in the water and high flow rates (some 30 L/min, i.e., 1 800 000 mL/h or more) 
along the drillhole. If the disturbances encountered are significant, limits on practical 
measurements are calculated for each set of data. 
 
The device depth reference point in the PFL DIFF is situated at the upper end of the test 
section. 
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Figure 5-3. Flow rate measurement. 
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5.2.1.2  Interpretation 
 
The interpretation of data is based on Thiem’s or Dupuit’s formula that describes a 
steady state and a two dimensional radial flow into the drillhole (Marsily 1986): 
 
hs  – h = Q/(T·a)     5-1 
 
where h is the hydraulic head in the vicinity of the drillhole and  

h = hs at the radius of influence (R),  
Q is the flow rate into the drillhole,  
T is the transmissivity of the test section, 
a is a constant depending on the assumed flow geometry.  

 
For cylindrical flow, the constant a is: 
 
a = 2·�/ln(R/r0)    5-2 
 
where  r0 is the radius of the well and  

R is the radius of influence, i.e., the zone inside which the effect of 
pumping is felt. 

 
If measurements of flow rate are carried out using two levels of hydraulic head in the 
drillhole, i.e., natural and pump-induced heads, then the undisturbed (natural) hydraulic 
head and the transmissivity of the drillhole sections tested can be calculated. Equation 
3-2 can be reformulated in the following two ways: 
 
Qs0 = Ts·a·(hs- h0)    5-3 
 
Qs1 = Ts·a·(hs- h1)    5-4 
 
where  h0 and h1 are the hydraulic heads in the drillhole at the test levels, 

Qs0 and Qs1 are the measured flow rates in the test section, 
Ts is the transmissivity of the test section and 
hs is the undisturbed hydraulic head in the tested zone far from the 
drillhole. 

 
In general, since very little is known about the flow geometry, cylindrical flow without 
skin zones is assumed. Cylindrical flow geometry is also justified because the drillhole 
is at a constant head, and no strong pressure gradients along the drillhole exist except at 
its ends.  
 
The radial distance R to the undisturbed hydraulic head hs is not known and must 
therefore be assumed. In this case, a value of 500 for the quotient R/r0 is selected.  
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The hydraulic head and the transmissivity in the test section can be deduced from the 
two measurements: 
 
hs = (h0-b·h1)/(1-b)    5-5 
 
Ts = (1/a) (Qs0-Qs1)/(h1-h0)   5-6 
 
where b = Qs0/Qs1 
 
The transmissivity (Tf) and hydraulic head (hf) of individual fractures can be calculated 
provided that the flow rates at the individual fractures are known. Similar assumptions 
to those employed above must be used (a steady-state cylindrical flow regime without 
skin zones).  
 
hf = (h0-b h1)/(1-b)    5-7 
 
Tf = (1/a) (Qf0-Qf1)/(h1-h0)   5-8 
 
where Qf0 and Qf1 are the flow rates at a fracture, 
 hf and Tf are the hydraulic head (far from the drillhole) and transmissivity 
 of a fracture, respectively.  
 
Since the actual flow geometry and any skin effects are unknown, transmissivity values 
should only be considered as an indication of the prevailing orders of magnitude. As the 
calculated hydraulic heads do not depend on geometrical properties but only on the ratio 
of the flows measured at different heads in the drillhole, they should be less sensitive to 
unknown fracture geometry. A discussion of potential uncertainties in the calculation of 
transmissivity and hydraulic head can be found in (Ludvigson et al. 2002). 
 
The hydraulic aperture of fractures can be calculated from Marsily (1986): 
 
T = e3·g·�/(12·�·C)    5-9 
 
e = (12·T·�·C/(g·�))1/3    5-10 
 
where T = transmissivity of the fracture (m2/s) 

e = hydraulic aperture (m) 
� = viscosity of water, 0.00139 (kg/(ms)) 
g = acceleration due to gravity, 9.81 (m/s2) 
� = density of water, 999 (kg/m3) 
C = experimental constant for fracture roughness, here chosen to be 1. 
 

5.2.2  Equipment specifications 

In the PFL DIFF method, the flow of groundwater into or out of a drillhole section is 
monitored using a flow guide which employs rubber sealing disks to isolate any such 
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flow from the flow of water along the drillhole. This flow guide defines the test section 
being measured without altering the hydraulic head. Groundwater flowing into or out of 
the test section is guided to the flow sensor, and flow is measured using the thermal 
pulse and thermal dilution methods. Measured values are transferred to a computer in 
digital form. 
 
Type of instrument: PFL DIFF probe  

Drillhole diameters: 56 mm, 66 mm and 76 mm (or larger) 

Length of test section:   The flow guide length can be varied 

Method of flow measurement: Thermal pulse and thermal dilution. 

Range and accuracy of measurement: See Table 4-1. 

Additional measurements: Temperature, Single point resistance, 
Electrical conductivity of water, Water 
pressure 

Winch:   Mount Sopris Wna 10, 0.55 kW, 
conductors, Gerhard-Owen cable head. 

Depth determination: Based on a digital distance counter. 

Logging computer: PC (Windows XP) 

Software: Based on MS Visual Basic 

Total power consumption: 1.5 - 2.5 kW depending on the type of 
pump employed 

 
The range and accuracy of the sensors used is shown in Table 5-1. 
 

Table 5-1. Range and accuracy of sensors. 

Sensor Range  Accuracy 
Flow 30 – 300 000 

mL/h
± 10 % curr.value 

Temperature (central thermistor) 0 – 50 �C 0.1 �C 
Temperature difference (between outer thermistors) -2  –  + 2 �C 0.0001 �C 
Electrical conductivity of water (EC) 0.02 – 11 S/m ± 5 % curr.value 
Single point resistance 5 – 500 000 � ± 10 % curr.value 
Groundwater level sensor 0 – 0.1 MPa ± 1 % full-scale 

Air pressure sensor 800 – 1060 hPa � 5 hPa 
Absolute pressure sensor 0 – 20 MPa ± 0.01 % full-scale 
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5.2.3  Description of the data set 

5.2.3.1  Field work 
 
The activity schedule is presented in Table 5-2.  
 
Table 5-2. Activity schedule. 
 

Started Finished Activity 

20.01.2010 17:14 21.01.2010 5:49 ONK-PH12. Flow logging without pumping (during 
natural outflow from the open drillhole), (L = 0.5 m, 
dL = 0.1 m). Drillhole depth 123.85 m. 

 

5.2.3.2  Results of drillhole PH12 
 
PFL DIFF measurements were performed with a 0.5 m section length and with 0.1 m 
length increments, see Appendix 5.1. The method gives the location of fractures with a 
length resolution of 0.1 m. The test section length determines the width of a flow 
anomaly of a single fracture. If the distance between flowing fractures is less than the 
section length, the anomalies will be overlapped resulting in a stepwise flow anomaly.  
 
Transmissivity was calculated using Formula 5-8 assuming that h1 = 6 m (masl, 
elevation of groundwater level), h2 = -387.78 m (masl, elevation of the top of the 
drillhole), see Appendices 5.2 – 5.3. Drawdown in the drillhole is then h1 - h2 = 
393.78 m and the corresponding flow is Qf2. Qf1 (assumed flow when head in the 
drillhole is 6 m) is assumed to be much smaller than Qf2 and therefore Qf1 is neglected 
(Qf1= 0). 
 
The two assumptions made above would mean that the hydraulic head of all fractures 
crossed by the drillhole is nearly zero, i.e., they are hydraulically well connected to the 
ground surface but not to the tunnel. In such case there would be no internal flows in the 
closed drillhole.  
 
It is clear that the assumptions made above do not hold and the calculated 
transmissivities are only rough estimates. Typically the assumptions hold better for 
fractures or sections far away from the tunnel. The transmissivity values are too small 
for fractures or sections that are well hydraulically connected to the tunnel. There is 
even a risk that some of such transmissive fractures remained undetected. 
 
The total amount of detected flowing fractures was six. Three of these fracture-specific 
results were rated to be “uncertain” results, Appendix 5.1, short line. The criterion of 
“uncertain” was in most cases that the flow anomalies are overlapping or they are 
unclear because of noise. The highest fracture transmissivity (1.01·10-10 m2/s) was 
detected at 33.4 m. The sum of the detected transmissivities is 2.47·10-10 m2/s. 
 
Hydraulic aperture is calculated assuming C = 1, i.e., fracture surface is assumed to be 
smooth. This results in small hydraulic apertures. 
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Electrical conductivity and temperature of drillhole water were measured during flow 
logging, see Appendices 5.4 and 5.5. Temperature was measured during the flow 
measurement. These results represent drillhole water only approximately because the 
flow guide carries water with it. 
 
The EC-values are temperature corrected to 25 �C to make them more comparable with 
other EC measurements (Heikkonen et al. 2001). 
 
The inflow into the tunnel from the open drillhole was measured separately. No 
measurable flow from the drillhole could be detected. The sum of flows measured by 
the PFL DIFF probe was 5.9 mL/min. 
 

