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ABSTRACT 

Posiva Oy has operated a local microseismic at Olkiluto network since February 2002. 
During the monitoring in 2006, altogether 2041 events have been located in the 
Olkiluoto area, in the reported time period. The magnitudes of the observed events 
range from ML = -1.1 to 3.1 (ML = magnitude in local Richter's scale). Most of the 
events are construction-related explosions but two of them are recorded as 
microearthquakes. Evidence of seismic activity that would have influence on the safety 
of the ONKALO, have not been observed.

The observed earthquakes that occurred in 2006 were small, with a magnitude of ML = 
-0.6 and ML= -0.9. The earthquakes relate to small movements in brittle deformation 
zones OL-BFZ043 and OL-BFZ034. Estimated peak slip values of the earthquakes are 
14 µm and 4 µm and the source radiuses 11 and 8 meters, respectively. 

The GPS based deformation studies have been made at the investigation areas of Posiva 
since 1995, when the network of ten GPS pillars was established at Olkiluoto. Since 
then, altogether 22 GPS measurement campaigns have been carried out at Olkiluoto. 
According to the time series of the GPS results, 1/3 of the baselines at Olkiluoto have 
statistically significant change rates. However, the observed movements are smaller 
than  0.22 mm/a.

There are five pillars, which have statistically significant horizontal velocities at 
Olkiluoto. These local velocity components are small but taking into account the 
standard deviations the largest velocity components seems to be reliably determined 
(maximum velocity is -0.23 mm/a ± 0.023 mm/a) 

Keywords: seismic network, microearthquake, monitoring, interpretation, safety, stress 
field, deformation studies, GPS measurements, crustal movements.



Olkiluodon monitorointitulokset vuonna 2006 – kalliomekaniikka 

TIIVISTELMÄ

Posiva Oy on operoinut Olkiluodon paikallista mikroseismistä verkkoa vuoden 2002 
helmikuusta lähtien. Vuoden 2006 monitoroinnin aikana on Olkiluodon alueella 
rekisteröity yhteensä 2041 mikroseismistä tapahtumaa, joiden voimakkuudet vaihtelevat 
välillä ML= -1.1 to 3.1 (ML=voimakkuus paikallisella Richterin asteikolla). Suurin osa 
havaituista tapahtumista ovat rakentamiseen liittyviä räjähdyksiä mutta lisäksi alueelta 
on rekisteröity kaksi mikromaanjäristystä. ONKALOn turvallisuuteen vaikuttavasta 
seismisestä aktiviteetistä ei ole tehty havaintoja.  

Vuoden 2006 aikana havaitut mikromaanjäristykset olivat pieniä, voimakkuudeltaan 
ML = -0.6 ja ML = -0.9. Maanjäristykset liittyvät pieniin liikkeisiin siirrosvyöhykkeissä 
OL-BZF043 ja OL-BFZ034. Arvioidut maksimisiirtymät maanjäristyksille ovat vastaa-
vasti 14 µm ja 4 µm ja seismisten lähteiden säteet 11 ja 8 m. 

Posiva Oy:n tutkimusalueilla on tehty GPS-mittausten perusteella deformaatio-
tutkimuksia vuodesta 1995 lähtien, jolloin Olkiluodon alueelle perustettiin 10 GPS-
aseman verkko. Olkiluodon alueella on tehty yhteensä 22 mittauskampanjaa vuoden 
1995 jälkeen. Olemassa olevien GPS-mittausten perusteella kolmasosalla Olkiluodon 
alueen peruslinjoista on tilastollisesti merkittäviä muutosnopeuksia, havaittujen 
nopeuksien ollessa kuitenkin pienempiä kuin  0.22 mm/a.  

Viidellä Olkiluodon alueen GPS-asemalla on tilastollisesti merkittäviä horisontaalisia 
nopeuksia. Paikalliset nopeuksien komponentit ovat pieniä, mutta keskihajonnat huo-
mioon ottaen määritykset vaikuttavat luotettavilta (maksiminopeus on -0.23 mm/a ± 
0.023 mm/a). 

Avainsanat: seisminen verkko, mikromaanjäristys, monitorointi, tulkinta, turvallisuus, 
jännityskenttä, deformaatiotutkimukset, GPS-mittaukset, kallioperän liikkeet.
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1 INTRODUCTION 

In July 2004 Posiva began to construct an underground rock characterization facility 
called ONKALO, which is planned to reach the repository level –420 m by the end of 
year 2009. The construction of ONKALO and subsequently the construction of the 
repository, will affect the surrounding rock mass and the groundwater flow system as 
well as the environment. In December 2003 a programme for monitoring at Olkiluoto 
during construction and operation of ONKALO was presented. A summary of the 
observations and measurements is reported annually for each discipline.  

The aim of this report is to give an overview of the progress of monitoring the 
microseismic and GPS networks. The report has been divided into two parts: the first 
part describes the results of the microseismic monitoring and the second part the results 
of GPS monitoring in th eyear 2006. The earlier results and progress of the 
microseismic and GPS networkmonitoring were presented by Saari (2006), Saari & 
Lakio (2007), Ahola et al. (2006, 2007) and Riikonen (2006). 

The monitoring schedule for rock mechanics is presented in Table 1-1. 

Table 1-1. Rock mechanics monitoring schedule: 2 = two measurement campaigns each 

year, O = measurement campaign, grey cells = continuous.

2006 2007 2008 2009 2010 2011 2012

Microseismic monitoring

GPS measurements 2 2 2 2 2 2 2
EDM baseline measurement 2 2 2 2 2 2 2
Control marker measurement O O

Precise levelling O O O

Precise levelling Lapinjoki-Eurajoki O O
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2 SEISMICITY 

2.1 Overview 

According to the Nuclear Energy Act, all nuclear waste generated in Finland must be 
handled, stored and permanently disposed in Finland. The two nuclear power 
companies, Teollisuuden Voima Oy (TVO) and Fortum Power and Heat Oy, are 
responsible for the safe management of the waste and for all associated expenses. These 
companies have established a joint company, Posiva Oy, to implement the disposal 
programme for spent fuel. Seismic monitoring is a part of this programme (Miller et al,
2002, Posiva 2003b and Posiva 2006). Possible applications of microearthquake 
monitoring at the repository are introduced in the Posiva’s working report (Saari 1999). 

In February 2002, Posiva Oy established a local seismic network of six stations on the 
island of Olkiluoto. The technical features of the microearthquake monitoring system 
are described in details in the Posiva’s working reports (Saari 2003, 2005). The system 
is manufactured and installed by ISS International Limited (http://www.issi.co.za). This 
network was designed for monitoring the rock volume surrounding the preliminary 
location of the underground characterisation facility (ONKALO). Later, in June 2004, 
the seismic network was expanded with two new seismic stations (OL-OS7 and OL-
OS8) that made the network geometry more suitable for monitoring the final location of 
the ONKALO. In the beginning of 2006, the target area of the seismic monitoring 
expanded to regional scale. Installation works of the four new seismic stations (OL-
OS9…OL-OS12) started on 30.1.2006 and the stations were in operation on 2.2.2006. 
The stations are equipped with three component 1 Hz geophones, which are suitable for 
investigations of regional tectonic seismicity. The new seismic stations locate from 3 to 
7 km from the ONKALO. At the end of 2006, two new geophones were installed into a 
borehole inside the ONKALO spiral, in the middle of the existing seismic network of 
induced seismicity. The upper sensor is named as OL-OS13 (depth about 139 m from 
sea level and the deeper one as OL-OS14 (depth about 237 m from the sea level). The 
new geophones aim to improve the sensitivity and the depth resolution of the 
measurements inside the ONKALO block. The locations of the seismic stations are 
presented in Table 2-1 and Figure 2-1. 

