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Seismic 2D reflection processing and interpretation of refraction seismic 
data, extension area 2007.  

ABSTRACT 

Posiva Oy takes care of the final disposal of spent nuclear fuel in Finland. In year 2001 
Olkiluoto was selected for the site of final disposal. Currently construction of the 
underground research facility, ONKALO, is going on at the Olkiluoto site. 

The aim of this work was to use two-dimensional reflection seismic processing methods 
to refraction seismic data collected from Olkiluoto in year 2005 and 2006, and to locate 
gently dipping reflectors from the stacked sections. This work is continuation to the 
similar work carried out in 2006. The method provides a cost-effective way to get 3D 
interpretation from existing data. Reflecting events are typically linked to fault or shear 
zones in bedrock, and sometimes to lithological contacts. Reflectors coincide with e.g. 
fracture intensity maxima and P-wave velocity minima locations met in drillholes. The 
goal was to link together previous reflector and model information at ONKALO area 
and later results from 3D reflection seismic measurements carried out in 2007. 

Processing was done using mainly open source software Seismic Unix. After the 
processing, the most distinct two-dimensional reflectors were picked from seismic 
sections using visualization environment OpendTect. The features from crossing lines 
were combined into three-dimensional surfaces. Special attention was given to the 
detection of possible faults and discontinuities. The geometry of the surfaces was 
defined based on procedure similar to 3D migration and available geological 
information. 

The applied processing method was successful in detecting the reflectors. Most 
significant steps were the refraction and residual statics, removal of short offset (less 
than 50 m shot-geophone interval) traces and deconvolution. Some distinct reflectors 
can be seen at times 20-200 ms (vertical depths 50...500 m). The signal gets noisier 
below 200 ms. Reflectors are best visible as coherent phase between the adjacent traces, 
but are not much above the surrounding noise level. Higher amount of traces to be 
stacked improves the quality of stacked sections (amplitude and S/N ratio) significantly 
and clear reflectors can be seen at times 200-400 ms. 

Processed results brought in significant new structural information from the area east of 
ONKALO, where drillhole based interpretations have been limited this far. The 
observed reflectors both indicate new reflecting surfaces and gain continuity 
confirmation for reflectors in 2006 reflector processing. This will help in linking 
features between drillhole observations, and suggest eastward continuity for structural 
zones in geological and hydrological models in ONKALO area. Reflectors match well 
to drillhole observations of different fault or shear zone intersections (KR9, KR27 and 
KR40). Reflectors seem to give confidence to several of the gently dipping geological 
and hydrological structures, although sometimes suggest a slightly different dip. 
Reflectors are gently dipping, 20-30 degrees, and structures are found either gently, or 
more steeply dipping ones at corresponding locations. Orientation match would be 
useful to examine in more detail. 

Similar geometric interpretation and validation would benefit the existing processed 3D 
results in west and east of ONKALO. The results demonstrate that seismic 



measurements intended for refraction interpretation can also be successfully processed 
using reflection seismic processing methods.  

For possible later surveys on crystalline bedrock environment, some suggestions were 
drawn. Increasing number of active geophones and shots (higher coverage) would 
enhance visibility and reliability of the reflections on 2D lines. This would suggest in 
practice field measurements designed specifically for 2D reflection survey. Improving 
the 3D resolution of refraction measurement layout would, on the other hand, lead for 
cost and schedule reasons to a layout comparable to 3D survey. 

Keywords: Seismic, reflection, refraction, processing, interpretation, crystalline, 
bedrock, migmatite, fracture zone, spent nuclear fuel, geological disposal 



Refraktioseismisten mittausten 2D heijastusprosessointi, laajennusalue 
2007.  

TIIVISTELMÄ 

Posiva Oy vastaa radioaktiivisen ydinjätteen loppusijoituksesta Suomessa. Vuonna 2001 
Olkiluoto valittiin ydinjätteiden loppusijoituspaikaksi. Parhaillaan Olkiluotoon rakenne-
taan maanalaista tutkimustilaa, ONKALOa. 

Tämän työn tarkoituksena on prosessoida Olkiluodosta vuosina 2005 ja 2006 kerättyä 
refraktioseismistä aineistoa käyttäen heijastusseismiikkaa varten kehitettyjä proses-
sointimenetelmiä, sekä tulkita pinotuista sektioista loivakaateisia heijastajia. Tämä työ 
on jatkoa vuonna 2006 toteutetulle vastaavanlaiselle työlle. Menetelmä mahdollistaa 
kustannustehokkaan tavan saada 3D tuloksia olemassa olevasta aineistosta. Heijastajat 
vastaavat mm. rakotiheysmaksimeja ja P-aaltonopeuden minimejä, joita tavataan 
kairanrei’issä. Tarkoituksena on linkittää ONKALO-alueella sijaitsevat heijastajat sekä 
vuonna 2007 tehtyjen heijastusseismisten 3D-mittausten myöhemmät tulokset yhteen. 

Prosessointi suoritettiin käyttäen pääasiassa vapaan lähdekoodin ohjelmaa Seismic 
Unix. Prosessoinnin jälkeen voimakkaimmat kaksiulotteiset heijastajat poimittiin seis-
misistä vertikaalileikkauksista OpendTect-ohjelmalla. Poiminnan jälkeen risteävien 
linjojen heijastuspiirteitä yhdistettiin kolmiulotteisiksi pinnoiksi. Poiminnoissa kiin-
nitettiin erityisesti huomiota mahdollisiin siirroksiin ja epäjatkuvuuksiin. Pinnoille 
laskettiin koordinaatit ja tehtiin asentokorjaus käyttäen menetelmää, joka vastaa kar-
keasti 3D-migraatiota. Pinnat esitettiin kolmiulotteisesti, ja niitä verrattiin olemassa 
olevaan geologiseen informaatioon. 

Käytetyllä prosessointimenetelmällä onnistuttiin tulkitsemaan heijastajat. Tärkeimmät 
työvaiheet olivat refraktio- ja residuaalistaattinen korjaus, dekonvoluutio sekä lyhyen, 
alle 50 m panos-geofonietäisyyden (offsetin) rekisteröintijälkien poistaminen. Joitakin 
selviä heijastuksia nähdään 20 – 200 ms aikavälillä (50 – 500 m vertikaalisyvyys). 
Signaalin kohina voimistuu 200 ms jälkeen. Heijastukset havaitaan parhaiten koherentin 
vaiheen perusteella vierekkäisten kuvaajien välillä, koska amplitudi ei kohoa paljoa 
ympäristön kohinatason yläpuolelle. Suurempi pinoamisen kertaluku kasvattaa heijas-
tajien amplitudia ja parantaa signaali-kohina -suhdetta, jolloin selkeitä heijastajia 
nähdään myös aikavälillä 200 – 400 ms. 

Tulokset ovat tuoneet merkittävää uutta rakennetietoa ONKALOsta itään sijaitsevalla 
alueella, josta aiempaa kairanreikiin perustuvaa tietoa on ollut rajoitetusti. Havaitut 
heijastajat osoittavat uusien pintojen olemassa oloa ja vahvistavat ajatusta aiempien 
2006 tulkittujen heijastajien jatkuvuudesta. Tästä on hyötyä rakennepiirteiden liittämi-
sessä reikähavaintojen välillä, ja tämä viittaa geologisen ja hydrologisen mallin raken-
nepiirteiden jatkumiseen ONKALOsta itäänpäin. Heijastajat sopivat hyvin yhteen eri 
siirros- ja hiertovyöhykkeiden reikäsijaintien kanssa kairanreikien KR9, KR27 ja KR40 
havainnoissa. Heijastajat näyttävät tukevan useita loiva-asentoisia hydrologisia ja geolo-
gisia rakenteita, vaikkakin kaadekulmat ovat hiukan erilaisia. Heijastajat ovat loiva-
kaateisia (20-30 astetta), ja rakenteita on samoissa sijaintikohdissa joko loivia tai 
asennoltaan jyrkempiä. Asentojen yhteensopivuutta olisi hyödyllistä selvittää tar-
kemmin. 



Vastaavat geometriset tulkinnat ja validoinnit voisivat olla hyödyllisiä olemassa olevalle 
3D mittausaineistolle. Tuloksista voidaan todeta, että refraktioluotauksiin tarkoitetuista 
seismisistä tuloksista voidaan onnistuneesti prosessoida heijastustulkinnat.  

Joitakin kommentteja laadittiin mahdollista myöhempää kiteisen kallion heijastus-
tutkimusten toteutusta varten. Lisäämällä aktiivisten geofonien määrää ja panosten 
tiheyttä (eli tulosten kattavuutta) voidaan parantaa heijastusten näkyvyyttä ja luotet-
tavuutta 2D linjoilla. Tämä tarkoittaisi varta vasten 2D heijastustutkimusta varten 
tehtäviä mittauksia. Refraktiomittausten parantaminen 3D-erotuskyvyn lisäämiseksi 
johtaisi kustannus- ja aikataulusyistä joka tapauksessa 3D-tutkimuksen kaltaiseen 
mittausjärjestelyyn. 