5.3  Water loss measurements (Lugeon tests) 

Water loss measurements in the pilot hole ONK-PH12 were conducted by Posiva Oy. 
The tool used for the tests is developed by Posiva and it was in test use during the 
measurements. A general overview of the structure and the function of the tool as well 
as the instructions for the measurements are given in a user's guide Vesimenekkilaitteen 
käyttöohje (LAR-000164). A more detailed manual will be written after a full 
development process of the tool. 
 
The water loss measurements can be done by using one or two packer method. When 
using two packers the upper and the lower packers block 6.00 meters long section and a 
series of sectors can be measured. When using only one packer the rest of the hole 
behind the packer (against the bottom of the hole) is being pressurized. Fixed water 
pressure for measuring interval can be introduced with a water pump and the amount of 
water released into bedrock is measured. The aim during the measurements is to achieve 
a hydraulic steady state between the pressure and the inflow. In practice predefined 
measuring intervals are being used. The groundwater pressure in the measuring level is 
measured or alternatively a theoretic value for the groundwater pressure is being used. 
 
The water loss measurements in ONK-PH12 were completed for only one measuring 
interval (5,00 - 123,85 m) with one water pressure level (6,5 MPa). The measurement 
was done with one rubber packer method pressurizing the measuring section between 
the packer and the bottom of the drill hole. The pressurization time was 5 minutes. The 
amount of water released into bedrock was measured. The water loss measurement 
result (Lugeon value) was 0,00 l/min/m/MPa in the drill hole section 5,0-123,85 m dhd 
(Appendix 5.6). 
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6  GEOPHYSICAL LOGGING 

6.1  General 

Suomen Malmi Oy (Smoy) carried out geophysical drillhole surveys of pilot hole ONK-
PH12 for Posiva Oy in January 2010. The assignment included optical and acoustic 
imaging, geophysical surveys as well as data interpretation according to purchase order 
9102-10. The drillhole geophysics contributes to fracture detection and orientation as 
well as further description of the crystalline bedrock at Olkiluoto site. 
 
Field surveys were coordinated by geophysical foreman Antero Saukko. Quality control 
of raw data, interpretation of drillhole radar and sonic data as well as data integration 
was subcontracted by Pöyry Finland Oy (formerly Pöyry Environment Oy. Reporting 
was conducted by geophysicist Anna-Maria Tarvainen. This report describes the field 
operation of ONK-PH12 pilot hole surveys, as well as the data processing and the 
interpretation. The quality of the results is shortly analysed and the data presented in the 
Appendices (6.1-6.7). 
 

6.2  Equipment and methods 

The geophysical survey carried out in ONK-PH12 pilot hole included optical and 
acoustic imaging as well as Wenner resistivity, short and long normal resistivity, single 
point resistance, natural gamma radiation, gamma-gamma density, magnetic 
susceptibility, acoustic and radar measurements. The surveys were carried out using 
Smoy’s Advanced Logic Technology’s (ALT) OBI-40 optical televiewer and ABI-40 
acoustic televiewer, FWS40 Full Waveform Sonic Tool, Geovista’s Elog Normal 
Resistivity Sonde, Malå Geoscience’s WellMac probes, RAMAC GPR drillhole antenna 
and Rautaruukki’s RROM-2 probe. 
 
A cable was operated by a motorised winch. Depth measurement is triggered by pulses 
of a sensitive depth encoder, installed on a pulley wheel. Optical and acoustic imaging, 
single point resistance, normal resistivities and full waveform sonic applied a Mount 
Sopris manufactured 1000 m long, 3/16” steel reinforced 4-conductor cable, WellMac 
and RROY measurements a 1000 m long 3/16” polyurethane covered 5-conductor 
cable, and radar measurement a 150 m long optical cable. The cables were marked with 
10 m intervals for controlling depth measurement to adjust any cable slip and stretch.  

6.2.1  WellMac equipment 

WellMac equipment measures natural gamma, gamma-gamma density and 
susceptibility logs. WellMac system consists of a surface unit and a laptop interface as 
well as a cable winch, a depth measuring wheel and drillhole probe. All of them have a 
diameter of 42 mm. Technical information of WellMac equipment is presented in 
Appendix 6.8 
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6.2.2  Rautaruukki equipment 

Wenner resistivity is measured using Rautaruukki Oy manufactured RROM-2 probe 
and recorded with KTP-84 data logging unit. Galvanic resistivity is measured from 
drillhole wall using four electrode Wenner configuration. Probe diameter is 42 m. 
Technical information of Rautaruukki equipment is presented in Appendix 6.9. 

6.2.3   Normal resistivity sonde 

Geovista Normal resistivity ELOG sonde performs four different galvanic 
measurements: 16” normal resistivity, 64” normal resistivity, single point resistance 
(SPR) and spontaneous potential (SP). The sonde is compatible with ALT acquisition 
system. Measuring range is modified from the original 0-10 000 Ohm-m to 0-40 0000 
Ohm-m. Probe diameter is 42 mm. The probe does not contain electrically conductive 
parts, except a voltage return in the middle of a 10 m insulator bridle, and the current 
return is grounded on a steel armoured cable and a cable connector. Cable connector 
was attached to fixed electrode position when located out of drillhole at 0-12 m drillhole 
length. Technical information of ELOG is presented in Appendix 6.10. 

6.2.4   Drillhole radar 

Drillhole radar survey is carried out using RAMAC GPR 250 MHz dipole antenna. 
RAMAC GPR system consists of a computer, a control unit CU II, a depth encoder, an 
optical cable and a drillhole radar probe. Measurement was controlled with Malå 
Groundvision software. The zero time correction of arrival times is calibrated before the 
measurement. Downhole probe diameter is 50 mm. A transmitter (Tx) and a receiver 
(Rx) are separated by a 0.5 m tube (Tx-Rx distance is 1.71 m). Technical information of 
RAMAC equipment is presented in Appendix 6.11 

6.2.5  Sonic equipment 

Full waveform sonic measurement is recorded with Advanced Logic Technology’s 
(ALT) FWS40 probe which is compatible with Smoy’s ALT acquisition system. The 
tool has a piezoceramic transmitter (Tx) of 15 kHz nominal frequency, and two 
receivers (Rx), with Tx-Rx spacing of 0.6 m (Rx1) and 1.0 m (Rx2). Tool diameter is 
42 mm. Technical information of FWS40 is presented in Appendix 6.12. 

6.2.6  Optical televiewer 

Optical imaging is carried out using Advanced Logic Technology’s (ALT) OBI-40 
optical televiewer. OBI-40 is a high-resolution optical drillhole imagery for wells and 
drillholes. The tool is used for fracture detection and evaluation, lithological 
interpretation etc.  
 
OBI-40 creates a 360 degree image of drillhole wall by using a CCD camera and a 
prism. Orientation measurement is controlled with a 3-axes magnetometer and 3 
accelerometers. This makes possible to measure drillhole azimuth and dip and create 
accurate orientation of the image. OBI-40 tool diameter is 42 mm. Tool maximum 
azimuthal resolution is 720 pixels and vertical resolution is 0.5 mm. Survey rate is 12 – 
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20 cm/min. Smoy has prepared special centralisers for 76 mm drillholes. Tool technical 
information is presented in Appendix 6.13 

6.2.7  Acoustic televiewer 

Acoustic imaging was carried out using Advanced Logic Technology’s (ALT) ABI-40 
acoustic drillhole televiewer. ABI-40 creates a 360 degree image of drillhole wall by 
using acoustic ultrasound pulses and recordings of amplitude and travel time of signal. 
ABI-40 tool diameter is 40 mm. Survey rate is 80 – 120 cm/min. Smoy has prepared 
special centralisers for 76 mm drillholes. Width of acoustic beam is 1.5 mm. The 
sampling rate is 72, 144 or 288 measured points per revolution depending on the 
operator’s selection. Both longitudinal and azimuthal resolution is restricted by width of 
acoustic beam, i.e. 1.5 mm, although also smaller features can be detected. The 
detection limit for structures is at order of tens of micrometers. The probe and logging 
control unit are presented in Appendix 6.14. 
 

6.3  Field work 

The field work was carried out within 2 working days: January 19 and 20, 2010. The 
assignment consisted of 124 m of drillhole surveys. ONK-PH12 pilot hole 
specifications are listed in Table 6-1 and the duration of the field work in Table 6-2. 
Table 6-3 shows survey parameters for each method.  
 

Table 6-1. ONK-PH12 pilot hole specifications. 

ONK-PH12 Diameter Azimuth Dip Length (m) 
 75.7 mm 127.2 -5.2 123.96 
Coordinates X Y Z  
 6792315.21 1525470.95 -387.78  
 From  To   
Chainage 4092.00 4215.96   

  
 

Table 6-2. Timing of the field work. 

Date Actions Surveyors 

19.1.2010 Drillhole optical and acoustic imaging, Sonic and 
Elog surveys 

AS, EN, HL, 
PKU 

20.1.2010 Natural Gamma, Density, Susceptibility, Wenner and 
GPR surveys 

AS, EN, HL, 
PKU, PT 
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Table 6-3. Survey parameters of the applied methods. 