The main target volume of the seismic monitoring is the underground rock 
characterisation facility and the rockmass surrounding it, i.e. an area of about 1 km2

diwn to depth of 500-1000 m. According to the simulation done by ISS International 
Limited, the expected sensitivity near the ONKALO is of the order ML = -2.5. This 
simulation includes also the new borehole sensors. The regional sensitivity of the 
Olkiluoto area is approximately of the order of ML=-1.0 inside the Posiva’s regional 
network.

In the beginning, the network monitored tectonic earthquakes in order to characterise 
the undisturbed baseline of seismicity of the Olkiluoto bedrock. When the excavation of 
the ONKALO started, in August 2004, the network monitored also excavation-induced 
seismicity. Since February 2006 explosions and tectonic earthquakes are monitored in 
regional scale.  This report describes the operation and results of the local seismic 
network in 2006. 
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The purpose of the microearthquake measurements at Olkiluoto is to improve 
understanding of the structure, behaviour and long-term stability of the bedrock. The 
observations give an opportunity to approximate in what extent and where the bedrock 
is disturbed, the stability of the rock facility and the adjustment processes occurring in 
the surrounding rock mass. A further task is mapping of the disturbed weakness zones 
in the rockmass surrounding the excavated construction. 

Identification of active deformation zones is an essential element in a comprehensive 
study of potential hazards related to the spent nuclear fuel. The zones of weakness 
adjust releasing stresses and strains of the rock mass as well as they are the main paths 
of hydraulic flow in the bedrock. The movements occurring on these zones accumulate 
during the lifespan of the repository and possibly can cause changes in the stability, 
stress field and groundwater conditions of the rock mass. When the deformation zone 
model is presented together with the observed seismic events, active or unstable zones 
can be identified. The interpretation can bring out changes in the rock mass that, for 
example, may result to re-evaluation of certain water conducting zone and even further 
cause changes to final disposal facility layout. 

The main purpose of annual reports is to support modelling of the rockmass surrounding 
the ONKALO. If possible, interpretation of the observed seismicity related to certain 
areas or weakness zones of the rock mass is presented. The annual reports include also 
descriptions of technical events, like changes in the configuration of the seismic 
network, technical failures occurred, etc. The reports can be utilised as a source material 
in further going seismic, geophysical and/or rock mechanical interpretations. 

Monitoring of regional tectonic earthquake aims at better understanding of ongoing 
seismotectonic processes in the Olkiluoto area. Although the focus of regional seismic 
monitoring is limited inside and close to the seismic network other regional earthquakes 
are also recorded and a stored in the Posiva’s data archive.  These recordings from the 
Olkiluoto site are valuable in seismic hazard studies, for example when attenuation of 
seismic signal is evaluated. 

The seismic monitoring also is part of the safeguards project of Radiation and Nuclear 
Safety Authority of Finland. Therefore all the observed explosions of the area are 
analysed and reported in separate monthly reports. 
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Figure 2-1. The locations of the seismic stations (OL-OS1…OL-OS12) in the semi-

regional scale and the ONKALO block (small window).  

Table 2-1. Seismic stations in the Finnish KKJ coordinate system (zone 1).

Station Northing (m) Easting (m) Elevation (m)

OL-OS1 6792814,33 1525470,76 +9,60 

OL-OS2 6792368,93 1525092,83 +7,61 

OL-OS3 6791997,32 1525397,31 +12,65 

OL-OS4 6792851,65 1526284,22 +8,57 

OL-OS5 6792405,61 1525530,04 +12,81 

OL-OS6 6792 157,08 1526151,35 +8,92 

OL-OS7 6791729,77 1526090,56 +9,72 

OL-OS8 6792076,17 1526536,12 +5,90 

OL-OS9 6792720,95 1523316,89 -95,84 

OL-OS10 6795550,71 1528392,80 +8,60 

OL-OS11 6789108,59 1530145,01 +9,90 

OL-OS12 6785863,42 1525010,07 +11,75 
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2.2 Operation of the seismic network 

2.2.1  Upgrades of Instrumentation  

There have been major changes in the basic operation of the network in 2006. The most 
outstanding changes are the beginning of semi-regional monitoring and the installation 
of first borehole sensors. The data transmission speed of the stations OS1…OS8 was 
increased from 4800 bauds/s to 9600 bauds/s, on 30.1.2006. This was possible when the 
Olkiluoto server was moved form the office building to the tunnel technique building by 
the access of the ONKALO tunnel. The data cables are shorter to the new location of 
the server. Higher data transmission speed reduces data acquisition times, which may be 
valuable, if the seismic activity in the area increases significantly, for example due to 
periods of earthquake sequences.

2.2.1.1  Geophones for monitoring semi-regional events 

Installation works of the four new seismic stations (OL-OS9…OL-OS12, Figure 2-1) 
started on 30.1.2006 and the stations were in operation on 2.2.2006. The stations are 
equipped with three component geophones, which are suitable for investigations of 
regional tectonic seismicity. The sensors are similar to the 1 Hz sensor in OL-OS8 
(Mark LC4-3D Geophone, Natural frequency = 1.0 Hz), which was installed in June 
2004 (technical details in Saari 2005). Those five stations comprise that part of the 
Posiva’s seismic network, which is designed for monitoring regional events 

The location of seismic stations is an important element of seismic monitoring.  
Basically, when the hypocenter is in homogeneous intact bedrock surrounded by the 
receivers, the registrations of at least three measurement points are needed to locate the 
hypocenter. Additional recordings will improve the location accuracy and thereby the 
quality of the analysis. The distribution of the new seismic stations was modified in 
accordance to the local characteristics (geology, landownership, access to the site, 
availability electricity, suitability to radio link connection, lake and sea areas, artificial 
and natural sources of seismic background noise, etc.) of the potential site for 
monitoring. The new seismic stations locate from 3 to 7 km from the ONKALO. The 
locations of the new stations are presented in Table 2-1.

The basic structure of the new stations was similar to the previous ones except that the 
height of the seismometer vault was lowered to 0.5 m. A concrete slab was cast on the 
bedrock outcrop on the bottom of the vault for the purpose of attaching the structural 
rings. In the VLJ cavern the ring is not covered by insulating ground as in other stations. 
The sensors are placed on the slab at the bottom of a seismometer vault.  