Avainsanat: Seisminen, heijastus, taittuminen, käsittely, tulkinta, kiteinen peruskallio, 
migmatiitti, rikkonaisuusvyöhyke, käytetty ydinpolttoaine, geologinen loppusijoitus 
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1 INTRODUCTION 

Posiva Oy takes care of the final disposal of spent nuclear fuel in Finland. In year 2001 
Olkiluoto was selected for the site of final disposal. Currently construction of the 
underground research facility, ONKALO, is going on at the Olkiluoto site.  

Suomen Malmi Oy has carried out shallow refraction seismic surveys in 2001, 2002 
and 2003 in order to determine the overburden thickness and to study seismic P-wave 
velocity on bedrock surface and to locate e.g. possible fractured domains (Ihalainen 
2003). Survey lines were processed in year 2006 in order to locate gently dipping 
reflectors using two-dimensional reflection seismic processing methods (Öhman et al., 
2006). In November and December 2005 and at spring 2006 survey area was 
expanded. 14 new profiles were acquired on total length of 4785 m. New profiles are 
located to the East of ONKALO area. 

The aim of this work was to use two-dimensional reflection seismic processing 
methods to refraction seismic data collected from Olkiluoto in 2005 and 2006, and to 
locate gently dipping reflectors from the stacked sections. Processing was based on a 
previously used technique (Öhman et al. 2006). The advantage of this work was to be 
able to get three-dimensional reflection seismic results from existing data set at only 
processing costs. The goal was to link ONKALO area and three dimensional reflection 
seismic measurements carried out in 2007 together. 

Processing applied open source software Seismic Unix (SU) (Stockwell & Cohen 
2002). Processing included reading and re-arranging the data set, removal of noisy 
traces, geometric spreading correction, bandpass filtering, refraction and residual static 
corrections, deconvolution, airwave muting, automatic gain control, normal moveout, 
removal of small offset traces and stacking. The goal was to optimize the previously 
designed processing flow (Öhman et al. 2006) for the new data set with some minor 
changes. 

After the processing two-dimensional reflectors were picked in 3D visualization 
environment and combined into three-dimensional surfaces. Special attention was 
given for the detection of possible faults and discontinuities.  

The work was conducted on Posiva’s commission. Contact person at Posiva Oy was 
Mr. Jussi Mattila. Processing and reporting was carried out by Ms. Ida Öhman of 
Pöyry Environment Oy. Mr. Tomas Lehtimäki of Pöyry Environment Oy organised the 
raw data and computed the geometric conversion of picked surfaces. Mr. Jorma 
Nummela of Pöyry Environment Oy converted the surfaces into AutoDesk and Surpac 
Vision 3D visualisation software. Work was reviewed by Mr. Eero Heikkinen of Pöyry 
Environment Oy, who also wrote the comparison to geophysical logging data. 



4 

 

 
 
 



5 

2 SOURCE DATA 

2.1 Surface seismic data 

Source refraction seimic data was collected from Olkiluoto during winter 2005 and 
spring 2006 (Sipola 2007). Survey was carried out by Suomen Malmi Oy (Smoy). Data 
consists of 4785 m of refraction seimic survey lines named S422, S434, S445, S453, 
S463 and S75-S83. The measurements expand the area measured in year 2001 and 
2002 by Suomen Malmi Oy. The narrow area between measurements covered in 2005-
2006 (Sipola 2007) and those processed in 2006 (Öhman et al. 2006) was not included 
to processing (Figure 1). Scope of the work was to determine the overburden thickness 
and to study seismic P-velocity on bedrock surface and to locate e.g. possible fractured 
domains (Ihalainen 2003). 

Original aim of the refraction survey has been to locate the bedrock surface, and to 
define seismic velocities in overburden and in bedrock. Soil type can be estimated 
from velocity. The fractured, faulted, weathered or in some cases sheared rock volumes 
can be detected on basis of decreased seismic velocities.  

Table 1 displays the technical information about the survey lines. In total 14 profiles 
were surveyed; 5 were located from east to west and 9 from north to south. Locations 
of the survey lines are shown is Figure 1. 

Table 1. Refraction seismic survey lines. Coordinates are locations for the first and 
last common mid points (CDP) and length distance between these points. 

East-west     
Line name Northing Easting start Easting end Length (m) 
S422 6791900 1526470 1527027,5 557,5 
S434 6791950 1526525 1527037,5 512,5 
S445 6792000 1526470 1526937,5 467,5 
S453 6792050 1526525 1527037,5 512,5 
S463 6792100 1526525 1527037,5 512,5 
North-South    
Line name Northing start Northing end Easting Length (m) 
S75 6791828 6792175,5 1526550 347,5 
S76 6791828 6792178 1526600 350 
S77 6791828 6792175,5 1526650 347,5 
S78 6791828 6792175,5 1526700 347,5 
S79 6791825,5 6792175,5 1526750 350 
S80 6791828 6792175,5 1526800 347,5 
S81 6791829,25 6792174,25 1526850 345 
S82 6791828 6792173 1526900 345 
S83 6791828 6792175,5 1526950 347,5 
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Figure 1. Locations of the refraction seismic survey lines in Table 1. 

Geophone spacing was 2,5 m and length of each 24-channel geophone array 57,5 m. 
Dynamite charges of 20 to 120 g were used as seismic source. The number of shots for 
each array was from 9 to 11, except on line S81 where shots were approximately 30 
(all shot locations were used for all geophone stations). Maximum offset in profile S81 
was 345 m and in other profiles from 127,5 m to 182,5 m. (Sipola 2007) 

Recording used vertical 4,5 Hz geophones type 10B, with 374 Ohm reel manufactured 
by Mark Product’s (Houston, USA) (Sipola 2007). Acquisition was carried out with 
ABEM Terraloc Mk VI seismograph. Sampling interval was 25 μs. More detailed 
description of the field layout and equipment can be found in the reference (Sipola 
2007). 

Seismic data was recorded to 409,6 ms (Figure 2 and Figure 3). Quality of the data 
varies substantially from line to line as can be seen from Figure 2 and Figure 3. For 
example line S77 is located over a very uneven rock surface and data quality is 
impaired by a large number of disturbing conditions such as roads, ditches, swamps, 
landfill etc. (Sipola 2007). As can be seen in Figure 2, in good quality data for example 
first arrivals (P-wave), S-wave and airwave are easily detected. In the case of a noisy 
data (Figure 3) this is a lot harder. Reliable detection of first arrivals is crucial for 
processing. 
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Figure 2. Example of a good data after removing the noisy traces, shot gather. First P 
arrival is clear. Also S wave and airwaves are seen. Four shots from the line S445. 
AGC has been performed. Trace number on X-axis and two way travel time in seconds 
on Y-axis. 

 

Shot 1 
Shot 2

Shot 3 Shot 4 
P 

Airwave 

S 
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Figure 3. Example of a noisy data after removing the noisy traces, shot gather. S 
wave, P wave and airwaves are seen. Four shots from the line S77. AGC has been 
performed. Trace number on X-axis and two way travel time in seconds on Y-axis. 

2.2 Background information 

The area has been previously characterized with drillholes KR9, KR27 and KR40. 
Drillholes have provided information on lithology, deformation properties, alteration, 
and hydraulic conductivity (Mattila et al. 2008, Ahokas et al. 2007, Rautio 1996, 
Niinimäki 2003, Pussinen & Niinimäki 2006). These together with geophysical 
logging from the drillholes (Julkunen et al. 1996, 2004; Tarvainen 2007) indicate the 
possible locations and explanations of the reflecting bodies (Chapter 4.3 below). 

Geological and hydrological models (Mattila et al. 2008, Ahokas et al. 2007) have 
been used to estimate the possible origin of the reflectors (Chapters 4.2 and 4.3 below).  

Shot 1 Shot 2 Shot 3 Shot 4 

P 

Airwave 

S 



9 

3 DATA PROCESSING 

The aim was to perform reflection seismic processing for two-dimensional seismic 
survey lines, surveyed originally for refraction seismic interpretation. Advantage of 
this work is to get three-dimensional reflection seismic results from the existing data at 
only processing costs. Processing was based on a processing flow of Öhman et al. 
(2006). After processing the seismic sections were interpreted in order to map the 
orientation, continuity, location and shape of sub horizontal 3D reflectors as well as to 
locate indirectly possible subvertical faults. 

Before seismic interpretation the survey data must be carefully processed. The 
processing steps are presented in Table 2. Line S445 is used here to exemplify the 
processing steps (see processing flow in Table 2). Practically no reflectors can be seen 
in the raw data from the line S445, shown in Figure 4. After filtering and stacking, 
normally some discontinuous traces of reflections can be estimated. Even though 
automatic gain control (AGC) is applied to data at the end of processing, it has been 
applied to images in order to make the visualization more illustrative. AGC improves 
visibility of late-arriving events in which attenuation or wavefront divergence has 
caused amplitude decay. 

The most important processing steps to bring the reflections visible were refraction 
statics and deconvolution. Also step 13 (“Remove small offset traces”), which was not 
applied to previous processing (Öhman et al. 2006), improved the quality of stacked 
sections especially in the case of a noisy data. 