Method Depth 
sampling Settings Survey speed 

Optical imaging 0.0005 m 720 pixels / turn, 0.5 mm depth interval 0.18 m/min 

Acoustic imaging 0.0014 m 288 measured points per revolution, 
1.5 mm depth interval 0.8 m/min 

Full wave sonic 0.02 m Time sampling 2 μs, time Interval 
0…2048 μs R1 gain 1, R2 gain 1 1.0 m/min 

Wenner resistivity 0.02 m Calibrated with control box 2.0 m/min 
Natural gamma 0.02 m Calibrated for rapakivi granite in 1999 2.0 m/min 

Density 0.02 m Calibrated for KR19-KR22 in 2001 and 
Olkiluoto site specific histogram fitting 2.0 m/min 

Susceptibility 0.02 m Calibration with brick and Olkiluoto site 
specific histogram fitting 2.0 m/min 

Single point 
resistance, normal 
resistivities 

0.02 m Calibration tested with resistors and 
earlier results 4.0 m/min 

Drillhole radar 0.02 m 
Zero time calibrated. Depth sampling 
0.02 m, time sampling 0.18 ns, 
sampling frequency 5418 MHz 

1.0 m/min 

 

6.4  Processing and results 

The processing of the conventional geophysical results includes basic corrections and 
calibrations presented in Posiva Working report 2001-30 (Lahti et al. 2001). Sonic 
interpretations, depth adjustments and data integration were carried out by Pöyry 
Environment Oy (Eero Heikkinen and Ida Ravimo) as described in Heikkinen et al. 
(2005).  
 
Single point resistance, natural gamma radiation, gamma-gamma density, magnetic 
susceptibility as well as short normal, long normal and Wenner resistivity results are 
presented in Appendix 6.1. The drillhole radar results and interpretation are presented in 
Appendices 6.2 - 6.3. The full waveform sonic results are shown in Appendices 6.4 and 
6.5. Examples of the optical and acoustic images are shown in Appendices 6.6 and 6.7.  
 
The results were joined with the available geological data received from Posiva. The 
data includes lithology, fracture frequency, fracture location and core loss. 
 
The initial depth matching is based on cable mark control. The locations of rock type 
contacts and fractures in core were used in the final depth matching. At first drillhole 
image was adjusted to core data. Gamma-gamma density was set to the image depth 
using mafic gneiss variants and leucosome parts. Susceptibility, natural gamma and 
sonic data were adjusted according to density. Electrical measurements were adjusted 
according to sonic and density minima and susceptibility maxima (conductive zones). 
Finally radar results were adjusted to depth of electrical results, using direct radar wave 
velocity and amplitude profile. Depth accuracy to core depth of all methods is better 
than 5 cm. 
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6.4.1  Natural gamma radiation 

The measured values are converted into μR/h values using a coefficient determined at 
drillholes HH-KR5 and HH-KR8 in Hästholmen, Loviisa. The conversion is carried out 
so that 1 μR/h equals 3.267 p/s. The determination of the coefficient is presented in 
Posiva’s Working report 99-22 (Laurila et al. 1999). The results are presented in 
Appendix 6.1. 
 
Table 6-4. Results of the natural gamma radiation survey. 

File name  Depth interval (m)  Range (μR/h) 
min max min max 

ONK-PH12_delivery.xls 0.63 122.17 16.8 124.6 
 

6.4.2  Gamma-gamma density 

The calibration of density values is carried out using the calibration conducted during 
surveys of drillholes OL-KR19, OL-KR20 and OL-KR22 and the petrophysical samples 
taken from those drillholes (Lahti et al. 2003). The accuracy of the density data is better 
than 0.01 g/cm3. The level of the data was checked on a basis of the petrophysical data 
distribution from the site (not from the same drillholes, though). The levels of both 
magnetic susceptibility and density would be more reliably calibrated with 
petrophysical sample data from the drillhole surveyed. The results are presented in 
Appendix 6.1. 
  
Table 6-5. Results of the gamma-gamma density survey. 
 
File name  Depth interval (m)  Range (μR/h) 

min max min max 
ONK-PH12_delivery.xls 0.63 122.25 2.32 5.68 

 

6.4.3  Magnetic susceptibility 

The susceptibility probe was calibrated using a calibration brick with known 
susceptibility of 740×10-5 SI and a value taken in free air, both before and after the 
logging run. Temperature drift was compensated on a basis of visual examination. 
Reading accuracy is 1-2 ×10-5 SI. The level of the data was checked on a basis of 
petrophysical data distribution from the site (not from the same drillholes, though). The 
results are presented in Appendix 6.1. 
 

Table 6-6. Results of the susceptibility survey. 

File name  Depth interval (m)  Range (μR/h) 
min max min max 

ONK-PH12_delivery.xls 1.05 122.79 -2.2 97.6 
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6.4.4  Single point resistance and normal resistivity 

Normal resistivity and single point resistance data are collected simultaneously. Before 
the actual survey the system performance was checked using a test box provided by the 
manufacturer. The calibration for single point resistance and normal resistivity results 
was conducted using earlier results. The reading accuracy is better than 1 � or 1 �m. 
Single point resistance and short normal can be measured in a full range of resistivity. 
The long normal displays occasionally a cut-off of low resistivity at frequency 
alternating conductive zones (a short circuit through conductive layers). In sparsely 
fractured rock the resistivity is high, decreasing slightly due to saline water in bedrock 
and in drillhole deeper down. Resistivity decreases in zones of intense alteration, and is 
generally low at zones of high fracture frequency, and narrow sulphide or graphite 
bearing bands. The results are presented in Appendix 6.1. 
 
Table 6-7. Results of the single point resistance and normal resistivity survey. 

File name: 
ONK-PH12_delivery.xls 

 Depth interval (m)  Range (μR/h) 
min max min max 

SPR  (�) 0.00 122.47 0.65 79658 
Short Normal 16’’( �m) 0.00 122.47 0.031 14369 
Long Normal 64’’( �m) 0.00 122.47 1.01 55177 

 

6.4.5  Wenner resistivity 

The Wenner equipment includes a calibration unit that contains resistors from 1 � to 
100 000 � with a 0.5 decade interval. A calibration measurement was carried out before 
the actual surveys. Output values (mV) are calibrated into �m using a calibration scale. 
The results are presented in Appendix 6-1. 
 
Table 6-8. Results of the Wenner resistivity survey. 

File name  Depth interval (m)  Range (μR/h) 
min max min max 

ONK-PH12_delivery.xls 9.67 122.27 1259 10233 
 

6.4.6  Drillhole radar 

The data quality and the resolution of drillhole radar measurements are at the required 
level. Locally there are some diffraction (which cannot be fitted to hyperbola due to too 
high apparent angles) probably from open fractures and pyrite layers in host rock. The 
interpretation applied Malå GeoScience Radinter_2 utility (Radinter 1999). The 
previously defined velocity of 117 m/μs was used in the interpretation (Lahti & 
Heikkinen 2004). Reflectors were defined with setting a hyperbola on each reflection. 
Different filtering and amplitude settings were used to enhance both strong and weak 
reflections. Reflector lengths were measured according to Saksa et al. (2001) along the 
reflector plane, upwards and downwards the drillhole. The radar maximum range out of 
drillhole was estimated for each reflector.  
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A raw, depth adjusted radargram is displayed in Appendix 6-2 with the first arrival 
amplitude and the time computed using ReflexW (2003).The interpreted reflector angles 
are displayed in Appendix 6-3.  
 
Table 6-9. Results of the drillhole radar survey. 

File name: 
ONK-PH12_delivery.xls 

 Depth interval (m)  Range (μR/h) 
min max min max 

First arrival time (ns) 0.00 122.26 8.05 -1605 
First arrival amplitude (μV) 0.00 122.26 13.95 32000 

 

6.4.7  Full Waveform Sonic 

The sonic data processing has followed the outlines defined in reports by Lahti & 
Heikkinen (2004 and 2005) for the FWS40 tool. The processing consisted of visual 
inspection of the recording and defining P and S wave velocities and tube wave energies 
for both channels, and their attenuations. 
 
Raw data was read in WellCAD (ALT 2001) and exported to SEG-2 format to be 
processed in ReflexW (2003). Traces were resampled to 0.1 microsecond and filtered 
with 3-8 and 33-38 kHz band-pass. A phase follower was applied to pick the 
appropriate distinct P and S wave coherently. A semiautomatic process was continued if 
the automatic picking failed. Convenient multiple of a half cycle (wave length time, 
typically 20-24 μs for this dataset) was subtracted from the most distinct cycle time 
(first maximum and minimum for S and P, respectively). True velocity was computed 
using stand-off correction. The correct level of velocity was checked against the 
distribution of petrophysical velocity values from the site (Öhman et al. 2009). 
 
The data processing included the computation of P and S wave attenuations, reflected 
tubewave energies and finally the attenuation of tubewaves. Also dynamic rock 
mechanical parameters, Young’s modulus Edyn, Shear modulus μdyn, Poisson’s ratio �dyn, 
Bulk modulus and apparent Q’ value (Barton 2002) were computed from the acoustic 
and density data. All the acoustic data and derived parameters are displayed in 
Appendices 6-4 and 6-5. 
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Table 6-10. Results of the full waveform sonic survey. 