The two way data transmission (9600 bauds/sec) between the new seismic stations and 
the server in Olkiluoto is done via radio links. The old stations (OL-OS1…OL-OS8) 
utilize the local telephone network. A new about 100 m high radio mast was erected 
close to the ONKALO, in January 2006. The station OL-OS9 is in the cavern of low 
and intermediate level radioactive waste (VLJ cavern) at the depth of 96 m. That was 
the westernmost site available in the Olkiluoto area. The underground SAQS unit is 
connected by telephone line to the radio mast near the cavern. Stations OL-OS11 and 
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OL-OS12 are by the existing radio masts owned by the local telephone company 
(Lännen Puhelin).

The SAQS unit and its peripheral devices (modem for data transfer, 12 V DC power 
unit for SAQS, external lightning protection filters and GPS antenna for timing) are 
usually in the vicinity of the geophones. In the station OL-OS9, there is a sheet metal 
box on the wall with the SAQS unit and its peripherals in it. The underground modem 
communicates with the radio modem at the surface, where are the GPS antenna and a 
radio link connection to the Olkiluoto field PC. The stations OL-OS11 and OL-OS12 
have similar structures. They have ground isolated vaults by a radio mast. The SAQS 
unit and peripherals are inside the cabin owned by Lännen Puhelin. GPS antenna is 
outside at the cabins wall. The radio antenna is in the mast.  

In Kydönkallio (OL-OS10) the construction of the seismic stations differs from all the 
other stations. There was no mast or cabin available. The radio antenna was installed at 
the top of the power transmission pole. The heated cabin, which is normally used for 
SAQS, is replaced by a heated and isolated device room on the top of the half-meter 
high structural ring of the seismometer vault. In OL-OS10, there are two trap doors on 
the top of the vault. The other one is an entrance to the bottom of the vault, where is the 
geophone. On the other side the trap door opens to a small room equipped with SAQS, 
radio modem, their peripherals and heaters with thermostatic switch. The GPS antenna 
is at the comb of the vaults roof.  

The event detector of the SAQS unit compares the short term average (STA) of the 
amplitudes to the long term average (LTA) of the amplitudes. The event detector starts 
recording data when the STA/LTA ratio exceeds the pre-set trigger value. The field 
stations monitor continuously, but only signals, which can be related to a seismic event, 
are sent to the central site computer. The recordings which are related to the same 
seismic event are associated automatically. An event is sent, when a predetermined 
number of seismic stations detect earth vibrations that exceed the trigger value within a 
certain time window. After the expansion of the seismic network, the number of sensors 
applied in event association was increased from three to four. In addition to that, it was 
set another number of associations for the group of the 1 Hz seismic stations. If three of 
those five stations can be associated, the recordings are interpreted to be from the same 
source. Simulated sensitivity based on the new 1 Hz sensors is presented in Figure 2-2. 
Inside the network of 1 Hz sensors the sensitivity is of the order of ML = -1.0. In 
ONKALO area the sensitivity is much better, i.e. of the order ML = -2.5 (Figure 2-3). 
That simulation, presents the actual sensitivity close to the ONKALO. The new 
Borehole sensors were installed at the end of December in 2006. 
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Figure 2-2. Sensitivity of the regional network at depth of 1 km based on simulation by 

ISS International. The simulation assumes that the ‘event’ triggers 3 of the 5 1 Hz 

sensors OL-OS8…OL-OS12.

Figure 2-3.  Actual sensitivity of the network in the ONKALO area at depth of 500 m in 

2006. The simulation is done by ISS International. The simulation assumes that the 

‘event’ triggers 4 of the 8 accelerometers OL-OS1…OL-OS8.  
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After few weeks of test operation, the trigger level of the 1 Hz geophones was set to 6.0, 
on 27.2.2006. The trigger level the other type of sensors is 5.2. The sampling rate of the 
new stations is set to 500 Hz. The seismic velocities (P-wave velocity,  = 5800 m/s and 
S-wave velocity, =3350 m/s) applied within the entire network are slightly higher than 
in the ONKALO area.

When the event is detected, it is immediately emailed to the office PC in Vantaa, where 
it is automatically analysed. The location and magnitude of an event is determined when 
the email has arrived, basically in few minutes. The result of automatic analysis is 
uncertain and always verified manually. The decision of the seismic source (explosion 
or earthquake) is done by experienced analyst. 

2.2.1.2  Borehole sensors 

Two new triaxial borehole seismometers were installed in Olkiluoto on 20.12.2006 (see 
Figure 2-1). The sensor type G14 is supported by ISSI. The natural frequency of the 
sensor is 14 Hz and the approximated usable frequency range is 12 – 2000 Hz, which is 
suitable for near field microearthquake studies. Because the two sensors were installed 
in the same borehole, the required diameter of the hole was > 100 mm. The bored hole 
was 250 m deep (from the earth surface) and the diameter of the hole was 115 mm.  

Both of the sensors are connected to the same SAQS unit located in a small hut at the 
surface close to the borehole. The new underground sensors are located inside the 
ONKALO spiral, in the middle of the existing seismic network (Figure 2-1). All the 
previous stations were at the surface. It is expected that these stations improve the 
location accuracy in the ONKALO area, especially in vertical direction. In addition, it is 
likely that the overall location accuracy and sensitivity of the network is improving 
when the new stations are integrated to the network. 

During the installation, the sensors and cables were taped on to the grouting tube and 
lowered down to the borehole OL-PR10. When the sensors were in the correct depths, 
the hole was filled with grout to fix the sensors firmly and to prevent any acoustic 
resonances. The upper sensor is named as OL-OS13 (depth about 139 m from sea level 
and the deeper one as OL-OS14 (depth about 237 m from the sea level). A Swedish 
company (TGB Borrteknik AB) has been responsible for the boring and installation of 
the borehole sensors. Installation included lowering down the sensors, cables and 
grouting tube as well as the grouting itself. The company has experience on similar 
installations in Swedish mines. 

Communication between the seismic stations and Olkiluoto server is arranged via a 
direct telephone line. At the other end it is connected directly to the SAQS unit. At the 
Olkiluoto server the line is connected to the ISS modem rack MR485. Timing of the 
stations is done by the GPS-antenna connected to the Olkiluoto server. The sampling 
rate of the sensors is set to 6000 Hz. 

The borehole sensors have not been used in event location, but installation and some 
preliminary testing were done in 2006. The locations of the sensors were determined in 
the beginning of January 2007, when the deviation of the borehole was measured. The 
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new stations will be fully integrated to the Posiva’s network in 2007. Orientation of the 
vertical components of the sensors can be seen in Table 2-2. The true orientation of the 
X- and Y-components can be determined by a number of accurately located blasts from 
various directions.

Table 2-2. Borehole seismic stationsOL-OS13 and OL-OS14 in it in the Finnish KKJ 

co-ordinate system (zone 1). Dipping 0 is horizontal and -90 is vertical down. Direction 

of dipping: 0 and 360 degrees points to North. Elevation determined from the sea level. 