Refraction static corrections remove the differences of travel times in first arrival, 
caused by differences in elevation and near surface velocity variation in soil and 
weathering layers. Deconvolution will sharpen the signal signature and remove 
multiple waves from reflections. During deconvolution, adding noise serves also as 
frequency equalization (spectral whitening). Small offset traces are the noisiest ones 
and therefore removing them improves the quality of stacked sections. For example in 
Figure 4 shots 10 and 11 are almost totally removed because of this. 
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Figure 4. Raw shot gather from the line S445 with automatic gain control.  Shots 7-13.  
Trace number on X-axis and two way travel time in seconds on Y-axis. 

Processing was performed using free seismic data processing package Seismic Unix 
(SU) (Stockwell & Cohen 2002). Refraction seismic data in SEG-2 format was 
converted into SEG-Y format before importing into SU (Table 2, item 1), using 
shareware software IXseg2segy (Interpex Ltd). Number of samples in SEG-2 format 
was limited, and conversion was preferred rather than down sampling. In down 
sampling some features of the data could have been lost. 

Noisy traces to be removed (Table 2, item 2) were selected visually using ReflexW 
software (ReflexW 2003) and then removed in SU. Typically these geophones are 
located near the shots or the geophones were not properly mounted into the ground. 

The next step after removing the noisy traces was setting the geometry (Table 2, item 
3). Measured data of each survey line consists of seismic traces and for each trace, 
trace number, shot number, geophone number, shot position, geophone position, 
common depth point (CDP) position and offset must be set. Common depth point is a 
common reflecting point at depth on a reflector (see Figure 5). In the case of planar 
layers, CDP is a halfway point between a source and a receiver as illustrated in Figure 
5. In this work the CDP locations have been computed assuming that reflectors are 
planar. Geometry was read from the ASCII file, which was created with Microsoft 
Excel, and applied to data using Seismic Unix. Example of geometry file is shown in 
Table 3. 

Shot 7 Shot 8 Shot 9 
Shot 10 Shot 11

Shot 12 Shot 13 
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Table 2. Processing flow and processing parameters. 

Processing step Parameters 
1. Convert SEG2 data into SEGY (Figure 

4) 
 

2. Remove noisy traces  
3. Set geometry  
4. Refraction static corrections (Figure 9)  
5. Geometric spreading correction Multiply by 2,1t  
6. Bandpass filter (Figure 10) 30-60-400-600 Hz 
7. Set CDP numbers Length of a bin: 2,5 m 
8. Deconvolution Minlag: 0,1ms 

Maxlag: 40 ms 
Start of autocorrelation: 0 offset: 100 ms; max 
offset: 120 s 
End of autocorrelation: 0 offset: 300 ms; max 
offset: 400 ms 
Noise: 1 % 

9. Bandpass filter (Figure 11) 0-100 ms: 70-140-300-450 Hz 
50-200 ms: 60-120-300-450 Hz 
150-500 ms: 50-100-270-400 Hz 

10. Mute (Figure 14) Linear velocity: 340 m/s 
Width: 0 offset: 10 ms; max offset: 15 ms 
Taper before hard mute: 1000 samples 

11. Automatic Gain Control (AGC) Window: 50 ms 
12. Residual static corrections (Figure 14)  
13. Normal Moveout  (NMO) (Figure 15) Velocity: 5000 m/s 

Stretch mute: 4 
Number of points to taper: 1000 

14. Remove small offset traces Min offset: 50 m 
15. Stack (Figure 22) Bin: 2,5 m 

 

 

Figure 5. Definition of a common depth point in the case of a planar reflector. 
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Table 3. Example of a geometry file from the line S445. First 12 traces. 

Trace 
number 

Shot 
number 

Geophone 
number 

Shot 
position m 

Geophone 
position m 

CDP 
position m 

Offset 
m 

1 1 1 -70 0 -35 70 
2 1 2 -70 2,5 -33,75 72,5 
3 1 3 -70 5 -32,5 75 
4 1 4 -70 7,5 -31,25 77,5 
5 1 5 -70 10 -30 80 
6 1 6 -70 12,5 -28,75 82,5 
7 1 7 -70 15 -27,5 85 
8 1 8 -70 17,5 -26,25 87,5 
9 1 9 -70 20 -25 90 
10 1 10 -70 22,5 -23,75 92,5 
11 1 11 -70 25 -22,5 95 
12 1 12 -70 27,5 -21,25 97,5 

 
Refraction static corrections (Table 2, item 4) were calculated using Microsoft Excel 
and were applied to data after setting the geometry. Values of static corrections must 
be integers in milliseconds. The purpose of the refraction static corrections was to 
remove the fuse delay times and to eliminate the effect of the weathering layer and the 
surface elevation variations (see Figure 6). Refraction statics calculation was based on 
a first P-wave direct arrival times (first breaks, see Figure 2) and therefore reliable 
detection of first breaks is very important. Refracted first breaks represent the base of a 
weathering layer. 

Figure 6. Refraction static corrections eliminate the effect of the weathering layer and 
the surface elevation variations. Arrows represent the value of correction applied to 
trace located between the shot and the receiver. 

The static error was removed from each trace by computing the theoretical first breaks 
using the replacement velocity of 5000 m/s and trace offset. Correction was obtained 
by subtracting theoretical first break from observed first break. After applying 
refraction static corrections to seismic data, the base of weathering layer becomes a 
new datum and elevation differences between the shot and the geophone and between 
the geophones are eliminated (Figure 6). Because depth of the real weathering layer 
may vary from trace to trace, some differences between the shots might still remain. 
We can estimate that these variations are approximately +/- 2 m based on a previous 
interpretations (Sipola 2007), which leads to +/- 0,8 ms error in two way travel times 
using the replacement velocity of 5000 m/s. This is acceptable, because the average 

SURFACE 

SHOT 

v = 5000 m/s 

WEATHERING LAYER 
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amplitude among the traces is many times greater than this error and because error is 
smaller than the 1 ms resolution of refraction static corrections. 

Another problem caused by this approach to refraction statics, is unknown datum, 
because there is no information about the thickness of the weathering layer or low 
velocity volumes near surface. These may be defined using ray-tracing inversion of 
first breaks. In practice the applied procedure led to adequate accuracy of the result. An 
example of an accurate wavefront inversion data from line S81 is shown in Figure 7 
below. 

 

Figure 7. A traveltime wavefront inversion image of  P-wave velocity from line S81.  

Comparison between stacked sections with and without refraction static corrections 
(Figure 18, Figure 19, Figure 20, Figure 21, Figure 23, Figure 24, Figure 25, Figure 
26) indicates that the approach is easy and fast and therefore adequate and reasonable 
to perform. Example of a shot gather before and after the refraction statics is shown in 
Figure 8 and Figure 9 respectively. It can be seen that first breaks have lined up. 

V
el

oc
ity

 (m
/s

) 
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Figure 8. Four shots (upper part) from the line S445 without refraction statics. AGC 
has been performed. Trace number on X-axis and two way travel time in seconds on Y-
axis. 
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Figure 9. Four shots (upper part) from the line S445 after refraction statics. AGC has 
been performed. Trace number on X-axis and two way travel time in seconds on Y-
axis. 

Geometric spreading correction (Table 2, item 5) was applied to seismic data by 
multiplying amplitude data by 

2,1t . Selection of parameter was based on a previous 
processing (Öhman et al. 2006) and testing. Data was filtered (Table 2, item 6) using 
zero-phase, sine squared tapered band pass filter (Stockwell & Cohen 2002) with the 
following parameters. 

lower cutoff frequency: 30 Hz 
lower plateau frequency: 60 Hz 
upper plateau frequency: 400 Hz 
upper cutoff frequency: 600 Hz 

Purpose of this preliminary filtering was to remove the highest and the lowest 
frequencies. Selection of parameters was based on a raw spectrum. Shot gather after 
the preliminary filtering is shown in Figure 10. Reflectors are not yet visible. 
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Figure 10.  Shot gather from the line S445 after the preliminary filtering. AGC has 
been performed. Shots 7-13. Trace number on X-axis and two way travel time in 
seconds on Y-axis. 

Deconvolution (Table 2, item 8) applied Wiener predictive error filtering. Aim was to 
recover high frequencies, attenuate multiples, equalize amplitudes, produce a zero-
phase wavelet and generally affect the wave shape. Deconvolution was performed 
using the following parameters and is one of the most important processing steps. 

First lag of prediction filter: 0,1 ms 
Operator length: 40 ms 
Start of autocorrelation window: min offset 100 ms, max offset 120 ms 
End of autocorrelation window: min offset 300 ms, max offset 400 ms 
Noise: 1 % 

Stacked sections were compared with and without deconvolution in Figure 21 and 
Figure 22, respectively. Figures indicate the importance of deconvolution. After the 
deconvolution the data was filtered (Table 2, item 9) with similar filter as before 
deconvolution, using parameters shown below. Survey line S81 was filtered using 
slightly different filter parameters in the later times of the data because of a bigger 
offsets. 