File name 
ONK-PH12_delivery.xls 

Depth interval (m) Range
min max min max 

P1 velocity (m/s) 1.89 122.57 4701 6066 
P2 velocity (m/s) 1.89 122.61 4120 6341 
S1 velocity (m/s) 1.89 122.57 2762 3601 
S2 velocity (m/s) 1.89 122.57 2652 3793 
P attenuation (dB/m) 1.87 122.61 -73.7 84.1 
S attenuation (dB/m) 1.87 122.61 -144.4 27.6 
R1 tubewave energy (μV) 2.40 122.60 1098 902247 
R2 tubewave energy (μV) 2.16 122.60 7469 462588 
Tubewave attenuation (dB/m) 2.40 122.60 -77.7 32.0 
Poisson’s Ratio 1.88 122.58 0.11 0.32 
Shear Modulus  (Gpa) 1.88 122.26 17.8 36.1 
Young’s Modulus (Gpa) 1.88 122.26 46.8 87.1 
Bulk Modulus (Gpa) 1.88 122.26 23.2 63.7 
Bulk Comp 1/Mpa 1.88 122.26 0.016 0.043 
Apparent Q 1.88 122.58 15.9 367.9 

 

6.4.8  Optical drillhole image 

The applied survey parameters of drillhole imaging were determined according to 
earlier optical televiewer works at the Olkiluoto site (Lahti 2004a, Lahti 2004b). The 
survey was never left unsupervised. The overlapping of data between recorded intervals 
was ensured by rerunning of the last 0.5 m of each recording.  
 
The data processing carried out after the field work consists of the depth adjustment and 
the image orientation of the raw image. The methods are presented in the Posiva 
Working report 2004-27 by Lahti (2004a). The images were produced to depth matched 
and oriented to high side presentations including a 3D image. Images can be viewed 
using WellCAD Reader and WellCAD software.  
 
Table 6-11. Depth interval of optical drillhole imaging. 

 Drillhole Depth interval (m) 
  min max 
ONK-PH11 0.41 122.27 
 

6.4.9  Acoustic drillhole image 

The applied survey parameters of drillhole imaging were determined according to 
working report 2009-41 (Tiensuu & Heikkinen 2009). The data processing of the 
drillholes included depth matching and image correction. The quality of the data was 
controlled during the survey. The survey was never left unsupervised. The overlapping 
of data between recorded intervals was ensured by rerunning of the last 0.5 m of each 
recording. 
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The results are presented as amplitude variation and centralised travel time as well as 
variation in the drillhole caliper (minimum, maximum and average). The amplitude 
image is also presented as exaggerated 3-D view, using non-centralised travel time as 
caliper. Images can be reviewed with WellCAD Reader and WellCAD software. For the 
report, the images were also printed on PDF documents, in scale 1:200. 
 
Table 6-12. Depth interval of acoustic drillhole imaging. 

 Drillhole Depth interval (m) 
  min max 
ONK-PH12 0.21 122.19 
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7  SINGLE HOLE INTERPRETATION 

7.1  Scope 

The idea of a single-hole interpretation has been developed by SKB with the objective 
to identify and describe the general characteristics of major rock units and possible 
deformation zones within a drillhole. A single-hole interpretation involves integrated 
interpretation of the data from the geological mapping, geophysical logging as well as 
hydrogeological investigations. The method is regarded as potentially useful for Posiva, 
especially for developing integrated and detailed modelling for the use of the RSC 
(Rock Suitability Criteria) program. The method was tested for the ONKALO pilot hole 
ONK-PH11 and now applied for ONK-PH12 drilled and investigated in January 2010.  
 

7.2  Applied data 

Pilot hole ONK-PH12 is a 124 m long drillhole drilled along the tunnel profile starting 
at chainage 4092 m to confirm the quality of the rock mass and to identify the water 
conductive fractured zones. The aim of the investigations is to provide information for 
the tunnel construction and for the geological and hydrogeological modelling. The 
investigations carried out in the pilot hole include geological core logging, Posiva Flow 
Log/Difference Flow (PFL DIFF) measurements, a set of geophysical logging methods 
and optical and acoustic imaging of the drillhole wall. 

7.2.1  Geology  

After the drilling of the pilot hole, geological logging of the core is carried out. The drill 
core is orientated and measured, after which several geological and rock mechanical 
parameters are recorded: lithological variation (units > 1 m in length), foliation (type, 
intensity, orientation), fractures (orientation, surface type and shape, filling, etc.), 
weathering and alteration and possible deformation zone intersections. Lastly, the drill 
core is divided into sections on the basis of changes in fracturing and petrography, and 
rock quality is determined for each section.  
 
All logged parameters and the full sets of data will be reported in the pilot hole report 
(under construction); for this interpretation, the following parameters are selected: 
lithology, leucosome percentage, foliation orientation, fracture frequency, fracture 
orientation, thickness of fracture filling, joint alteration (Ja) and rock quality (Q'). 

7.2.2  Hydrogeology  

The applied data for the single-hole interpretation obtained by hydrological 
measurements are flow rate, fracture transmissivity (T), single point resistance (PFL 
Res) and electrical conductivity (EC). 
  
Pilot hole ONK-PH12 was measured with Posiva Flow Log/Difference Flow (PFL 
DIFF) method with sector length of 0.5 m, measurement every 0.1 m. The PFL DIFF 
probe measures the flow rate into or out of defined drillhole sections. The flow guide of 
the PFL DIFF probe encloses an electrode for single point resistance measurement, 
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which is carried out with 0.01 m point intervals during the automatic flow 
measurements. As the single point resistance has a lower value on a fracture where flow 
is detected, the flow measurement and the single point resistance measurement are used 
to locate flowing fractures and evaluate their transmissivity. Electrical conductivity of 
the drillhole water is measured in connection with flow measurements. 

7.2.3  Geophysics  

The set of geophysical investigations include analysis of magnetic susceptibility, natural 
gamma radiation, density, electrical resistivity as well as velocities and amplitudes of P-
, S- and tube-waves. Additionally, a down-hole radar survey using a frequency of 250 
MHz as well as optical and acoustic imaging of the drillhole wall are carried out.  
 
The parameters originally selected for the single-hole interpretation are susceptibility, 
density, natural gamma radiation, P-wave velocity (0.6 m), S-wave velocity (0.6 m), S-
wave amplitude (0.6 m) and resistivities using Wenner, short normal and long normal 
configurations. The radar data used in the interpretation sheet consists of interpreted 
locations and orientations of the radar reflectors as well as their estimated depth range 
perpendicular to the drillhole.  
 
Moreover, classification logs utilising crossplots of susceptibility vs. density and S-
wave velocity vs. single point resistance are added to the interpretation sheet. The 
susceptibility vs. density log categorises the drillhole into five classes: 
 

1. Low susceptibility and density 
2. Average susceptibility and density 
3. Elevated susceptibility and density 
4. High susceptibility and density 
5. Increased susceptibility and typical density range 

 
The S-wave velocity and PFL SPR resistance log categorises the drillhole into nine 
classes (of which six were present in ONK-PH12): 
 

1. Low velocity and high resistance 
2. Low velocity and low resistance 
3. Moderate velocity and low resistance 
4. Moderate velocity and moderate resistance 
5. Moderate velocity and high resistance 
6. High velocity 
7. High velocity and low resistance 
8. Moderate velocity and decreased resistance 
9. Conductive 

 
The range within the categories is presented in Appendix 7.1. 
 
Low density and susceptibility often correlates with leucosome. Different gneisses are 
indicating varying density and susceptibility according to amount of dark minerals or 
leucosome. Mafic inclusions and sulphide layers indicate increased values. Density and 
susceptibility show clear dependency. The class of increased susceptibility with respect 
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to any density value refers to possible presence of ferrimagnetic minerals in rock mass 
(pyrrhotite or magnetite). Velocity and resistance divide rock mass into groups 
according to deformation, texture and mineralogical composition. Porosity and fractures 
and certain fracture coating minerals (clay) or water filling decrease the resistance. 
Sulphides and graphite appear clearly conductive. Compact, low porosity rock has high 
resistance and high velocity. Velocity is lowered by increasing porosity and fractures, 
and increased by increasing proportion of dark minerals (like in MGN, MFGN). Also 
pegmatite has higher velocity than average gneisses. 

7.3  Method 

A multi-disciplinary team consisting of six geologists (Seppo Paulamäki, Tuomas Pere, 
Paula Kosunen, Asko Käpyaho, Liisa Wikström, Jyrki Liimatainen), one hydrogeologist 
(Eeva Käpyaho) and three geophysicists (Ida Ravimo, Eero Heikkinen, Mari Lahti) got 
together for preparing the single-hole interpretation for ONK-PH12 on March 1, 2010. 
The available data sets were introduced at the beginning of the meeting, and the 
following data sets were decided to be included to the interpretation data sheet:  
 

� -lithology with description 
� -leucosome percentage 
� -foliation orientations 
� -fracture frequency and orientations 
� -thickness of fracture filling 
� -joint (fracture) alteration index 
� -rock quality (Q-class) 
� -transmissivity 
� -single point resistance (Posiva Flow Log data) 
� -electrical conductivity of the fluid (EC) 
� -magnetic susceptibility 
� -density (gamma-gamma method) 
� -natural gamma radiation 
� -P-wave velocity (0.6 m), S-wave velocity (0.6 m), tubewave energy (0.6 

m)  
� -Wenner resistivity 
� -downhole radar image together with interpretation 
� -columns of geophysical crossplot classifications based on susceptibility 

vs. density and S-wave velocity vs. PFL single point resistance 
 
On the basis of these data, the preliminary interpretation was made. The ONK-PH12 
was divided into six main sections on the basis of geological, hydrogeological and 
geophysical characteristics. These characteristics were documented and a preliminary 
interpretation for each of the sections was made during the meeting.  
 