Sensors Dip of 

borehole

(Degrees)

Dip direction 

of borehole 

(Degrees)

North

(m)

East

(m)

Elevation

(m)

OL-OS13 -77.61 344.45 6792190.76 1525941.99 -139.33 

OL-OS14 -75.8 338.76 6792211.70 1525934.63  -236.82 

2.2.2  Upgrades of data processing and interpretation 

2.2.2.1  Tools of processing and interpretation 

The original desktop PC used in data processing and interpretation in Vantaa was 
replaced on 26.1.2006 by a new and more redundant PC (HP xw8200 workstation with 
Intel Xeon 3.4 GHz processor; 3D capable Nvidia Quadro FX3450 graphics card; 1 Gb 
RAM; two redundant mirrored disc array sets, RAID1, with two 72 Gb SCSI U320 and 
two 200 Gb SATA hard disks). The operating system was installed on the first 
redundant disc array set and all the measured data from the main server in Olkiluoto 
will be stored on the second one. Now the system backups are done by using internal 
DVD+RW disc station.  

New versions of Linux operating system (SuSE 9.3), and software package for data 
processing and analysis (JMTS version 9.3.1) and for visualisation (Jdi version 3.9) 
were installed in January 2006. Also the original Linux based software packages XMTS 
and Xdi were installed. They have some useful features, which are not included in the 
new Java based packages Jmts and Jdi. All the settings and the data since the beginning 
of the measurements were copied from the old PC to the new one. New versions of Jdi 
(version 4.0.3) and Java platform (version 1.5) were installed and tested on 26.6.20006. 
The changes in the operation in the office did not interrupt or disturb the monitoring in 
Olkiluoto.

Earlier, the backup was done in the office PC in Vantaa, every second month. A new 
system backup practice has been adopted in February 2006. The practice is generally 
used in Posiva and is based on the guide of TVO’s information management (TVO 
2005). This practice has been applied already in the field PC, in Olkiluoto. Incremental 
backup is done daily and full backup monthly. The backup device is DAT tape recorder. 
In addition, full backup is done occasionally by using internal DVD+RD disc station, of 
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the PC. DVD disk has been considered more practical, when small amount of data is 
restored. The backup tapes include accepted events and the results of the analysis as 
well as a copy of the software applied at that date. 

The Run Time System (RTS) system of the Olkiluoto server was upgraded (7.12.2006) 
and tested (8.12.2006) by ISSI via ssh connection. The main change to the old version is 
that the installed software version (RTS 10.1.1) is more user-friendly than the previous 
one. The new version has a browser based interface for the system. Monitoring of the 
station as well as the changing the parameters of RTS is now done via menu buttons. In 
the previous version this was done mainly by command lines. While the software was 
upgraded and tested the seismic stations were collecting data independently. The data 
was transferred later to the Olkiluoto server and further to Vantaa for analysis. 
Monitoring was not interrupted. 

2.2.3  Data availability 

Partial breaks in network operation, like failure of single station or component, are 
unavoidable in any continuous monitoring. However, those can lower the quality of 
operation, like the location accuracy of seismic events. Minimum number of stations 
needed for the event location is three. Now, when there are eight seismic stations in 
operation for monitoring the seismic ONKALO block and five for the seismic semi-
regional area, temporal failure of one station has minor influence on the reliability of the 
operation or on the location accuracy. 

In practice, the design of the data management guarantees that simultaneous power or 
communication failure in all stations or nearly all stations is needed to cause an 
operation break of the seismic network. In 2005 the total duration of network failures 
was 8 hours 10 minutes. The network has operated continuously in 2006.  

In Posiva’s seismic measurements, a special attention has been paid to reliable data 
recording and transmission. All detected events are stored in the field stations until they 
are safely transmitted to the site computer. The central site PC emails the recorded 
events to the office computer in Vantaa, where the recordings of the same origin are 
associated.

Events are associated in the Olkiluoto site computer in real time. If connection to one of 
the stations is failed, the recording of that station is not associated. However, generally 
the analysis can be based on the recordings of the remained sites. For example, when 
the new 1 Hz seismic stations were installed (30.1-2.2.2006), the network was running 
normally, except that the data transmission and analysis was delayed few days. The 
unsent event stays several months in the hard disk drive of the SAQS and it can be 
downloaded to the office PC, if necessary.

The possibility of data loss due to failure of the site computer is reduced by the 
redundant hardware configuration. Practically, when the data has arrived to the 
Olkiluoto server, it cannot be lost. Between Olkiluoto and Vantaa the data management 
is based on internet technology. Email server keeps the seismic data until the office 
computer has received the data.  
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The whole chain of data management is checked every day by a test signal. The signal 
controls the prevailing status of the seismic sensors and the data flow from a single 
station to the office computer in Vantaa. If the test signal from any sensor is missing or 
looks unusual, the troubleshooting is started. This kind of procedure aims to keep 
operational breaks as short as possible. 

The two-way data transmission between the new semi-regional seismic stations (OL-
OS9…OL-OS12) and the server in Olkiluoto is done via radio links. The connection is 
polled every four seconds. If it appears that the connection is down, it is checked every 
two minutes to see if it can be re-established. The SAQS units are able to buffer the 
data, so no data is lost if there are short temporary interruptions (1-2 minutes) to the 
communication system. Data is also logged to the local disk on the SAQS as a backup 
should there be a need to recover data from an important event.  

Four of the stations have suffered from disturbing 50 Hz noise, since the sensors partly 
damaged during the lightning in 2002. The damaged accelerometers in stations OL-OS1 
(E-W component), OL-OS2 (E-W and N-S), OL-OS5 (up-down) and OL-OS6 (E-W) 
were still contaminated with 50 Hz noise, that lower the quality of recordings. In 2005, 
the quality of recordings has remained the same, except in OL-OS6, where the noise has 
increased. In January 2006, the noise increased slightly. This sensor was reduced from 
the triggering procedure, on 18.1.2006. Now triggering of OS6 is based on N-S and 
vertical recordings of ground acceleration. The quality of recording could be improved 
by replacing the original sensors by new undamaged ones. 

Partial failures of the network, that just lower the quality of operation, are usually 
related to a single station. Typical duration of the break is from few hours to few days. 
Breaks related to rearrangement or troubleshooting of the monitoring are designed in 
advance to be as short as possible. Quite often they are caused by breaks in data or 
power cables related to different construction work conducted in the Olkiluoto area 
(Table 2-3). Other kinds of breaks are described in more details in the following section. 
Five of the stations (OL-OS3, OL-OS4, OL-OS5, OL-OS7 and OL-OS11) have been 
running without any breaks in 2006 (Figure 2-4). 

On 2.1.2006 it was noticed that the clock of the seismic station OS6 was not 
synchronized with the rest of the stations. The reason for that was found and fixed on 
18.1.2006. The GPS based timing of the seismic network got confused by the 'leap 
second'. A leap second is an intercalary, one-second adjustment that keeps broadcast 
standards for time of day close to mean solar time. One leap second was added at the 
end of 2005. Previous time it was done at the end of 1998.  OS6 noticed the leap second 
when it was shortly switched off on 2.1.2006. The rest of the stations were running in’ 
old time’. The correct time was set to all of the stations after the power has been 
switched off and on. That was done one by one, and it took only few seconds in each of 
the stations. The network was able to monitor the ONKALO area also without OS6, 
2.1.-18.1.2006.