0-100 ms 
lower cutoff frequency: 70 Hz 
lower plateau frequency: 140 Hz 

Shot 7 Shot 8 Shot 9 Shot 10 Shot 11
Shot 12 Shot 13
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upper plateau frequency: 300 Hz 
upper cutoff frequency: 450 Hz 

50-200  ms 
lower cutoff frequency: 60 Hz 
lower plateau frequency: 120 Hz 
upper plateau frequency: 300 Hz 
upper cutoff frequency: 450 Hz 

150-500 ms 
lower cutoff frequency: 50 Hz 
lower plateau frequency: 100 Hz 
upper plateau frequency: 270 Hz 
upper cutoff frequency: 400 Hz  

Shot gather after the deconvolution and the second filtering is shown in Figure 11. 
Now clear reflectors after 60 ms and 180 ms are seen. No reflectors are seen in shots 
10 and 11 where offset is very small. 

 

Figure 11. Shot gather from the line S445 after deconvolution and second filtering. 
AGC has been performed. Reflectors can be seen after 60 ms and 180 ms marked with 
green and red arrows respectively. Airwave is marked with blue arrow. Trace number 
on X-axis and two way travel time in seconds on Y-axis. Shots 7-13 on line. 

Shot 7 Shot 8 Shot 9 Shot 10 Shot 11
Shot 12 Shot 13

Airwave 
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The behaviour of records according to shot offset was viewed in common offset 
gathers (Figure 12). The airwave (red line) was removed by muting (Table 2, item 10) 
at velocity 340 m/s vs. offset. The air blast duration was set as a function of offset. 
Number of points to taper before hard mute was set to 1000. After the muting 
automatic gain control (AGC) was applied (Table 2, item 11) to data in order to 
improve visibility of late-arriving events in which attenuation or wavefront divergence 
has caused amplitude decay. Part of the common offset gather from the line S445 after 
the muting and AGC is shown in Figure 13. 

 

Figure 12. Part of the offset gather from the line S445. Airwave with the velocity of 
340 m/s is marked with red line.  



19 

 

Figure 13. Part of the common offset gather from the line S445 after muting and 
automatic gain control. 

The calculated refraction statics were quite good on basis of lining up of P-arrival (see 
Figure 11). Some residual errors still remain, which must be corrected for. These 
errors can be seen after deconvolution as displacements in first breaks and the reflected 
events. The residual statics (Table 2, item 12) are plus-minus errors with respect to the 
long wavelength trend of travel time anomalies due to the near-surface effects (Li 
1999). Corrections were applied to traces by picking the first break maxima and 
computing their differences to the theoretical first breaks, which were computed during 
the refraction statics.  

Original first breaks were picked to zero amplitude (crossover). This work applied 
maximum amplitude, so datum was shifted half a wavelength (2-3 ms). After this shift, 
datum was 0 m +/- 2 m. This is because before the residual statics datum was 5 m +/- 2 
m which corresponds to 2 ms shift in two way travel time. 

In Figure 11 is shown a shot gather and in Figure 20 a stacked section before the 
residual statics and in Figure 14 a shot gather and in Figure 22 a stacked section after 
the residual statics (see also Figure 25 and Figure 27). 
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Figure 14.  Shot gather from the line S445 after the muting, AGC and residual statics.  
Trace number on X-axis and two way travel time in seconds on Y-axis. Shots 7-13 on 
line. 

Normal moveout (NMO, Table 2, item 13) compensates for the effects of the offset 
separation between seismic sources and receivers and must be performed prior to 
stacking. NMO velocity used was 5000 m/s and stretch mute 4. Samples with NMO 
stretch exceeding stretch mute were zeroed. Shot gather after the normal moveout is 
shown in Figure 15. In Figure 16 is shown a detailed example of two shots from the 
line S445. Originally first breaks and reflecting events are hyperbolic and would not 
stack constructively but NMO straightens them up.  

Shot 7 Shot 8 Shot 9 Shot 10 Shot 11 Shot 12 Shot 13 
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Figure 15. Shot gather from the line S445 after the normal moveout. Normal moveout 
straightens up first breaks. Trace number on X-axis and two way travel time in seconds 
on Y-axis. Shots 7-13 on line. (with AGC) 

 

Shot 7 Shot 8 Shot 9 Shot 10 Shot 11 Shot 12 Shot 13 
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Figure 16. Two shots from the line S445 before and after NMO. Red line demonstrates 
how NMO straightens up first breaks. Trace number on X-axis and two way travel time 
in seconds on Y-axis. 

Last processing step before stacking was to remove traces with offset smaller than 50 
meters (Table 2, item 14). Small offset traces are the noisiest ones and therefore 
removing them improves the quality of stacked sections. It can be seen from the Figure 
15 that there is almost no evidence of reflectors in shots 9, 10 and 11. Offset in these 
shots varies from 0,75 m to 62,5 m so shots 9, 10 and 11 are almost entirely removed. 
Stacked section without removing small offset traces can be seen in Figure 20 and 
after removing small offset traces in Figure 21. 

After removing small offset traces data can be stacked (Table 2, item 15). First it must 
be sorted into common depth point gathers, which means that data is sorted by its CDP 
position, and CDP positions must be changed into CDP numbers. Traces with the same 
CDP number are stacked. CDP numbers are integers and calculated based on a position 
of each CDP. All traces having their CDP position within a bin length are stacked into 
the fold. Length of a bin was 2,5 meters and consequently approximate fold is ten in 
lines S422, S434, S445, S453 and S463, eight in lines S75-S80 and S82-S83 and 30 in 
line S81. Fold is greatest in the middle of the survey lines and smallest at the ends. 
Figure 17 demonstrates principle of stacking. Each stacked sample is divided by the 
square root of non-zero values stacked. Final stacked section from the line S445 is 
shown in Figure 22. Only the first 340 ms of the data are displayed because of a low 
signal-to-noise ratio in the lower parts of the data. Stacked sections without refraction 
or residual statics and without removing small offset traces (Figure 18), without 
removing small offset traces and without residual statics (Figure 19), without 
removing small offset traces (Figure 20) and without deconvolution (Figure 21) are 
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also displayed in order to demonstrate the effect of the most important processing 
steps. Stacked sections from the line S80 are also displayed (Figure 23, Figure 24, 
Figure 25, Figure 26 and Figure 27). 

 

Figure 17. a) Traces before stack b) Same traces after stack. Six traces within 2,5 m 
bin (red and green lines in figure a) ) are stacked. Corresponding stacked traces are 
marked with red and green arrows in figure b). 

 

a) CDP position b) CDP number 
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Figure 18. Stacked section from the line S445 without removing small offset traces and 
without refraction or residual statics. No  clear reflectors can be seen. CDP number on 
x-axis and two way travel time in seconds on y-axis. 
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Figure 19. Stacked section from the line S445 without removing small offset traces and 
without residual statics.  Clear reflector is marked with red arrow. CDP number on x-
axis and two way travel time in seconds on y-axis. 
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Figure 20. Stacked section from the line S445 without removing small offset traces. 
Clear reflectors are marked with red arrows. CDP number on x-axis and two way 
travel time in seconds on y-axis. 
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Figure 21. Stacked section from the line S445 without deconvolution. Clear reflector is 
marked with red arrow. CDP number on x-axis and two way travel time in seconds on 
y-axis. 
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Figure 22. Final stacked section from the line S445 down to 340 ms using a wiggle 
trace display. Clear reflectors are marked with red arrows. CDP number on x-axis and 
two way travel time in seconds on y-axis. 
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Figure 23. Stacked section from the line S80 without removing small offset traces and 
without refraction or residual statics. No  clear reflectors can be seen. CDP number on 
x-axis and two way travel time in seconds on y-axis. 
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Figure 24. Stacked section from the line S80 without removing small offset traces and 
without residual statics. No  clear reflectors can be seen. CDP number on x-axis and 
two way travel time in seconds on y-axis. 
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Figure 25. Stacked section from the line S80 without removing small offset traces. 
Clear reflectors are marked with red arrows. CDP number on x-axis and two way 
travel time in seconds on y-axis. 
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Figure 26. Stacked section from the line S80 without deconvolution. Clear reflector is 
marked with red arrow. CDP number on x-axis and two way travel time in seconds on 
y-axis. 
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Figure 27. Final stacked section from the line S80 down to 340 ms using a wiggle 
trace display. Clear reflectors are marked with red arrows. CDP number on x-axis and 
two way travel time in seconds on y-axis. 

In survey line S81 fold was three times bigger than in other survey lines and therefore 
reflectors are stronger and signal-to-noise ratio is higher. Final stacked section from the 
line S81 is shown in Figure 28. Strongest reflectors are marked with red arrows. In 
Figure 29 is shown an intersection of survey lines S81 and S422. Figure demonstrates 
the difference in quality between sections with different fold. Reflector marked with 
red arrow continues from line to line but is weaker in line S422 because of a smaller 
fold. There is no indication of reflector marked with yellow arrow in line S422. 
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Figure 28. Final stacked section from the line S81. Very strong reflectors are seen 
because of a big fold. Strongest reflectors are marked with red arrows. CDP number 
on x-axis and two way travel time in seconds on y-axis. 