During the meeting, the interpretation data sheet was prepared, including the above-
mentioned data and columns displaying the prepared interpretation. The interpretation 
includes column depicting the occurrence of possibly large fractures on the basis of 
geological logging, transmissivity and radar interpretations.  
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7.4  Results 

Based on the integrated single-hole interpretation, the drillhole was divided into six 
main units that are summed below in Table 7-1. The ONK-PH12 drill core contained no 
deformation zone intersections. The data are shown in the interpretation sheet together 
with more comprehensive descriptions of the main units. Appendix 7.1 describes the 
columns included in the data sheet. An example of the whole data sheet layout is 
presented in Appendix 7.2. The actual data sheet is designed to size A0 and therefore 
not included in this report. The integrated interpretation columns are presented as an 
example in Appendix 7.3.  
 
Table 7-1. Main rock units in ONK-PH12. 
 

Start (m) End (m) Lithology Description 
0.00 31.40 VGN Fractured section 0-7 m (PGR) where rock quality is 

"good", sparsely fractured section from 7 m to 31 m 
has rock quality varying from "good" to "exceptionally 
good" 

31.40 38.35 PGR Relatively fractured with several slightly hydraulically 
conductive fractures, rock quality "good" 

38.35 50.80 VGN Moderately fractured, rock quality "good" 
50.80 65.00 PGR PGR, Relatively fractured, rock quality mainly "good", 

with an "extremely good" section at 60-63 m, a 
distinctive radar reflector at 57 m which does not cut 
the pilot hole (about 4-5 m away) 

65.00 105.08 VGN Relatively fractured section at the start with several 
slickensided fractures, sparsely fractured section from 
71 to 84 m, virtually no fracturing after 96 m. Rock 
quality varies from "fair" to "exceptionally good" 

105.08 123.96 PGR Virtually un-fractured, rock quality from "extremely 
good" to "exceptionally good". Clear radar reflector at 
about 105 m, which does not cut the pilot hole (about 
8 m distant) 
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8  SUMMARY 

Drilling. The pilot hole ONK-PH12 was drilled in January 2010 from chainage 4092 to 
4215. The length of the hole is 123.96 m. The requirement for the hole was to stay 
inside the planned access tunnel profile of ONKALO. The deviation of the drillhole was 
measured during the drilling phase and after it to control the need for steering the hole. 
The final Maxibor survey was carried out to the depth of 120 metres and EMS survey to 
the depth of 123 metres. According to the Maxibor results the horizontal deviation of 
the pilot hole at the drillhole depth of 120 metres is 0.56 metres to the left and the 
vertical deviation is 0.11 metres upwards in relation to the initial direction of the 
drillhole (first station of Maxibor survey). According to the EMS results the horizontal 
deviation of the pilot hole at the drillhole depth of 123 metres is 1.20 metres to the left 
and the vertical deviation is 0.07 metres downwards in relation to the initial direction of 
the drillhole (first station of EMS survey). Electric conductivity was measured from the 
collected returning water samples.  
 
Lithology. Most of the drill core ONK-PH12 is dominated by veined gneiss (VGN), 
interlayered with sections of diatexitic granite (DGN) and pegmatitic granite (PGR). 
Veined gneisses form 64.2 % of the total core length. The leucosome (neosome) content 
of VGN varies from 20 to 35 %, being on average at ca. 28 %. In ONK-PH12 The VGN 
is typically medium-grained, grey to dark grey, and contains various kinds of inclusions 
(SGN, QGN, MGN), which reflect changes in the protolith composition. Small amounts 
of graphite occur locally. The dominating foliation type of the VGN in ONK-PH12 is 
moderately banded.  
 
Fracturing. A total of 164 fractures were logged from the ONK-PH12 drill core. 127 
fractures were identified and their orientations determined from the optical and acoustic 
drillhole image. Average fracture frequency along the drill hole ONK-PH12 is 1.32 
fractures/meter (natural fractures) and the average RQD value is 97.38 %. The drill core 
ONK-PH12 did not contain any RG-classified fracture zones. The rock in the drill core 
was generally unweathered and the whole sample was classified as Rp0. 
 
The fracture directions measured from ONK-PH12 form clear sets. The most common 
fracture direction in ONK-PH12 is NNE-SSW trending vertical (mean dip/dip direction 
89/110º). Another strong set is sub-horizontal and dipping towards N (mean dip/dip 
direction of 38/325º). One set is formed by sub-horizontal, foliation-parallel fractures 
with the mean dip/dip direction of 48/149º. This set is not clearly visible in the image 
fracture log, which suggests that some of these fractures may consist of closed, 
foliation-parallel fracture planes, which have been detached during the drilling but 
remain intact in the bedrock. These foliation-parallel fractures are also poorly 
recognized in the optical borehole image. An E-W -trending vertical set (mean dip/dip 
direction 90/165º) is also present as well as two more sub-horizontal sets (mean dip/dip 
directions 53/265º & 39/089º). 
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Rock mechanics. During core logging the rock quality was classified using Q- and 
GSI-methods. The rock quality in ONK-PH12 is, in general, "good", "very good", 
"extremely good" or "exceptionally good". The only exception is the section 68.50-
71.00 m dhd, which is classified as "fair". In the section classified as "fair" two fracture 
directions with random fracturing are present. In the sections classified as "good", two 
fracture sets or more are typically present with sporadic fracturing in places, whereas 
"very good" sections have, in general, only one prevailing fracture direction and/or 
sporadic fracturing. The "extremely good" and the "exceptionally good" sections usually 
have only few fractures or no fractures at all, which gives the rock a high RQD value 
and results, together with only minor alteration and relatively high Jr values, in the 
mentioned high quality. 
 
In total, six samples were chosen and taken for testing the strength and elastic properties 
of the rock. The mean uniaxial compressive strength of the rock in drillhole ONK-PH12 
is 144.2 MPa. The mean elastic modulus (Young’s Modulus) is 67.1 GPa and the mean 
Poisson’s ratio 0.21. 
 
Hydrology. Difference Flow Logging method (PFL DIFF) was used to determine the 
location of hydraulically conductive fractures and their transmissivities. Besides flow 
logging Electric Conductivity (EC), Single point resistance (SPR), the prevailing water 
pressure and temperature of the drillhole water were also measured. The flow logging 
was performed with 0.5 m measurement sections and with 0.1 m increments.  
 
The total amount of detected flowing fractures was six. Three of these fracture-specific 
results were rated to be “uncertain” results. The criterion of “uncertain” was in most 
cases that the flow anomalies are overlapping or they are unclear because of noise. The 
highest fracture transmissivity (1.01·10-10 m2/s) was detected at 33.4 m. The sum of the 
detected transmissivities is 2.47·10-10 m2/s. 
 
The inflow into the tunnel from the open drillhole was measured separately. No 
measurable flow from the drillhole could be detected. The sum of flows measured by 
the PFL DIFF probe was 5.9 mL/min. 
 
Geophysics. The geophysical survey carried out in ONK-PH12 pilot hole included 
optical and acoustic imaging as well as Wenner resistivity, short and long normal 
resistivity, single point resistance, natural gamma radiation, gamma-gamma density, 
magnetic susceptibility, acoustic and radar measurements. The assignment included the 
fieldwork of all surveys, the integration of the data as well as interpretation of the 
acoustic and drillhole radar data. The data from imaging and geophysics contributed to 
fracture detection and orientation as well as further description of the crystalline 
bedrock at the Olkiluoto site. 
 
Groundwater sampling was not applicable because no measurable flow from the 
drillhole into the tunnel could be detected.  
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Single-hole interpretation. Based on the integrated single-hole interpretation, the 
drillhole was divided into six main units consisting mainly of veined gneiss (VGN) or 
pegmatitic granite (PGR). The ONK-PH12 drill core contained no deformation zone 
intersections. The main rock units are: 
 

� 0.00-31.40 m, VGN, Fractured section 0-7 m (PGR) where rock quality is "good", 
sparsely fractured section from 7 m to 31 m has rock quality varying from "good" to 
"exceptionally good" 

� 31.40-38.35 m, PGR, Relatively fractured with several slightly hydraulically 
conductive fractures, rock quality "good" 

� 38.35-50.80 m, VGN, Moderately fractured, rock quality "good" 
� 50.80-65.00 m, PGR, Relatively fractured, rock quality mainly "good", with an 

"extremely good" section at 60-63 m, a distinctive radar reflector at 57 m which does 
not cut the pilot hole (about 4-5 m away) 

� 65.00-105.08 m, VGN, Relatively fractured section at the start with several 
slickensided fractures, sparsely fractured section from 71 to 84 m, virtually no 
fracturing after 96 m. Rock quality varies from "fair" to "exceptionally good" 

� 105.08-123.96 m, PGR, Virtually un-fractured, rock quality from "extremely good" to 
"exceptionally good". Clear radar reflector at about 105 m, which does not cut the 
pilot hole (about 8 m distant) 

 



62 

 

 



63 

 

REFERENCES 

 
Ahokas, H., Vaittinen, T., Tammisto, E. & Nummela, J. 2007. Modelling of Hydro-
Zones for Layout Planning and Numerical Flow Model in 2006. Eurajoki, Finland: 
Posiva Oy, Working Report 2007-01. 
 