In OL-OS10 there was a day long (21.2.2006, 10:30 UTC- 22.2.2006, 10:00 UTC) 
power failure. The main switch was turned off for some reason. The act was maybe 
inconsiderate or common nuisance. The station was new and the main switch was inside 
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an unlocked sheet metal box on the power transmission pole. The seismometer vault 
was not visited, but the temperature in the device room was below zero. However, 
SAQS was not damaged.  After that, a lock was purchased to the electric switch box.

In the middle of April 2006, it appeared that recordings of the station OL-OS9 had 
wrong polarity in vertical direction. The correct polarity is completely necessary when 
fault plane solutions of seismic events are calculated. In routine analysis (location, 
magnitudes, etc) that is not so important. The first thing was to check all the cables and 
connections inside the external lightning protection unit. On 21.4.2006, the lightning 
protection unit was replaced by the spare unit and the connections were checked. The 
operational break lasted 14 minutes. Everything was correctly connected.  

Table 2-3. Partial failures of monitoring. 

Date Duration Comments Station number 

2.–18.1.2006 16 days Clocks not synchronised. Missing leap 
second.

OL-OS6 

10.2.2006 1 h 20 m Power failure. Maintenance. OL-OS9 and OL-OS12 

17.-20.2.2006 3 days Communication failure OL-OS6 

21.-22.2.2006 1 day Power failure. Power switched off. OL-OS10 

9.-10.3.2006 1 day Communication failure OL-OS9 

21.4.2006 14 min Trouble shooting of wrong polarity OL-OS9 

27.-28.4.2006 23 h 36 m Installation work of telephone lines OL-OS8 

2.-3.5.2006 16 h 47 m Communication failure, maintenance OL-OS8 

3.-8.6.2006 5 days Broken cables. Inaccurate timing. OL-OS1 

28.–30.6.2006 2 days Installation work of telephone lines OL-OS9 

15.-16.8.2006 23 hours Burned modem card. Thunder. OL-OS8 

28.-29.8.2006 17 h Burned modem card. Thunder. OL-OS8  

29.8.2006 7 h 15 m Broken modem. Thunder. OL-OS2 

28.8.-20.10.2006 53 days Flash memory failure. OL-OS1 

29.-30.11.2006 21 h 45 m Power failure OL-OS2 

9.-11.12.2006 53 h Communication failure OL-OS1 

The second test was to exchange geophones of the stations OL-OS9 and OL-OS11. It 
appeared the spurious coupling was inside the geophone not inside the SAQS unit. The 
error was corrected by a small change in software settings 8.5.2006. The advance is that 
also the polarity of the old data since the installation of OL-OS9 will be seen correctly. 
However, the polarity is incorrect in OL-OS9 and OL-OS11 from 3.5.2006 to 8.5.2006, 
when the geophones were not in their original places.  
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On 6.6.2006 it appeared that the clock of the station OL-OS1 was not in time. GPS 
antenna had not received a time update since 3.6.2006 and after that the timing of the 
station was slowly shifted.  The coaxial cable of the GPS antenna was cut in few pieces. 
It was bit by an animal, apparently by a rabbit. Also isolation of the power cable and the 
telephone was bitten in some places. All the cables were fixed on 8.6.2006. After that 
some extra isolation was installed over the cables. Geophone cable was already isolated. 

August 2006 was characterised by exceptionally strong lightning in Olkiluoto. Seismic 
network has recorded over 300 events caused by lightning, which have increased the 
number of rejected events in August.  

The first strong thunder storm hit Olkiluoto on 15.8.2006. After that the 50 Hz noise of 
the EW-component increased strongly in OL-OS2. The second thunder storm period 
was 27.-29.8.2006. As earlier in August, the modem card of OL-OS8 at the tunnel 
technique building was burned. The failure started 28.8.2006 at 12:10 (UTC) and it was 
fixed 17 hours later. The first failure of the modem (15.8.2006) card was 23 hours long. 
The modem in the stations OL-OS2 was broken on 29.8.2006. An additional over 
voltage protection was installed for all modems of the network on 29.8.2006. 

After the thunder indications of malfunction of the PC was noticed and the PC was 
turned off. Next morning (29.8.2006) PC’s file system corruption was fixed. However, 
any indication of physical damage was not found although the file corruption was 
perhaps related to the burned modem card. The field stations were recording 
independently and the seismic monitoring continued while the PC was turned off. The 
observed events were transmitted to the PC when it was on again. 

The main board of the SAQS unit of the seismic station OL-OS1 was injured by thunder 
on 28.8.2006. It appeared that the unit could not save all the parameters and code it 
needs after reset. In the beginning of September 2006 the whole SAQS unit was sent to 
the manufacturers (ISS) office in South Africa for repair. The flash memory was found 
to be faulty. Flash memory takes care that the information stored in the chip is retained 
also during a power failure. The flash memory unit was replaced and tested. The SAQS 
unit was reinstalled and the station OL-OS1 was back in operation on 20.10.2006. The 
operation break of the station OL-OS1 lasted 53 days.

Electric power of the field server was switch off during maintenance work on 
16.11.2006. The power is connected via UPS unit, but the break was so long that the 
server went off at 06:06 o’clock. According to the log files then it finally came up 
16.11.2006 at 11:06:30. Some messages indicating disk problems were still found after 
that. However, all the field stations were in operation during the break and after it all the 
observed events were transmitted to the server. The network has been operated 
continuously regardless the failure of the server. 
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Figure 2-4. Operation times and breaks of the seismic stations, in 2006.

2.3 Events recorded by the seismic network 

2.3.1  Uncertainties relating to measurements 

Identification of an individual earthquake among the cluster of excavation blasts 
includes elements of uncertainty. The majority of the excavation-induced seismicity 
(Type A) tends to occur very close, in time and space, to the latest excavation blast. 
These events occur often in swarms and their seismic signals are not representing a 
typical earthquake signal. They are associated with the “fracture-dominated” rupture. 
Type B events are temporally and spatially distributed throughout the active excavation 
region. They represent “friction-dominated” slip in existing shear zone such as faults or 
dikes and have source properties similar to tectonic earthquakes (Richardson & Jordan, 
2002). Type B events have many characteristic that make them easier to identify in 
comparison to type A events.  

Although tectonic earthquakes are easier to identify than some of the induced 
earthquakes (type A), the orientation of seismic stations with respect to the hypocentre 
is essential. It is important to a seismic signal in many different directions. This is 
important not only for location but also for a successful identification of the seismic 
event and for calculations of the fault plane solution. This fundamental condition is 
fulfilled inside the seismic semi-regional area. Outside the area support of recordings of 
other seismic networks is valuable. 
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Accurate location of a seismic event is one of the key parameters of seismological 
interpretation. If location is incorrect, the subsequent seismological analysis is 
inaccurate. The velocity model (P-wave velocity,  = 5600 m/s and S-wave velocity, 

=3250 m/s)   based on the studies conducted in the study area (e.g. Front et al. 2001 
and Cosma et al. 1996)  seems to give rather good results within the seismic ONKALO 
block. Those are the preset default velocities for the station inside the seismic 
ONKALO block (OL-OS-1….OL-OS8). For the stations OL-OS9…OL-OS12, the 
corresponding default velocities are:  = 5800 m/s and =3350 m/s. These velocities are 
used in automatic event association and location procedures. They are usually 
applicable also when the result of automatic location is improved manually. In that 
phase, the station specific velocities can be changed. That may be necessary, for 
instance, when a seismic signal arriving to a seismic station runs through a structure, 
which lowers the seismic velocity.  