35 

 

Figure 29. Example of a reflector continuing from line S81 to lineS422. Fold in line 
S81 is many times bigger and therefore reflector is stronger and signal-to-noise ratio 
higher. 

S422 
S81 
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4 INTERPRETATION 

After the seismic processing had been performed for the set of refraction seismic 
survey lines, data was interpreted. First step was to examine two dimensional stacked 
sections, which can be found from the APPENDIX 1, and to locate possible reflectors. 
After this, two-dimensional stacked sections were imported into the visualization 
environment OpendTect (OpendTect 2006) and reflectors were picked in 3D. 

4.1 Two dimensional reflectors 

Two dimensional seismic data from the survey lines shown in Figure 1, was processed 
using the processing parameters in Table 2. The result was a set of stacked seismic 
sections which can bee seen in APPENDIX 1 using variable density display. These 
two-dimensional sections can be used to locate the reflectors but the actual picking was 
done in 3D. Very clear reflectors can be seen in several lines (S80, S81, S455) but for 
example in line S82 only few weak ones are seen and none were picked. Reflectors are 
mostly found from the upper parts of the seismic sections. This is due to the lower 
signal-to-noise ratio in the later times of the data (greater depths). This can also be seen 
from the stacked sections (see APPENDIX 1). In line S81 approximate fold was three 
times greater than in other lines and therefore signal-to-noise ratio, amplitude and 
amount of reflectors were dramatically increased. Two-dimensional reflectors are 
shown in APPENDIX 1. Note, that precise picking was done in 3D and in APPENDIX 
1 is shown just a rough illustration of the locations of reflectors. 

Some reflectors may not appear to be very clear in first place, and may be hard to 
detect from individual lines. Different image colour settings, aspect ratios and scales 
were applied. Picking in 3D allows locating reflectors on adjacent and crossing lines, 
which helps to recognise continuous reflecting events. 

In APPENDIX 1 scale is 1:5000 in order to display data more clear. Picking was easier 
and reflectors clearer with stretched X dimension in 3D and with different angle of 
views.   

Depth of the reflectors was determined using the approximate velocity of 5300 m/s. 
For deeper seated reflectors even higher velocities, e.g. 6000 m/s, would be needed 
(Juhlin & Cosma 2007). The velocities (5000 m/s) used in static correction and NMO 
give a generic idea on the real velocities in bedrock. However the true velocity has to 
be confirmed using velocity fitting on diffractions seen on seismic sections, from 
external sources (VSP data and 3D reflection data) and with using a drillhole control. 
Processing has applied a phase consistent (zero phase) work flow. Correctness of depth 
axis will rely on recognition of correct phase of the reflected arrival, e.g. ¼ - ½ 
wavelength late picks will mean approx. 5-10 m too deep depth level of the reflection. 
Selecting the velocity e.g. either 5000 m/s, 6000 m/s, or 5500 m/s, will lead to approx. 
10% error in the depth axis compared to application of “true” velocity. 

 

4.2 Three dimensional surfaces 

Two-dimensional stacked sections were imported into OpendTect visualization 
environment, where reflectors were picked. Sections were displayed using variable 
density display. In an intersection of two lines, reflectors may continue from line to 
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line which allows three dimensional picking. Example of reflectors continuing from 
line to line is shown in Figure 30. Reflectors picked from crossing lines, construct 
surfaces. After all the relevant reflectors were picked, they were merged into surfaces. 
Still some single two-dimensional reflectors remain.  

Example of a three-dimensional surface is shown in Figure 31. This surface consists of 
reflectors picked from the lines S75, S77, S78, S79, S80, S422, S434 and S445. 

 

 

Figure 30. Intersection of lines S80 and S445. Reflectors continue from line to line and 
are marked with red and yellow arrows. 

S80 

S445 
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Figure 31. Three-dimensional surface picked from the lines S75, S77, S78, S79, S80, 
S422, S434, S445. 

Seven surfaces and seven single 2D reflectors in total were picked and are shown in 
APPENDIX 1. 2D reflectors constructing surfaces are named according to the surface 
name and single reflectors with a prefix ‘single’. Surfaces were mainly in focus but 
some single reflectors, especially ones picked from the line S81, can be found very 
interesting. Because of an adequately great stack fold lots of high amplitude single 
reflectors are seen in survey line S81 (see APPENDIX 1). There is one particularly 
interesting strong reflector (named Single 7) at the bottom of the section. No indication 
of this reflector can be found from other survey lines due to low signal-to-noise ratio. 

Smaller bin length and greater fold compared to 2006 processing, and omission of near 
offset shots, clearly enhanced the signal to noise ratio. Diffracted energy or Stoneley 
arrival generated events are still present, but P-wave reflections are more distinct. The 
amplitude reflected from these surfaces is varying according to location, which may 
indicate in part some variation on the properties along the surface. Partly this variation 
may indicate also discontinuity or offsetting of reflecting structures. Some of the 
reflectors indicate to be consisted of several near-parallel planes. Only indirect 
indications on subvertical reflections are gained. 

The time picked surfaces, recognised from several parallel and crossing lines, were 
corrected for offset and offline reflection geometry. The original picks are displayed on 
the sections with their apparent dips (see APPENDIX 1). The observations are 
geometrically tilted so, that the shortest distance from CDP (see Figure 5) is measured 

S422 S80 
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along the normal of the reflection plane (reflector is tilted towards the up-dip 
direction). This corresponds roughly a 3D migration, but is a simplified post 
processing procedure (Prissang et al. 2004). Table 4 shows the location information on 
the corrected surfaces.  

Location where the reflectors are seated in Olkiluoto subsurface are presented in 
Figure 32 below. 

Table 4. Positions and dips for migrated three dimensional surfaces 

Surface 
name 

Dip direction/ Dip 
(degrees from North 
and Horizontal) 

Two way 
travel 
time (ms) 

Depth 
range(m) 

Projected 
drillhole 
intersection 
length (m) 

Picked from the 
lines (S) 

ref 21 136.98 N / 17.07 170-220 -508.6... 
-372.2 

443 (KR9) 
501 (KR27) 
537 (KR40) 

75, 76, 77, 78, 
79, 80, 445, 434, 
422 

ref 22 141.00 N / 19.24 170-220 -517.2... 
-386.7 

449 (KR9) 
517 (KR27) 
557 (KR40) 

75, 76, 77, 78, 
79, 80, 445, 422 

ref 23 160.99 N / 10,51 90-110 -257.0... 
-204,1 

217 (KR9) 
291 (KR27) 
274 (KR40) 

78, 80, 445, 434, 
422 

ref 24 224.12 N  / 2.88 60 -164.2... 
-149.2 

177 (KR9) 
232 (KR27) 
178 (KR40) 74, 453 

ref 25 

341.23 N  / 6.79 100-105 
-293.9... 
-276.0 

376 (KR9) 
412 (KR27) 
332 (KR40) 78, 445 

ref 26 

167.16 N / 28.98 35 - 60 -152.4...-79.6 

none (KR9) 
105 (KR27) 
104 (KR40) 81, 422, 434 

ref 27 

195.44 N / 14.69 75 - 85 
-210.2... 
-170.0 

166 (KR9) 
296 (KR27) 
213 (KR40) 81, 434 
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A) 

 
B) 

 

Figure 32. Reflectors Ref21, Ref22, Ref23, Ref24, Ref25, Ref26 and Ref27 interpreted 
in 2007. A) A top view for map location. B) A perspective view from south. Reflectors 
are presented together with drillholes KR9, KR27 and KR40 including their lithology 
(color coding) and fractured depth intervals (disks). 
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4.3 Comparison to existing data 

Reflector orientation and location were projected to closest drillholes in order to 
validate their potential properties and explanation. The reflectors represent continuity 
information for point-like observations in drillholes. The reflectors support 
observations from drillholes and objects included in geological and hydrological 
models. The reflectors interpreted in 2007 (Ref21 thru Ref27) were compared to 
locations of brittle fault zones in geological model (Mattila et al. 2008) and hydraulic 
conductivity zones in hydrological model (Ahokas et al. 2007). Comparisons are 
presented in Figure 33, Figure 34, Figure 35 and Figure 36 below. 

The locations of the reflections in drillholes were projected using their orientation. A 
gently dipping reflector Ref26 gains continuity between KR27 and KR40, and is 
indicated to outcrop to ground surface south of KR9, and near KR22-KR23 area. The 
potential drillhole intersection is occupied in KR27 by BFZ012 which is steeper. 
Reflector would suggest more gently dipping connection, like BFZ011 (partly).  

The other reflectors are not projected to ground surface near their occurrence. 
Reflectors Ref23, Ref24 and Ref27 are linked together near same plane with HZ19A, 
B and C. These gain support from hydrological and geological (Ahokas et al. 2007, 
Mattila et al. 2008) models, and may relate to BFZ011, BFZ018, BFZ048 and BFZ056. 
Reflectors Ref21 and Ref22 are linked together with HZ20A and B. Possibly these are 
also linked with BFZ080 and BFZ098. Other geological structures assigned to these 
depth levels are not matching with their orientations (steeper or other dip direction). 
Reflectors are gently dipping (20-30 degrees), and structures are found in the same 
locations as either gently or more steeply dipping ones. Orientation match would be 
useful to examine in more detail. 