ALT 2001. WellCAD user’s guide for version 3.0. Advanced Logic Technologies, 
Luxembourg. 831 p. 
 
Barton, N., Lien, R. & Lunde, J. 1974. Engineering classification of rock masses for the 
design of tunnel support. Rock Mechanics. December 1974. Vol. 6 No. 4. Springer 
Verlag. Wien, New York. pp.189-236  
 
Barton, N. 2002. Some new Q-value correlations to assist in site characterization and 
tunnel design. International Journal of Rock Mechanics & Mining Sciences 39, 185-
216. 
 
Gardemeister, R., Johansson, S., Korhonen, P., Patrikainen, P. & Vähäsarja, P. 1976. 
Rakennusgeologisen kalliotutkimuksen soveltaminen. (The application of Finnish 
Engineering geological bedrock classification, in Finnish). Espoo: Technical Research 
Centre of Finland, Geotechnical laboratory. 38 p. Research note 25. 
 
Grimstad, E. & Barton, N. 1993. Updating of the Q-system for NMT. Proceedings of 
Sprayed Concrete, 18-21 December 1993. Fagernäs. Norway. 
 
Heikkinen, E., Tammisto, E., Ahokas, H., Lahti, M. & Ahokas, T. 2005. Geophysics 
applied in tunnel pilot boreholes for pre-grouting design parameters. Extended abstract 
A045, 11th European meeting of Environmental and Engineering Geophysics, 4th - 7th 
September 2005, Palermo, Italy. 
 
Heikkonen, J., Heikkinen, E. & Mäntynen, M. 2001. Mathematical modelling of 
temperature adjustment algorithm for groundwater electrical conductivity on basis of 
synthetic water sample analysis. Helsinki, Posiva Oy. Working report 2002-10 (in 
Finnish). 
 
Hoek, E., Kaiser P. K. & Bawden W. F. 1995. Support of underground excavations in 
hard rock. A. A. Balkema, Rotterdam, Netherlands. 215 p. 
 
Hoek, E. & Karzulovic, A. 2001. Rock mass properties for surface mines, In: Slope 
stability in surface mining, Chapter 6, 59-703-202, (Eds. Hustrulid, W.A., McCarter 
M.K. & Van Zyl, D.J.A.), Littleton, Society for Mining, Metallurgy, and Exploration, 
Inc. (SME) 
 
ISRM. 1981. Suggested methods for determining the uniaxial compressive strength and 
deformability of rock materials. In Rock Characterization Testing & Monitoring. Oxford, 
Pergamon Press. s. 113-116. 



64 

 

ISRM. 1985. Suggested method for determining point load strength. International Journal  
Rock Mech. Min. Sci. & Geomech. Vol. 22, no 2. S. 51-60. 
 
Korhonen, K-H., Gardemeister, R., Jääskeläinen, H., Niini, H. & Vähäsarja, P. 
1974.Rakennusalan kallioluokitus (Engineering geological bedrock classification, in 
Finnish). 60 Espoo: Technical Research Centre of Finland, Geotechnical laboratory. 78 
p. Research note 12. 
 
Kärki, A., Paulamäki, S. 2006. Petrology of Olkiluoto. Posiva report 2006-02. Posiva 
Oy, Eurajoki. 77p. 
 
Lahti, M., Tammenmaa J. ja Hassinen P. 2001. Kairanreikien OL-KR13 ja OL-KR14 
geofysikaaliset reikämittaukset Eurajoen Olkiluodossa vuonna 2001 (Geophysical 
borehole logging of the boreholes OL-KR13 and OL-KR14 in Olkiluoto, Eurajoki, 
2001). Työraportti 2001-30. Posiva Oy, 136 p. 
 
Lahti, M., Tammenmaa, J. & Hassinen, P. 2003. Geophysical logging of boreholes OL-
KR19, OL-KR19b, OL-K20, OL-KR20b, OL-KR22, OL-KR22b and OL-KR8 
continuation at Olkiluoto, Eurajoki 2002. Posiva Oy. 176 p. Working report 2003-05. 
 
Lahti, M. 2004a. Digital borehole imaging of the boreholes KR6, KR8 continuation, 
KR19, KR19b, KR20, KR20b, KR21, KR22, KR22b, KR23, KR23b and KR24 at 
Olkiluoto during autumn 2003. Posiva Oy. Working report 2004-27. 39 p. 
 
Lahti, M. 2004b. Digital borehole imaging of the boreholes KR24 upper part and PH1 at 
Olkiluoto, March 2004. Posiva Oy. Working report 2004-28. 21 p. 
 
Lahti, M. & Heikkinen, E. 2004. Geophysical borehole logging of the borehole PH1 in 
Olkiluoto, Eurajoki 2004. Posiva Oy. Working report 2004-43. 30 p. 
 
Lahti, M. & Heikkinen, E. 2005. Geophysical borehole logging and optical imaging of 
the pilot hole ONK-PH2. Posiva Oy. Working report 2005-04. 72 p 
 
Laurila, T. Tammenmaa J. ja Hassinen P. 1999. Kairareikien HH-KR7 ja HH-KR8 
geofysikaaliset reikämittaukset Loviisan Hästholmenilla vuonna 1999 (Geophysical 
borehole logging of the boreholes HH_KR7 and HH-KR8 at Hästholmen, Loviisa, 
1999). Posiva Oy, Työraportti 99-22. 
 
Ludvigson, J-E., Hansson, K. & Rouhiainen, P. 2002. Methodology study of Posiva 
difference flow meter in borehole KLX02 at Laxemar. Stockholm, Sweden: SKB AB. 
R-01-52. 

Marsily, G. 1986. Quantitative Hydrogeology, Groundwater Hydrology for Engineers. 
Academic Press, Inc. ISBN 0-12-208915-4. 
 
Mattila, J. 2006. A System of Nomenclature for Rocks in Olkiluoto. Eurajoki, Finland: 
Posiva Oy, Working report 2006-32. 
 



65 

 

Mattila, J., Aaltonen, I., Kemppainen, K., Wikström, L., Paananen, M., Paulamäki, S., 
Front, K., Gehör, S., Kärki, A., Ahokas, T. 2008. Geological model of the Olkiluoto site 
Version 1.0. Working Report 2007-92, Posiva Oy, Eurajoki. 
 
Milnes, A. G., Hudson, J. A., Wikström, L. & Aaltonen, I. 2006. Foliation and its rock 
mechanical significance - overview, and programme for systematic foliation 
investigations at Olkiluoto. PosivaOy, Working report 2006-03. 
 
Niinimäki, R. 2004. Core drilling of Pilot Hole OL-PH1 at Olkiluoto in Eurajoki 2003-
2004. Eurajoki, Finland: Posiva Oy, Working report 2004-05. 
 
Pohjanperä, P., Wanne, T. & Johansson, E. 2005. Point load test results from Olkiluoto 
area – Determination of strength of intact rock from boreholes KR1-KR28 and PH1. 
Working Report 2005-59. Posiva Oy, Olkiluoto. 
 
RadInter. 1999. Software Manual. Version 1.2. Malå, Sweden. Malå Geoscience, 13 p. 
 
ReflexW. 2003. Version 3.0. Karlsruhe, Germany. K-J. Sandmeier. 341 p. 
 
Saanio, V. (ed.) 1987. Tunneli- ja kalliorakennus. (Tunnelling and construction in rock, 
in Finnish). Helsinki. RIL 154-1. Association of Finnish Civil Engineers RIL. 363 p. 
 
Saksa, P., Hellä, P., Lehtimäki, T., Heikkinen, E. & Karanko, A. 2001. Reikätutkan 
toimivuusselvitys (On the performance of borehole radar method). Posiva, Working 
Report 2001-35, 134 p. 
 
Tiensuu, K. and Heikkinen, E. 2009. Acoustic imaging of the drillholes OL-KR19, OL-
KR40, OL-KR46 and OL-KR46B, at Olkiluoto 2008. Working report 2009-41. Posiva 
Oy, Eurajoki. 22 p. 
 
TKS-2003. Nuclear Waste Management of the Olkiluoto and Loviisa Power Plants: 
Programme for Research, Development and Technical Design for 2004-2006. Posiva 
Oy, 2003. 
 
TKS-2006. Nuclear Waste Management of the Olkiluoto and Loviisa Power Plants: 
Programme for Research, Development and Technical Design for 2007-2009. Posiva 
Oy, 2006. 
 
Öhman, I., Palmén, J. & Heikkinen, E. 2009. Unification of acoustic drillhole logging 
data. Posiva, Working Report 2009-32, 64 p. 
 