The seismological data processing software (Jmts) accepts just one P-wave and S-wave 
velocity. Simple velocity model serve automatic event location, which is necessary in 
mines where hundreds or thousands events occur in a day. This software limitation 
reduces the location accuracy of seismic events, if the velocity structure of the bedrock 
is complicated. However, the P- and S-onsets picked by the analyst are available. Those 
onsets times can be used as input for a more sophisticated program for event location. 

The blasting work is generally detonated in sequences. Usually, that means that the S-
phases are hidden in the signals of blasts following each other and the event location is 
based only on P-onsets. The lack of S-onset dilutes the location accuracy. Similar 
problem is related to above mentioned type A events. They occur very close, in time 
and space, to the latest excavation blast and their mechanism is similar to explosions. S-
phases are difficult to distinguish. Therefore, a special attention is paid to the latest 
events of the blasting sequence. 

2.3.2  General statistics 

Altogether 3867 (Figure 2-5) events and 365 daily test signals have been recorded, in 
2006. The number of rejected events was 1836. Those recordings were caused by 
lightning (e.g. in August), coincident artificial noise (vehicles, visitors, construction 
work, forest work, additional network test signals etc.) and natural noise (e.g. wind 
shaking trees or strong waves hitting the shoreline) or by a combination of those. The 
number of accepted events was 2041. The majority of those (1678 events) occurred 
inside the seismic ONKALO block (82 %). Altogether 363 of the accepted events have 
been located outside the seismic ONKALO block. The share of these events increased 
when the semi-regional network was installed. About one third (108 events) of them are 
located inside the seismic semi-regional area. The other 255 accepted events have been 
located mainly close to the semi-regional area. 

The majority of accepted events were explosions. Two of the events are micro-
earthquakes, induced by the excavations of the ONKALO.  Those events are described 
more in details later in this report. Semi-regional tectonic earthquakes were not recorded 
in 2006. 
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The result was expected, because 1) the monitored area is rather small, 2) it is located in 
area of low tectonic seismicity and 3) the access tunnel is still excavated rather close to 
the ground surface level. Observations of tectonic earthquakes are more likely when the 
time period of monitoring is longer. Excavation induced earthquakes are expected at 
larger depths, where the stress is higher and specially, when excavation runs trough a 
weakness zone. During the period included in this report, the depth of the excavation 
has proceeded from about 90 meters to 160 meters. 
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Figure 2-5. Monthly statistic of the monitoring in the Olkiluoto area in 2006. 

The activity in the seismic ONKALO block has been low until after 20.3.2006. After 
that the overall activity inside the seismic semi-regional area has been rather constant 
(Figure 2-6). The average number of event from the beginning of March to the end of 
December has bee of the order of 186 per month. The increase of the cumulative 
number of events slows down few times (in July and in September). The annual average 
number of events is 149 per month. The highest activity rates are of the order of 20-26 
events per day.  
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Figure 2-6. Events per day (blue) and cumulative number of events (red) inside the 

seismic semi-regional area, in 2006. 

2.3.3  Seismic semi-regional area 

Because the seismic monitoring is part of the safeguards project of Radiation and 
Nuclear Safety Authority of Finland (Posiva 2006), the observed are explosions inside 
the seismic semi-regional area are located. If a clustering of explosions is recognised, 
the origin of the clustering is verified.  

The events locate1d in the seismic semi-regional area have been presented in Figure 2-
7. The magnitudes range from ML = -1.1 to ML = 3.1. The events outside the 
ONKALO have occurred at the surface.

Two main clusterings can be identified in the area. One of them is related to 
construction works close to the southern border of the area, in the northern part of the 
city of Rauma. The majority of the construction blasts are located south of the border. 
The other clustering represents explosions from the rock quarry owned by Interrock Oy.  
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Figure 2-7. Observed 1784 events in the seismic semi-regional area (light brown), in 

2006. The ONKALO block is presented by blue shading. The upper part of the 

ONKALO model, in the middle of the block, is coloured yellow. Seismic stations 

equipped with 1 Hz geophones are shown as blue triangles. Events are coloured by 

time. The size of sphere is relative to the events magnitude. Grid size is 1 km
2

Otherwise the pattern of explosions outside the island of Olkiluoto is rather scattered. 
Few individual and a small clustering of construction blasts can be seen north of 
Olkiluoto.  Three events by the road, SE of Olkiluoto are related to the construction 
works of the new power transmission line.  

At Olkiluoto the pattern of explosion works is clear (Figure 2-8). Most of the activity at 
the Olkiluoto is related directly to the construction works of the ONKALO. In the 
western part of the island the explosions are associated with the construction works of 
the new gas turbine plant in the beginning of the year and cable channels for the new 
concrete batching plant from August to September 2006. A chain of explosions in the 
northern part of island is related to construction works of the new power transmission 
line. The other chain of blasts by the main road is related to the ground works of new 
accommodation facilities. Indications of illegal or inappropriate works by outside actor, 
which would have influence on the safety of the ONKALO, cannot be found.
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Figure 2-8. Explosions at the island of Olkiluoto in 2006. Event are coloured by date. 

Seismic stations are shown as blue triangles. Events are coloured by time. The size of 

sphere is relative to magnitude. Grid size is 1 km
2

2.3.4  Seismic ONKALO block 

The explosions (1676 events, ML = -1.1…0.7) located inside the seismic ONKALO 
block are presented in Figure 2-9. In addition to the explosions down in the ONKALO, 
there are few epicentres located at the surface of the block. The origins of the events 
further away from the ONKALO site are explained already in the previous Figure 2-8. 
Some surface facilities are built also at surface above the ONKALO itself. Those can be 
seen more clearly in Figure 2-10.  
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Figure 2-9. Explosions (1676 events) inside the seismic ONKALO block, in 2006. Depth 

in colours (negative value above the sea level). Distance between gridlines is 100 m. 

The excavation of the ONKALO proceeded from the depth of about 90 meters to 160 
meters in 2006 (Figures 2-10 and 2-11). The origin of the blasts was verified from the 
daily reports of SK-Kaivin Oy, which is responsible about the excavation of the 
ONKALO.  

The excavation blasts coincide nicely with the Posiva’s computer model of the 
ONKALO. Only exceptions related to the excavation of the accesses of the ventilation 
shafts (depth about 85 m and 90 m). The other access tunnel is not presented in the 
model of 2004. Also the carried out access of other access differs from the model and 
coincide bettor to the pattern of blasts. In Figure 2-10, the location of the accesses can 
be approximated by the hypocenters at the depth of about 90 m (green colour).
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Figure 2-10. The located explosions of the ONKALO are. The size of sphere is relative 

to magnitude. Distance between gridlines is 100 m. 