Possible supporting indications were screened and analysed on basis of drillhole 
geological and geophysical logging (Julkunen et al. 1996, Julkunen et al. 2003, 
Tarvainen 2007, Rautio 1996, Pussinen & Niinimäki 2006, Niinimäki 2003) and 
computed apparent reflectivity. Results are listed in Table 5 in order of their 
numbering (sequence of interpretation), and for matching events presented in drillhole 
log views in Figures 37 thru Figure 44 below. Depth order of appearance from surface 
is Ref26, Ref27, Ref23, Ref24, Ref25, Ref21 and Ref22.  

Figure 33 (see next page). Perspective view from South of the reflecting surfaces 
interpreted 2006 and 2007, presented with drillholes KR4, KR7, KR8, KR9, KR22-
KR29, and KR40 (with lithology and fracture intersections), with ONKALO design.  
Figure 34. Top view of reflectors, drillholes and ONKALO. 

Figure 35 (see following page). Perspective view from South of the reflecting 
surfaces interpreted 2006 and 2007, presented with drillholes KR4, KR7, KR8, KR9, 
KR22-KR29, and KR40, with ONKALO design, and with structures BFZ002, 
BFZ011, BFZ018, BFZ048, BFZ056 , BFZ080 and BFZ098 of geological model.  

Figure 36. (see the page after). Perspective view from South of the reflecting 
surfaces interpreted 2006 and 2007, presented with drillholes KR4, KR7, KR8, KR9, 
KR22-KR29, and KR40, with ONKALO design, and with hydraulic structures HZ19, 
HZ20 and HZ21. 
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Figure 33. Reflectors interpreted in 2006 and 2007 presented with ONKALO layout 
and relevant drillholes. View from south. 
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Figure 34. Reflectors interpreted in 2006 and 2007 presented with ONKALO layout 
and relevant drillholes, top view. 
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Figure 35. Reflectors interpreted in 2006 and 2007 presented with ONKALO layout 
and relevant drillholes, and with relevant structures of geological model (Mattila et 
al. 2008). 
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Figure 36. Reflectors interpreted in 2006 and 2007 presented with ONKALO layout 
and relevant drillholes, and with relevant structures of ONKALO hydrological model 
(Ahokas et al. 2007). 
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Table 5. Reflector matching features in drillholes. 

 
 
 

R
eflector 

D
rillhole, 

length (m
) 

M
ain 

lithology 

D
eform

ation 

A
lteration 

H
ydraulic 

conductivity 

G
eoph. 

logging data 

KR40 
547-
557 m 
or 600-
620 m 

TGG, 
MFGN 
 
VGN 

 
 
 
fract. 
increased 

  High density TGG 
(2.95), no velocity 
anomaly 
 
P-velocity decreased 
Resistivity decreased 
Susceptibility increased 

KR9 
443-
449 m 

DGN 
MGN 

Fracturing 
increased 

Kaolinite 
alteration 
Illite 
alteration 

Hydr. cond 
increased 

No density contrast 
Resistivity decreased 
P-velocity decreased 
(3800 m/s) 

Ref21 
Ref22 

KR27 
501-
517 m 

   Slight 
increase in 
hydr. 
conductivity 

Density contrast above 
the indication (466-493 
m) 
Decreased resistivity 
Slight decrease in P-
velocity 

KR40 
274 m 

DGN 
PGR 

Fracturing 
increased 

Illite 
alteration 

One hydro-
fracture 

Caliper increased 
Susceptibility increased 
Resistivity decreased 
(268-285 m) 
P-velocity decreased 
(283 m) 

KR9 
217 m 

DGN Slightly 
increased 
fracturing 

Kaolinite 
and sulphide 
alteration 

Minor 
increase in 
hydr. cond 

Increase in 
susceptibility 
Decrease in resistivity 
Decrease in P-velocity 

Ref23 

KR27 
291 m 

MGN 
DGN 

Intense 
fracturing 
Brittle-
semibrittle 
deformation 

Pervasive 
illite 
alteration 

Hydraulic 
conductivity 

Decreased resistivity 
Decreased P-velocity 

KR40 
178 m 

TGG 
DGN 

Slight increase 
in fracturing 

 Some hydr. 
cond. fract. 

Increased susceptibility 
Decreased resistivity 
Slightly decreased P-
velocity (5300 m/s) 

KR9 
177 m 

 Increased 
fracturing 

Kaolinite 
alteration 
Sulphide 
alteration 

 Decreased P-velocity 
Decreased resistivity 
Increased susceptibility 

Ref24 

KR27 
232 m 

    Anomalies below 
indicated level, 235-
295 m. 
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Table 5. Continued. 
 

R
eflector 

D
rillhole, 

length (m
) 

M
ain 

lithology 

D
eform

ation 

A
lteration 

H
ydraulic 

conductivity 

G
eoph. 

logging data 

KR40 
332 m 

DGN 

KR9 
377 m 

 

No significant support. Ref25 

KR27 
412 m 

DGN 
PGR 

Increased 
fracturing 
Brittle-
semibrittle 
deformation 

 Hydr. cond. 
fractures 

Decreased resistivity 
Decreased P-velocity 
(5200 m/s at 426 m) 

KR27 
105 m 
 

DGN f > 10-20 
pcs/m, 
Ri-indication 
Brittle 
deformation 

Below illite 
and kaolinite 
alteration 
domain 

(T ~  
1E-6 m2/s), 

Caliper incr. 
Susceptibility incr. 
Resistivity decr. 
P-velocity (3300 m/s) 
decr., reflectivity incr. 
at 95 – 97 m 

Ref26 

KR40  
104 m 

KFSP fracturing 
increased, Ri-
intervals 

Illite 
alteration  

hydraulically 
conductive 
fractures 

Caliper incr. 
Resistivity decr. 
P-velocity decr. 
at 100-120 m 

KR40 
212 m 

DGN 
KFSP 
 
(TGG) 

 Kaolinite 
alteration 

Few hydr. 
cond. 
fractures 
above 

Suscept. incr. 
Resistivity decr. 
P-velocity decr. (5300 
m/s) 
175-210 m 
Density increased, 223-
227 m in TGG 

KR27 
296 m 

MGN 
DGN 

Ri-section 
Fracturing 
incr. 
Semibrittle 
fault 

Illite 
alteration 

Hydr. cond 
fractures 

Susceptibility increased 
Resistivity lowered 
P-velocity lowered 
(5100 m/s) at 250-310 
m 

Ref27 

KR9 
165 m 

DGN 
PGR 

Narrow brittle 
fault, 
Increased 
fracturing at 
150 m 

Illite 
alteration 

Hydr. cond 
fractures 

Increased susceptibility 
Increased density 
(lower contact) 
Decreased resistivity 
Decreased P-velocity 
(4400 m/s at 148 m) 

   
Reflectors 21 and 22 

Reflectors 21 and 22 are associated to depth level of zone HZ20A (Ahokas et al. 2007) 
in hydrological model description, and may indicate extension of BFZ098 in 
geological model (Mattila et al. 2008). These are penetrated in KR40 at 537 - 557 m 
length, projected from 200-300 m to 443 – 449 m in KR9, and over ca. 500 m distance 
to 501-517 m KR27, see Figure 37, Figure 38, Figure 39, Figure 40 and Table 5. 
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Figure 37. Potentially matching features of reflectors 21 and 22 in KR9, 440-450 m. 
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Figure 38. Potentially matching features of reflectors 21 and 22 in KR27, 500-520 m. 
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Figure 39. Potentially matching features of reflectors 21 and 22 in KR40, 510 – 570 m. 
Potential cause is the high density TGG at530 – 540 m, if velocity is 5300 m/s. 
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Figure 40. Potentially matching features of reflectors 21 and 22 in KR40, 570 – 650 
m, if velocity is c. 5800 -6000 m/s. 

 

In KR40 the actual depth level obtained at 5300 m/s velocity is best associated to 
contrast of high density TGG (2.95 g/cm3) between DGN above, or to mafic gneiss 
domain below, with only slight increase in fracturing. P-wave velocity is not indicating 
any clear anomaly at the depth level. If the depth is correct, the cause of reflector is a 
mafic lithological domain. Instead at 600-620 m there are hydraulically conductive, 
altered zones, where P-velocity and resistivity are decreased, and susceptibility and 
fracturing increased in veined gneiss. This difference in potential depth would indicate, 
that the used velocity 5300 m/s is not adequate to explain time-depth dependency in 
500 m depth, but rather a depth model reported in (Juhlin & Cosma 2007), e.g. > 6000 
m/s deeper than 500 m would apply best.  
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In KR9 the depth level is associated to mica gneiss (no density contrast) in diatexitic 
gneiss, increase in fracturing and hydraulic conductivity, kaolinite and illite alteration, 
and sharp anomalies in resistivity and P-wave velocity (3800 m/s). This would support 
the deformation zone explanation of the reflector. In KR27 length is associated to 
hydraulic conductivity, decreased resistivity, only a slight decrease in P-velocity, and 
minor increase in fracturing. Above the indicated depth level at 466 – 493 m there is a 
high density mafic gneiss met (3.01 g/cm3). This would suggest the possibility of the 
reflector explanation of mafic lithology contrast, though projection distance is long. 