66 

 



67 

 

APPENDICES 

 
Appendix 2.1: List of drilling equipment 
Appendix 2.2: Lifts and electric conductivity of returning water  
Appendix 2.3: Deviation survey, Maxibor II  
Appendix 2.4: Deviation survey, EMS  
 
Appendix 3.1: Core orientation 
Appendix 3.2: Rock mechanical field test samples 
Appendix 3.3: List of core boxes 
Appendix 3.4: Core box photos 
Appendix 3.5: Lithology 
Appendix 3.6: Ductile deformation 
Appendix 3.7: Fracture log core 
Appendix 3.8: Fractures (image) 
Appendix 3.9: Fracture frequency and RQD 
Appendix 3.10: Fracture zones and core loss 
Appendix 3.11: Weathering 
 
Appendix 4.1: Rock quality 
 
Appendix 5.1: Flow rate and single point resistance 
Appendix 5.2: Transmissivity and hydraulic aperture of detected fractures  
Appendix 5.3: Transmissivities and hydraulic apertures  
Appendix 5.4: Electrical conductivity of drillhole water  
Appendix 5.5: Temperature of drillhole water  
Appendix 5.6: Water loss measurements  
 
Appendix 6.1: Geophysical logging results 
Appendix 6.2: Drillhole radar data 
Appendix 6.3: Drillhole radar interpretation 
Appendix 6.4: Acoustic logging interpretation 
Appendix 6.5: Acoustic logging, FWS images 
Appendix 6.6: Example of OBI image 
Appendix 6.7: Example of ABI image  
Appendix 6.8: Technical specification of the WellMAC probes 
Appendix 6.9: Specifications of the Rautaruukki RROM-2 Wenner resistivity probe 
Appendix 6.10: Geovista Elog normal resistivity sonde 
Appendix 6.11: RAMAC/GPR borehole radar 
Appendix 6.12 Full waveform sonic tool 
Appendix 6.13: OBI slimhole optical televiewer 
Appendix 6.14: ABI, High temperature acoustic televiewer 
 
Appendix 7.1: Description of the data columns 
Appendix 7.2: Example of data sheet layout 
Appendix 7.3: Interpretation columns 



68 

 

 



69 

 

Appendix 2.1 
LIST OF DRILLING EQUIPMENT  
 
DE 130 drill rig with power unit 
Toyota Hilux pick up 
Maxibor deviation survey tool 
EMS deviation survey tool 
Ezy Mark orientation tool with Ori-Block orientation heads 
Casing 90/77 mm steel tube 
Water gauge 2 pc  
NQ drill rods 180 m 
NQ3 triple core tube 2 pc 
Extra stabilizator 
Drill bits 
Casing shoe 
Reamers 
Core boxes 
Wedging equipment (at Espoo, ready to be mobilized) 
Water containers 1000 litres 2 pc 
Water pipeline 
Personal mine lamps 
Personal mine rescue packages  
Digital camera 
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Appendix 2.2 
LIFTS AND ELECTRIC CONDUCTIVITY    
OF RETURNING WATER, ONK-PH12  
 

Lift depth Electric conductivity Lift depth Electric conductivity 
m mS/m m mS/m 

2.85 23.1 65.30 25.8 
5.55 26.7 68.05 26.8 
8.30 24.9 70.75 26.9 
10.40 31.1 73.45 27.5 
13.35 25.8 76.13 27.5 
16.05 27.8 78.87 28.4 
18.85 27.1 81.60 28.6 
21.60 28.1 84.35 29.0 
23.90 25.8 86.95 29.5 
26.55 26.9 89.70 27.2 
29.25 26.9 92.40 27.8 
31.92 31.4 95.15 29.1 
35.65 30.2 97.95 27.4 
37.35 30.2 100.65 28.5 
40.77 26.6 103.35 29.0 
42.79 30.5 106.05 25.6 
45.40 30.8 107.35 26.7 
47.49 27.4 110.20 29.5 
50.80 26.5 112.95 27.3 
53.35 26.9 115.60 26.7 
57.05 26.5 118.35 22.4 
59.80 28.0 121.05 28.4 
62.55 27.1 123.85 26.1 
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Appendix 2.3 
DEVIATION SURVEY, MAXIBOR, ONK-PH12   
 
Station (m) Easting (m) Northing (m) Elevation (m) Dip (degree) Azimuth (degree) 

0 1525470.95 6792315.22 -387.78 -5.2 127.2
3 1525473.33 6792313.41 -388.05 -5.2 127.2
6 1525475.71 6792311.60 -388.32 -5.2 127.2
9 1525478.09 6792309.80 -388.60 -5.2 127.2

12 1525480.47 6792307.99 -388.87 -5.2 127.2
15 1525482.85 6792306.19 -389.14 -5.2 127.2
18 1525485.24 6792304.38 -389.41 -5.2 127.2
21 1525487.62 6792302.58 -389.68 -5.2 127.1
24 1525490.00 6792300.77 -389.95 -5.1 127.1
27 1525492.38 6792298.97 -390.22 -5.1 127.1
30 1525494.76 6792297.17 -390.49 -5.1 127.1
33 1525497.15 6792295.37 -390.76 -5.2 127.1
36 1525499.53 6792293.57 -391.03 -5.2 127.1
39 1525501.91 6792291.76 -391.30 -5.2 127.1
42 1525504.30 6792289.96 -391.57 -5.1 127.0
45 1525506.68 6792288.16 -391.84 -5.1 127.0
48 1525509.07 6792286.36 -392.11 -5.1 127.0
51 1525511.46 6792284.57 -392.37 -5.1 127.0
54 1525513.84 6792282.77 -392.64 -5.1 126.9
57 1525516.23 6792280.98 -392.91 -5.1 126.9
60 1525518.62 6792279.18 -393.18 -5.1 126.9
63 1525521.01 6792277.39 -393.45 -5.1 126.9
66 1525523.40 6792275.59 -393.71 -5.1 126.9
69 1525525.79 6792273.80 -393.98 -5.1 126.8
72 1525528.18 6792272.01 -394.25 -5.1 126.8
75 1525530.57 6792270.22 -394.51 -5.1 126.8
78 1525532.97 6792268.43 -394.78 -5.1 126.8
81 1525535.36 6792266.64 -395.05 -5.1 126.7
84 1525537.76 6792264.85 -395.32 -5.1 126.7
87 1525540.15 6792263.07 -395.59 -5.1 126.7
90 1525542.55 6792261.28 -395.86 -5.2 126.7
93 1525544.94 6792259.50 -396.13 -5.2 126.7
96 1525547.34 6792257.71 -396.40 -5.2 126.6
99 1525549.74 6792255.93 -396.67 -5.2 126.6

102 1525552.13 6792254.15 -396.94 -5.2 126.6
105 1525554.53 6792252.36 -397.21 -5.2 126.6
108 1525556.93 6792250.58 -397.48 -5.2 126.6
111 1525559.33 6792248.80 -397.75 -5.2 126.5
114 1525561.73 6792247.02 -398.02 -5.1 126.5
120 1525566.54 6792243.47 -398.55 -5.0 126.5
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Appendix 2.4 
DEVIATION SURVEY, EMS, ONK-PH12   
 
Station (m) Easting (m) Northing (m) Elevation (m) Dip (degree) Azimuth (degree)

0 1525470.95 6792315.22 -387.78 -5.2 127.2
3 1525473.33 6792313.40 -388.06 -5.5 127.5
6 1525475.69 6792311.58 -388.35 -5.5 127.7
9 1525478.06 6792309.76 -388.64 -5.5 127.6

12 1525480.43 6792307.94 -388.92 -5.3 127.5
15 1525482.80 6792306.12 -389.20 -5.3 127.6
18 1525485.16 6792304.30 -389.47 -5.3 127.5
21 1525487.53 6792302.48 -389.75 -5.4 127.6
24 1525489.90 6792300.66 -390.04 -5.5 127.6
27 1525492.27 6792298.84 -390.32 -5.3 127.4
30 1525494.64 6792297.03 -390.60 -5.3 127.3
33 1525497.02 6792295.21 -390.87 -5.3 127.4
36 1525499.39 6792293.40 -391.15 -5.3 127.3
39 1525501.77 6792291.59 -391.43 -5.3 127.4
42 1525504.14 6792289.77 -391.70 -5.3 127.4
45 1525506.51 6792287.96 -391.98 -5.3 127.4
48 1525508.89 6792286.15 -392.26 -5.2 127.4
51 1525511.26 6792284.33 -392.53 -5.3 127.3
54 1525513.64 6792282.52 -392.81 -5.3 127.2
57 1525516.02 6792280.72 -393.09 -5.4 127.2
60 1525518.40 6792278.91 -393.37 -5.4 127.2
63 1525520.78 6792277.11 -393.65 -5.3 127.2
66 1525523.16 6792275.30 -393.93 -5.3 127.1
69 1525525.54 6792273.50 -394.21 -5.4 127.2
72 1525527.92 6792271.69 -394.49 -5.5 127.2
75 1525530.29 6792269.89 -394.78 -5.5 127.3
78 1525532.67 6792268.08 -395.07 -5.5 127.1
81 1525535.05 6792266.28 -395.35 -5.5 127.0
84 1525537.44 6792264.48 -395.64 -5.5 127.0
87 1525539.82 6792262.69 -395.93 -5.5 127.1
90 1525542.20 6792260.88 -396.22 -5.5 127.1
93 1525544.59 6792259.08 -396.50 -5.5 127.1
96 1525546.97 6792257.28 -396.79 -5.5 127.1
99 1525549.35 6792255.48 -397.08 -5.5 127.0