Another structure which is not presented in the compute model of the ONKALO is the 
investigation niche excavated on the level of about -135 m. The niche is nicely located 
by seismic measurements without knowledge of the structure in advance.

However, some variation of the location accuracy can be seen. For example, along the 
long straights the accuracy is generally rather good, but in the north-western straight the 
epicentres are slightly shifted NW from the model. That variation can be related to the 
network geometry in combined with variation on seismic wave velocities in different 
locations of the excavation.  

In vertical direction the location accuracy is not as good as horizontally), because all the 
stations are at surface. The lack of underground stations makes the location procedure 
unstable in vertical direction. Small changes in P- or S-onset pick may change the event 
depth strongly. Especially at higher depths, the events locations tend to be below the 
real location. In 2005 the situation as opposite: the event location tended to be above the 
real location (Saari 2006). As in horizontal direction, that uncertainty may be related to 
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the network geometry in combined with variation on seismic wave velocities in 
different locations of the excavation. Site dependent variation can be seen in also 
vertical location accuracy. 

Figure 2-11. Cross section of the explosions inside the seismic ONKALO block from 

south. The arches of tunnel curves are included in order to illustrate the dimensions of 

the tunnel relative to the location accuracy.

The purpose of Posiva’s nuclear non-proliferation control is to ensure that activities in 
the final disposal facility comply with all relevant laws and degrees as well as the 
obligations prescribed in international agreements. The aim of the nuclear material 
control in the disposal facility is also to ensure that the facility, especially in its 
underground part, has no rooms, materials or operations outside the system of nuclear 
material accounting and the that the waste canister remain in their declared positions 
during the operation and after the closure of the facility (Posiva 2006).  

The above presented interpretation, where accesses of ventilation tunnels as well as  the 
investigation drifts were found, show that micro seismic monitoring is a capable tool to 
find “hidden rooms”.  

The possibility to excavate an illegal access to the ONKALO, have been concerned 
when the safeguards are discussed. In that context, a concept of hidden illegal 
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explosions, detonated at the same time as the real excavation blasts, has been presented.  
According to the experience gained in Olkiluoto, it can be concluded that, as long the 
seismic network is in operation and the results are analysed by a skilled person, it is 
practically impossible to do so. As in 2005, in 2006 there are several examples of legal 
explosions performed close in time and space. For instance, explosions in the accesses 
to the ventilation shafts as well as in the main tunnel of the ONKALO were detonated 
simultaneously in March, April and May. Explosions from these sites were clearly 
distinguishable. Seismic monitoring of excavation done by tunnel boring machine has 
been investigated in a separate report (Saari and Lakio 2007).

As regards to safeguards the conclusion of the explosions inside the seismic ONKALO 
block are similar to those in the seismic semi-regional area. Indications of illegal or 
inappropriate works, which would have influence on the safety of the ONKALO, cannot 
be found.

2.4 Earthquakes 

2.4.1  Excavation-induced earthquakes 

In 2006 occurred two excavation induced earthquakes (Table 2-4). The events were 
small (ML= -0.6 and ML = -0.9), but the calculated locations were apparently good. 
The calculated hypocentres of the events fit nicely the brittle deformation zones 
presented in the geological model of the Olkiluoto site (Paulamäki 2006).  

Estimated peak slip values of the earthquakes are 14 µm and 4 µm, i.e. clearly less than 
one mm. In source calculations, the fault area is approximated by a circle. Radiuses of 
the faults are 11 and 8 meters (Table 2-4). That parameter gives an impression of the 
dimensions of the disturbed or moved rockmass.  

Table 2-4. Excavation induced earthquakes, in 2006. Loc. Err = location error, Mag 

Loc = local magnitude, r = estimated radius of the seismic source, peak slip = 

dislocation across the fault and No of Acc = number of recordings used in analysis. 

No Date Origin  

Time  

(UTC)

North

(m)  

East

(m)  

Depth

(m)  

Loc.

Err.

(m)  

Mag

Loc

Seismic 

Mom. 

(log10)  

r

(m) 

Peak 

slip

(µm) 

No.

of  

Acc.

1 14.9.2006 02:48:48.3 6792377.50 1525855.38 -173.1 19.9  -0.6   2.18 10.9 14 4 
2 27.11.2006  21:29:03.3 6792206.00  1526011.75 -144.9   3.7   -0.9     8.46   8.0   4 3 

In the ONKALO site, a blasting sequence of one round takes about six seconds. 
Generally, the majority of induced seismicity occurs immediately after blasting close to 
the location under excavation.

On 14.9.2006 occurred an excavation induced earthquake (Figure 2-12) when the 
excavation preceded trough the structure OL-BFZ043. The event occurred about four 
seconds after the last explosion of the round blasted in the ONKALO. The event was 
small (ML = -0.6) and recorded only by four seismic stations (OL-OS3, OL-OS6, OL-
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OS7 and OL-OS9). The location of the earthquake is about 70 m from the preceding 
blasts and about 40 meters below the level of excavation.

The approximated location error (about 20 m) is rather large, because one of the stations 
(OL-OS9) is over 2.5 km from the hypocenter. The distance to other three stations range 
from 412 m to 713 m. The true location accuracy is likely much better. All the 
recordings have clear P- and S-onsets and the estimated location fits nicely the structure 
OL-BFZ043 (Paulamäki et al, 2006), which connects the point of excavation and 
hypocenter of the microearthquake. The excavation seems to have disturbed the 
structure OL-BFZ043 and triggered the earthquake in it (see Figures 2-12 and 2-13). 

In order to get a reliable fault plane solution, it is necessary that the configuration of 
sensors around the source is good enough. That is not as urgent when double couple 
solution is concerned, since there are less free parameters to invert from the data 
compared to the calculations in frequency domain. Due to the above mentioned reasons, 
Jmts was not able to calculate fault plane solution in frequency domain for the events 
14.9.2006 and 27.11.2006. 

Figure 2-12. Microearthquake and the explosions in the ONKALO before the induced 

earthquake 14.9.2006. Distance between gridlines is 100 m. Structure OL-BFZ043 is 

presented in pink colour. The arrows in the middle show the directions: West (green), 

South (red) and down (blue). 



28

The fault plane solutions can be calculated automatically when the event is located. 
Automatic determination of the P-wave polarity at a station is usually difficult and not 
always accurate. It is necessary to check polarity of each station manually when focal 
mechanisms are calculated. On 14.9.2006, the polarity was clear in stations OL-OS3, 
OL-OS6 and OL-OS7 and the automatic estimate was accepted. The polarity of the 
station OL-OS9 was uncertain and after comparison of the alternative results the 
polarity was changed manually from positive to negative. On 27.11.2006, the polarity 
was clear in all stations and the automatic estimate was accepted. 