Reflector 23 

Reflector 23 is centralised in KR40 at 274 m, see Figure 41 and and Table 5. Feature is 
explained in this drillhole. From longer distances, on the same plane, the feature would 
be associated to HZ19A, C in hydrological model (Ahokas et al. 2007), BFZ056 in 
geolocigal model (Paulamäki et al 2006) and indications are met at projected locations 
in KR9 and KR27, though further away. 

 

Figure 41. Reflector 23 potentially matching features in KR40, 270-280 m. 

 

Reflector 24 

Reflector 24 is small in surface area, and is closest to KR40 at 178 m, projected from c. 
200 m distance (see Table 5). Potential cause for reflection is either contact associated 
with velocity and density contrast, or slight deformation. Reflective feature may not be 
met as such in drillholes. In KR9, drillhole length is 177 m, distance 200-300 m, 
associated features may be similar as for Reflector 27, met nearly on the same plane. In 
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KR27 at 232 m, below the indicated level is met rather similar feature which may be a 
part of HZ19A, C entity, here dipping slightly to SW direction.  

Reflector 25 

Reflector 25 is a small area feature near drillhole KR40, which it intersects at length of 
332 m (vertical depth -300 m, see Table 5). Projected intersections of this slightly NW 
dipping feature are in drillhole KR9 377 m and in KR27 412 m. Reflector does not 
receive much support from the close KR40 or KR9, but slightly more from KR27 
(400-500 m away), though this zone may be associated another structure or reflecting 
event.  

Reflector 26 

The reflector 26 was projected to intersect drillhole KR27 at 105 m length (projected 
from 200 m distance along reflector) and drillhole KR40 at 104 m length (right 
adjacent to drillhole). Within 10-20 m depth range along drillholes, there are found 
matching indications which verify the feature, see Figure 42, Figure 43, and Table 5. 
This reflector is indicating presence of a geological structure, which is not currently 
included in the hydrological model (Ahokas et al. 2007). In geological model it refers 
with depth (but not orientation) to OL-BFZ012 and with orientation (but not depth) 
closely to OL-BFZ011 (Mattila et al. 2008). The reflecting body as interpreted 
indicates some bending on the surface. Therefore there may appear some changing in 
the real 3D orientation of the feature. 

Associated with Ref26, P-wave velocity is lowered significantly in both intersections, 
and reflectivity increased. Related to this the fracturing is increased, Ri-indications 
found, and alteration met. Also resistivity has decreased and susceptibility increased. 
Caliper indicates widening of drillhole at some locations. Projected intersection trace 
on ground surface is trending WSW-ENE, and is located ca. 150 m north of KR27 and 
KR40, south of KR9. 

 

 

 

 

 

 

 

 

 

 



55 

 

Figure 42. Potentially matching features of reflector 26 in KR27, 90-110  m. 
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Figure 43. Potentially matching features of reflector 26 in KR40, 104  m. 

 

Reflector 27 

Reflector 27 is found at short, 0-50 m distance from drillhole KR40, and is projected to 
intersect drillhole at length of  212 m, see Figure 44 and Table 5. Data offers a 
moderate indication of the origin, e.g. weak reflectivity. Further away in KR9 and 
KR27 the geophysical and geological indications are more distinct, but projection 
distance is long causing uncertainty in linking. Most clear indications are the decreased 
resistivity and P-velocity. Potential ground intersection line would be 700-800 m NNE 
of the drillholes, though continuity of the features may not be this high. 
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Figure 44. Potentially matching features of reflector 27 in KR40, 200-220 m. 

 

Single Reflectors 

Altogether nine reflectors from single lines were tracked, most of them in high quality 
line S81. These did not receive support from crossing or parallel lines and were not 
displayed on 3D layout. Considering the quality of S81 to be true for all lines, many 
more reflecting surfaces would have been mapped. Assuming a horizontal position or 
for some a general 160/20 orientation, an overview of their location may be produced.  

A strong reflector on single line S81, called “Single 9” at depth of 800-850 m (times 
340-350 ms), would match at its depth level to hydraulic model structure HZ21. Less 
continuous reflectors “Single 6….Single 8” at 500-600 m depth levels (210-250 ms 
time) on line S81 may be considered as substructure for HZ20 series. Single 3 is near 
surface (gently dipping), and Single 4 and 5 are met between Ref27-23 and Ref21-22 
levels, Single 4 at apparent parallel position and Single 5 at apparent intersecting 
(North dipping) position. 

Reflector Single 1 is found on S75 at 530 ms and Single 2 on line S83 at 560 ms. 
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5 CONCLUSIONS 

The goal of the work was to process 2D refraction seismic data from area east of 
ONKALO. Refraction seismic data originally was acquired to characterize overburden 
thickness and ground surface bedrock quality. Data was reprocessed using reflection 
seismic methods. The processing extends the work performed in 2006 applying the 
same methods (Öhman et al. 2006). 

The existing information from the area east of ONKALO included before this 
processing the geological and geophysical data from drillholes KR9, KR27 and KR40, 
and information from ground geophysical surveys and geological mapping. Processing 
was expected to supplement this knowledge and to bring in new information 
specifically of gently dipping reflecting surfaces.  

The goals were achieved well. Survey area was covered entirely and reflecting 
structures detected.  Processing and interpretation succeeded well. According to results 
processing was worthwhile to perform and results were got from the existing data with 
only the processing costs. Picked surfaces matched well with the drillhole control data 
and the models. There is still non-processed data available from a narrow band 
between ONKALO (and 2006 processed area) and this 2007 considered entity.  

Processing used mainly free seismic data processing package Seismic Unix (SU). The 
most important processing steps were the refraction statics, deconvolution and removal 
of small offset traces. Without these steps and careful selection of parameters it would 
have not been possible to see any clear reflectors in stacked sections. Same processing 
parameters were applied to the whole seismic data set but refraction and residual statics 
were computed separately for each survey line. Residual statics was the most time-
consuming processing step. Removing noisy small offset traces was an improvement 
compared to the processing done in 2006 (Öhman et al.). There are almost no visible 
reflectors in shot gathers with small offsets and therefore excluding them improves the 
quality of stacked sections. 

Main results were the seven gently dipping reflecting events, which were detected from 
several parallel and crossing survey lines and from several depth levels. Apart of the 
continuous reflecting surfaces observed on multiple lines, there were listed nine single 
line reflections. In 3D the continuous reflectors extent from line to line and construct 
boundaries which can be compiled to DTM surfaces and compared to drillhole 
observations. After processing the reflecting events were picked according to their time 
of occurring amplitude maximum on seismic sections, and merged to 3-dimensional 
location – time -surfaces using all observations of a specific reflector. Picking was 
carried out using seismic interpretation utility OpendTect. 

Finally the surfaces were converted to depth axis using an approximate constant 
velocity of 5300 m/s, and their dips and locations geometrically 3D migrated to their 
correct position in the subsurface (Prissang et al. 2004). Migrated 3D surfaces were 
transported to AutoDesk environment, where they were displayed with other data in 
this report. Interpretations were also converted to Surpac Vision format. 

Reflectors are related to rock elastic property boundaries in the subsurface. The 
reflections in propagating elastic wave are caused by contrasts in elastic impedance, 
i.e. product of bulk density and compressional wave velocity (for perpendicular 
incidence). Reflectors are known to originate on boundaries of markedly fractured or 
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sheared domains of deformation or alteration, and from lithological contacts possessing 
a greater bulk density contrast (mafic to felsic rock or vice versa, mainly). 

The knowledge from the reflectors (their location, orientation and extent) are 
interesting because the deformation or alteration domains may represent a significant 
avoidable volume in spent nuclear fuel disposal, and therefore may affect to design of 
the disposal facilites. The data can be used in compilation of geometric model of 
geophysical events, and in turn as an input material for site geological model. Finally 
the obtained material may contribute as a useful source of information in long term 
nuclear safety assessment. 

The surfaces were transferred to 3D presentation utility and compared to available 
geological 3D information (Mattila et al. 2008, Ahokas et al. 2007). The results were 
also referred to their projected locations in the drillholes, and reviewed using available 
geophysical logging (density, velocity, reflectivity, resistivity and susceptibility) and 
geological core data (lithology, fracturing, alteration, deformation). For several 
reflecting bodies located close to some or several of the drillholes KR9, KR27 and 
KR40 were found a reasonable matching reference at a 10-30 m depth range. 

The accuracy of the results is linked to the wavelength (i.e. frequency range) of the 
records, to the signal-to-noise ratio, and general considerations on detectability of 
objects in seismic surveys. The frequencies are adequately high (80 – 300 Hz) to 
provide small wavelengths (15 - 35 m) and correspondingly a good spatial detectability 
of location, and resolution of adjacent layers (an order of wavelength).  