102 1525551.74 6792253.69 -397.36 -5.4 126.9
105 1525554.13 6792251.89 -397.64 -5.4 126.9
108 1525556.52 6792250.10 -397.93 -5.4 126.8
111 1525558.91 6792248.31 -398.21 -5.4 126.8
114 1525561.30 6792246.52 -398.49 -5.4 126.8
117 1525563.69 6792244.74 -398.77 -5.4 126.7
120 1525566.09 6792242.95 -399.06 -5.4 126.7
123 1525568.48 6792241.17 -399.34 -5.4 126.6
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Appendix 3.4 Core box photos 
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Appendix 4.1 Rock quality 
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Appendix 5.1 
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Appendix 5.3 

 
Drillhole: ONK-PH12
Elevation of the top 
of the hole (masl): -387.78 

Inclination: -5.2o 

Depth of fracture 
along the drillhole 

(m) 
Flow  

(mL/h) 
Fracture 
elevation 

(masl) 
Drawdown 

(m)  T (m2/s)
Hydraulic 

aperture of 
fracture  

(mm) 
Comments

33.1 31 -390.8 393.78 2.16E-11 0.003 * 
33.4 145 -390.8 393.78 1.01E-10 0.006 
33.7 42 -390.8 393.78 2.93E-11 0.004 * 
34.5 79 -390.9 393.78 5.51E-11 0.005 
35.7 35 -391.0 393.78 2.44E-11 0.003 
35.9 22 -391.0 393.78 1.53E-11 0.003 * 

 
*    Uncertain fracture. The flow rate is less than 30 mL/h or the flow anomalies are overlapping or they are unclear 
because of noise. 
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Appendix 5.4 
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Appendix 5.5 
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Appendix 5.6 

Vesimenekkikokeen tulos
Kallion vedenjohtavuusmittaus

PL4092 Reikätunnus: Tekijä:
Päivämäärä
Taso (masl) Hyväksyjä
Pohjaveden paine mittaustasossa (Mpa)

Käytetty Laskelmallinen Vesimenekki Huom.
Ylätulppa Alatulppa pumppauspaine paine Määrä Aika Lugeon Keskiarvo
 MPa MPa l min l/min*m*MPa lugeon

 0.0 0.00 0.0 5 0.00 Mittaus tehty yhdellä tulpalla reiän pohjaa 

0.0 0.00 0.0 5 0.00 vasten

5.00 123.85 6.5 2.55 1.0 5 0.00 0.00 
0.0 0.00 0.0 5 0.00  
0.0 0.00 0.0 5 0.00 

ONK-PH12
NEJU,JTHE,AHI,JALN,UUT                         21.1.2010

Koeväli, m - m 

Reikäpaikka:

-387.78
3.948
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Appendix 7.1 
 
DESCRIPTION OF THE DATA COLUMNS - KEY TO THE DATA SHEET 
 
Chainage  
ONKALO tunnel chainage (m). 
 
Depth  
Drillhole depth (m). 
 
Lithology  
Lithological variation logged from the drill core (lithological units > 1 m in length). 
 
Lithological description  
Description of the lithological units logged from the drill core. 
 
Leucosome 
Amount (%) of leucosome material in the lithological units logged from the drill core. 
 
Foliation 
Foliation orientations (dipº/dip directionº) determined from the optical drillhole image 
(one measurement / one metre of the drill core). 
 
Foliation orientations 
Stereograms for foliation orientations; drill core divided into sections based on variation 
of foliation orientation.    
 
Fracture frequency / Fractures 
Frequency of fractures logged from the drill core (fractures/metre). 
Orientations of fractures logged from the drill core (dipº/dip directionº). Tight, filled 
and possibly large fractures are indicated by symbol colours. 
 
Fracture filling 
Thickness of fracture fillings (mm) determined during the drillcore logging.  
 
Ja 
Joint Alteration Number, a parameter used in Q-classification, describing fracture 
fillings; determined during the drillcore logging. 
 
Q-class 
Rock quality; determined from during the drillcore logging. 
 
Possibly large fractures / Hydraulically conductive fractures / Fractures seen in 
radar 
Interpretation (prediction) of locations and orientations of possibly significant (large) 
fractures. Fractures indicated by at least two methods are the most likely candidates. 
Possibly large fractures picked during geological logging, mostly on the basis of 
fracture filling thickness. 
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Hydraulically conductive fractures interpreted by correlating observed elevated 
transmissivities with fractures logged from the core. 
Fractures seen in radar interpreted by correlating observed radar reflections with 
fractures logged from the core.  
 
Fracture orientations 
Fracture orientation stereograms for core sections corresponding to the interpreted 
lithological units (see below). 
 
Interpreted lithology 
Simplified lithological units interpreted on the basis of lithological core logging and 
geophysical properties. These units can be used in the site modelling. 
 
Zones 
Deformation zone intersections interpreted from the drill core. 
 
Summary 
Descriptions of the interpreted lithological units. 
 
Flow / Log T 
Groundwater flow into or out of a defined drillhole section in PFL DIFF probe. The 
flow is measured using the thermal pulse (direction) and thermal dilution (rate) 
methods. 
T (m2/s) is the transmissivity (hydraulic conductivity) of the test section (or fracture).  
 
PFL SPR 
The single point resistance (SPR) of the drillhole wall (grounding resistance). SPR 
measurements are used for the high-resolution depth determination of fractures and 
geological structures. SPR has a lower value on a fracture where flow is detected. 
 
EC  
Electrical conductivity of the fluid in the drill hole (S/m), both in-situ and calibrated to 
25 centigrade temperature; mostly reflects changes in the salinity (higher salinity -> 
higher conductivity). 
 
Density / Susceptibility / NatGamma, 
Gamma-gamma density (g/cm3) reflects lithological variation: leucosome units are of 
distinctly low density, mineralogy of gneisses forms a range of values in density, mafic 
gneisses are of high density; fracturing or deformation zones decrease density 
(washout). 
Susceptibility (magnetic) (10-5 SI) indicates similar lithological variation as density: 
leucosome -  low susceptibility, migmatite gneisses - moderate, mafic gneisses - slightly 
increased, pyrrhotite- or magnetite-containing sections - distinctly increased. 
Natural gamma radiation (μR/h) reflects lithological variation: mafic units - low 
intensity, gneisses - varying intensity reflecting the mineral composition, some of the 
pegmatites elevated and some low, certain veins or structures can be elevated. 
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SusDen 
Classification of susceptibility vs. density based on crossplot distributions. Five classes:  
 
Class Susceptibility 

(10-5 SI) 
Density 
(g/cm3) 

colour 
code 

1. Low susceptibility and density -5 - 15 2.55 - 2.67  
2. Average susceptibility and density 15 - 30 2.67 - 2.72  
3. Elevated susceptibility and density 30 - 80 2.72 - 2.78  
4. High susceptibility and density > 80 2.78 - 2.85  
5. Increased susceptibility and typical density range    

 
 
Velocity P / Velocity S / S-wave Amplitude 
The velocities (m/s, m/s) are derivatives of sonic logging, from the travel time of first P-
wave and S-wave onsets. They reflect lithological and textural variation; fracture 
frequency and deformation zones display lowered velocity. Amplitude (mV) describes 
lithology or strength properties, attenuation increased at deformation zones. 
 
ResVel 
Classification of S-wave velocity vs.single point resistance based on crossplots. Nine 
classes: 
 
Class S-wave velocity 

(m/s) 
SPR  
(Ohm) 

colour 
code 

1. Low velocity and high resistance <3000 >15000  
2. Low velocity and low resistance <3000 <8000  
3. Moderate velocity and low resistance 3000-3450 <8000  
4. Moderate velocity and moderate resistance 3000-3450 8000-15000  
5. Moderate velocity and high resistance 3000-3450 >15000  
6. High velocity > 3450     
7. High velocity and low resistance > 3450   <8000  
8. Moderate velocity and decreased resistance 3000-3450 <8000  
9. Conductive  <1000  

 
 
Wenner res / Short normal res / Long normal res (ohm·m) 
Electrical resistivity measured using different configurations. Wenner resistivity is 
slightly more sensitive for high electrical conductivity, variation in texture, fracturing, 
porosity and conductive mineral content. Describe zones and intervals rather than 
individual fractures. Not calibrated for salinity. 
 
Radar raw image / Radar interpreted fractures 
Downhole radar image 250 MHz, reflections from electrical boundaries (fractures, 
electrically conductive zones, lithological contacts). Radar interpreted fractures, dip 
direction and angle of best matching fracture (same location and intersection alpha 
angle) from the geological logging. 
 
Range 
Perpendicular extent of the interpreted radar reflector from the drillhole (scale 0-15 m). 
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Appendix 7.2 
 

 

 
 

 



145 

 

Appendix 7.3 
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