Some of reflectors were associated with their location to locally significantly (<4500 
m/s) decreased P-wave velocity in acoustic drillhole logging. These low velocity 
anomalies deep in the bedrock were in turn often associated to clay-containing or 
partly collapsed fractures with thicknesses of some tens of centimetres only. Thickness 
of a feature to be observed as a reflector is less than that, optimally ¼ of the 
wavelength (5-10 m), but it is known that much narrower, high contrast and continuous 
boundaries can be observed (even less than 1/10 of wavelength, or 2-5 m). If an 
anomaly region in drillhole would explain the reflection, it would have a large lateral 
continuity, and it may have greater thickness, than the clay-bearing fracture as such, 
related to e.g. an alteration domain or zone of higher fracturing intensity (a zone of 
influence or damage zone surrounding a fault core, see e.g. Mattila et al. 2008) 
surrounding the P-velocity minimum. This is supported by fact, that P-velocity in 
logging is often decreased to a level lower than 5000 m/s over a length of 5-20 m 
around such anomaly location. 

For horizontal resolution, the objects that can be detected need to have in theory a 
lateral extent comparable to the radius of first Fresnel zone, a square-root composite of 
dominant wavelength, average velocity and two-way traveltime (distance). For 
example at 500 ms two-way time, 200 Hz frequency and 5500 m/s average velocity a 
minimum of 200-250 m extent of reflectors is required to be properly detected.  

Ground level based seismic reflection survey is optimally detecting gently dipping 
boundaries. In this kind of small-offset (<300 m) survey layout a 20-30 degrees dip for 
a reflector is practical limit of detection. Zones possessing a steeper dip are not seen in 
the images, but would require considerably longer offsets and line lengths to be applied 
for the survey. 
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Observation along a line requires adequate continuity of reflection events in a section, 
i.e. minimum 20-40 adjacent CDP’s where to observe the reflection amplitude. Signal-
to-noise ratio, in seismic surveys, is enhanced with stacking of the signal to a same 
common-depth bin from several shot-receiver pairs of same CDP location but different 
offset. Geometric attenuation and scattered reflections and diffracted energy from 
small scale geological objects make the S/N ratio normally too low in a single trace.  

Quality of the seismic data was quite good down to the time of 200 ms (500 m) but 
below that the signal-to-noise ratio decreases, which can be seen in the seismic 
sections (APPENDIX 1). Therefore reflectors are mainly found from the upper parts in 
the data.  

A bin size or CDP interval for 2.5 m geophone spacing is reasonable to provide a good 
length resolution along 2D line. However the stack fold (i.e. order of magnitude in 
adding the traces) is critical to observe reflectors. With a low stack fold, one is unable 
to realise, which reflectors are seen and which are not. This is demonstrated with 
comparing the parallel lines S80-S83. On a high quality test line S81 many more 
reflections can be seen as for S80, S82 and S83. If the quality of rest of the lines were 
the same, more structures of subsurface would have been imaged. 

The stack fold obtained in 2006 (results acquired 2001-2002), 4-8, is generally too low 
to observe reflectors below 200 ms, and even there other than highest reflected 
amplitudes. Fold in 2007, normally 8-12, was better in this sense, and allowed better 
coverage of high amplitude reflectors up to 200-250 ms times. Increasing the fold to 
30, which was obtained for a single line S81 in 2007, with 2.5 m receiver spacing and 
13 m shot spacing, indicates that this kind of survey can produce reflections even down 
to 400 ms or below, and that many more reflections can be detected from the volume. 

Fold was quite small in survey lines S75-S80, S82-S83, S422, S434, S445, S453 and 
S463 which has an effect on stacked sections as can be seen in APPENDIX 1. In 
survey line S81 fold was more than three times greater and therefore signal-to-noise 
ratio, amplitude and amount of reflectors were dramatically increased, especially in the 
lower parts of the data (see Figure 28). By comparing sections with different folds (see 
Figure 22, Figure 27 and Figure 28) it can be seen that quality of final stacked sections 
was significantly improved with a greater fold. These details, a minimum fold of 20-
30, long enough shot offsets and a short CMP bin size has to be considered a guideline 
for any further survey design in hard rock reflection measurements.  

Critical for the processing are a proper static correction to remove the near surface 
velocity variation from the results. Refraction statics were calculated quite roughly 
using picked first breaks and replacement velocity of 5000 m/s in order to get the best 
possible coverage of the survey area within available time resource, still achieving 
adequate accuracy. Option for static correction would have been use ray tracing travel 
time tomography to determine static corrections and near-surface velocity distribution 
(Bergman et al. 2004). 

For time-depth conversion the seismic velocity has to be properly estimated. Normally 
the velocity cannot be known from the seismic data itself, so it is necessary to use a 
priori information. Knowledge of the site physical parameters, drillhole sonic logging 
and preceding seismic surveys was applied as a guideline. The correct stacking 
velocity 5000 m/s was too low to allow proper match of reflector depth locations in 
drillhole review. Therefore an average velocity of 5300 m/s was selected to time-depth 
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conversion. For the deepest reflectors, Ref21 and Ref22 the velocity is too low, 
imaging the reflectors some 50 m above their correct position, and requiring to adopt a 
velocity of e.g. 6000 m/s. The appropriate velocity may be less at the surface part, and 
higher in deeper parts of the bedrock. Selecting the velocity e.g. either 5000 m/s, 5500 
m/s or even 6000 m/s instead, will lead to approx. 5-10% change in the depth axis. A 
true depth conversion would require a depth dependent velocity model, e.g. according 
to Juhlin and Cosma (2007). 

Clearly the reflector model coverage as such is not adequate to explain observed 
reflectors comprehensively with their drillhole control, but would require further 
assessment of velocity distribution, and gaining support from e.g. a 3D seismic survey 
near future.  

Due to generally low fold, profiles may display as reflectors only some of the features 
in bedrock, and the other may remain undetected. Thus the results are not disclosing 
the possibility of existence for also other structures. Visibility is here not a measure of 
significance. Results from line S81 indicate clearly that more structures than now 
observed would be found when using a higher fold. 

Distinguishing the origin of reflections between lithological contact and fractured 
domain (a fault zone or joint cluster) is not unique with current level of information 
and coverage of drillholes. Comparing the drillhole locations and data to reflectors, 
most events were explained as domains of increased fracture intensity. These drillhole 
observations were assigned with large scale orientation and extension data. 
Comparison indicates, that the typical explanations in drillhole data are decreased (or 
sometimes increased) P-wave velocity, increased fracturing, alteration present in rock 
mass, hydraulic conductivity, and in some cases lithological contact (a density decrease 
or increase). 

The line coverage 50 x 50 m seemed to be adequate in order to determine continuities 
of visible reflectors from line to line. Higher confidence would be gained with using a 
25 x 25 m grid. The cross line control of reflectors allowed detection of several 3D 
surfaces, which are limited in their surface area. More precise mapping of the 
subsurface features would require higher fold and longer offset (and line length) in 
survey setup as profile S81 demonstrated. This would functionally lead to a 3D field 
survey and processing design, or when anticipating a high resolution along lines, and a 
good length coverage over larger distances, a densely shot, long-offset 2D profile 
dedicated to a reflection survey.  

Processed results brought in completely new information from the area east of 
ONKALO. Results indicate new reflector surfaces and gain eastward continuity 
confirmation from 2006 processing and hydrological and geological models in adjacent 
ONKALO area. Results match well to drillhole observations (KR9, KR27 and KR40) 
of fractured rock intersections. Now obtained data is valid and reasonably good to form 
a general view of reflecting boundaries at the reviewed area. 
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APPENDIX 1. Stacked seismic sections and picked reflectors. Depths are calculated 
using two way travel time and velocity of 5000 m/s. 

 

Figure 45. Stacked section from the line S75. 
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Figure 46. Reflectors from the line S75. 
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Figure 47. Stacked section from the line S76. 
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Figure 48. Reflectors from the line S76. 
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Figure 49. Stacked section from the line S77. 
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Figure 50. Reflectors from the line S77. 
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Figure 51. Stacked section from the line S78. 
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Figure 52. Reflectors from the line S78. 
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Figure 53. Stacked section from the line S79. 
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Figure 54. Reflectors from the line S79. 
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Figure 55. Stacked section from the line S80. 
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Figure 56. Reflectors from the line S80. 
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Figure 57. Stacked section from the line S81. 
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Figure 58. Reflectors from the line S81. 
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Figure 59. Stacked section from the line S82. No reflectors were found. 
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Figure 60. Stacked section from the line S83. 
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Figure 61. Reflectors from the line S83. 
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Figure 62. Stacked section from the line S422. 
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Figure 63. Reflectors from the line S422. 
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Figure 64. Stacked section from the line S434. 
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Figure 65. Reflectors from the line S434. 
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Figure 66. Stacked section from the line S445. 
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Figure 67. Reflectors from the line S445. 
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Figure 68. Stacked section from the line S453 
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Figure 69. Reflectors from the line S453. 
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Figure 70. Stacked section from the line 463. No reflectors were found. 

 