The two potential fault planes of the events occurred in 2006 are presented in Table 2-5. 
The event occurred in September seems to be related to the structure OL-BFZ043 and it 
has been utilised in decision-making. The dip of the structure is vertical and also its 
strike seems to fit the Fault plane 2 shown in Figures 2-13 and 2-14. The fault plane is 
presented by filled square, where the length of the side is the same as the diameter of the 
estimated spherical fault. The fault type is normal left-lateral oblique i.e. normal fault 
with a component of left-lateral strike. The other potential fault plane (Fault plane 1, 
Table 2-5) does not fit the structure. 

Table 2-5. The ambiguous fault planes of the earthquakes 14.9.2006 and 27.11.2006. 

The final choices are highlighted in yellow.  

Fault plane 1 Fault plane 2 

Date strike dip plunge strike dip plunge

14.9.2006 54 27 -179 323 89 -63

27.11.2006 43 5 -11 144 89 -95 
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Figure 2-13. Fault plane of the earthquake occurred in 14.9.2006 and the excavation 

blast 1.-14.9.2006. View nearly from south along the structure OL-BFZ043. Spheres are 

relative to magnitude. 
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Figure 2-14. Fault plane of the earthquake occurred in 14.9.2006. View along the 

nearly vertical the structure OL-BFZ043 (blue). Closer view from west. Slip direction of 

the hanging wall is shown by black line pointing from the hypocenter to the edge of the 

fault.

On 27.11.2006 at 21:29 o’clock occurred an excavation induced earthquake (Table 2-4), 
when the excavation was close to the structure OL-BFZ034. The event occurred about 2 
hours 45 minutes after the last explosion (18:46) of the round blasted in the ONKALO.  
On 27.11.2006 the excavation blasts were conducted about 25 m away from the 
hypocenter of the induced microearthquake (See Figure 2-15). The event was small 
(ML = -0.9) and recorded only by three seismic stations (OL-OS6, OL-OS7 and OL-
OS8). In OL-OS7, both sensor types (geophone and accelerometer) were recording. The 
location of the earthquake seems to be at the north eastern wall of the ONKALO tunnel.  

All the recordings in the November event have clear P- and S-onsets and the estimated 
location fits nicely the structure OL-BFZ034 (Paulamäki et al, 2006). The excavation 
seems to have disturbed the structure OL-BFZ034 and triggered the earthquake in it (see 
Figures 2-15 and 2-16). 

The second (Table 2-4) event seems to be related to the structure OL-BFZ034. The 
fractures in the structure are randomly oriented with a nearly horizontal dip (Paulamäki 
et al, 2006). OL-BFZ034 is an undulating structure, which makes the visual fit quite 
difficult. The view presented in Figures 2-15 and 2-16 seems to indicate that the Fault 
plane 1 (Table 2-5) fits the structure OL-BFZ034. The fault type is left-lateral strike 
slip. The other potential fault plane (Fault plane 2, Table 2-5) does not fit the structure. 
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Figure 2-15. Microearthquake and explosions in the ONKALO on 27.11.2006. Distance 

between the grid lines is 100 m. Fault plane is presented by a filled square, where the 

length of the side is the same as the diameter of the estimated spherical fault. Slip 

direction of the hanging wall (plunge) is shown by a line pointing from the hypocenter. 

Spheres are relative to magnitude. 

Slip vector show the direction of relative movement (Figure 2-15). In November, the 
hanging wall has moved away from the ONKALO access tunnel or the footwall has 
moved towards the tunnel. Because the compressional axis is perpendicular to the 
access tunnel, i.e. an open space, it is reasonable to think that footwall has moved 
towards it. Of course, if the true location on the other side of the tunnel, the hanging 
wall has over towards the tunnel opening. 

The orientations of the compressional and tensional axes related to the micro-
earthquakes are presented in Table 2-6 and Figure 2-17.  The estimated orientation of 
compression of the first event (78o) is consistent with the estimated maximum in-situ 
stress field in Olkiluoto and elsewhere in Finland. The estimated plunge is 40 o, i.e. the 
NWW end of the compressional axis is closer to the surface than the SEE end.

The orientation of the compressional axis (230o) related to the second microearthquake 
is approximately perpendicular to the estimated maximum in-situ stress field in 
Olkiluoto and elsewhere in Finland. In the place the earthquake occurred, the ONKALO 
tunnel is running parallel with the general stress orientation, i.e. perpendicular to the 
estimated orientation of compression. In that place the tunnel. The estimated plunge is 
46 o, i.e. the south-western end of the compressional axis is closer to the surface than the 
north-eastern end.
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Figure 2-16. Fault plane of the earthquake occurred in 27.11.2006 and the excavation 

blast before that. View along the fault plane. In this view, the slip vector (yellow bar) on 

the plane cannot be seen as clearly as the plane. Structure OL-BFZ034 is presented in 

blue colour. The arrows in the middle show the directions: West (green), South (red) 

and down (blue).The view is from NW, nearly along the tunnel section presented in 

Figure 2-15. 

Table 2-6. Orientation of compressional and tensional axes of events occurred in 2006.  

Date Compression

azimuth 

Compression

plunge

Tension

azimuth

Tension

plunge

14.9.2006 78 40 209 39
27.11.2006 230 46 59 44
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a)

b)

Figure 2-17. Fault plane solutions of the earthquakes occurred on 14.9.2006 and 

27.11.2006. Fault plane is presented by filled square and the auxiliary plane by open 

square. Orientations of compression (thick blue line) and tension (thin green line) are 

included. Slip direction of the hanging wall is shown by black line pointing from the 

hypocenter. Spheres are relative to magnitude. Distance between grid lines is 100 m. a)

View from above and b) view from south. 
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2.4.2  Re-interpretation of the 2005 earthquakes 

In 2005 there occurred three excavation induced earthquakes (Table 2-7). The number 
and configuration of recordings around two of the events were good enough to make 
possible to calculate their fault plane solutions  

According to the former interpretation (Saari 2006), all events (ML = -0.6-0.0) occurred 
when the excavation preceded trough the hydraulic structure R19A (Vaittinen et al. 
2003). That structure is rejected from the present geological model of the Olkiluoto site 
(Paulamäki et al., 2006). However, according to the geological mapping data a long 
fracture P28 is in the wall of the tunnel in the place the earthquakes occurred. That 
fracture coincide the interpretation presented in 2006. There are no other fractures in the 
geological mapping data close to the hypocenters that could be associated with the 
calculated optional fault planes of those events. The selected fault planes remain the 
same as in the previous interpretation (Table 2-9). 

Another reason for re-interpretation is the related to the incompatible definitions plunge 
in software Jmts and Jdi. Jmts defined the fault planes correctly according to Aki & 
Richards (1980). However, the plunge convention that was used in Jdi before was the 
inverse of the Aki & Richards (1980) definition of plunge. Planes in presented figures 
were rotated clockwise if the plunge was positive. This has now been changed and 
planes with a positive plunge will be rotated anti-clockwise according the convention 
and vice versa.

In the previous annual report the calculated parameters (orientations of compressional 
and tensional axes, fault planes and slip vectors) were correct (Tables 2-8 and 2-9). In 
the presented figures the orientations of the fault planes and slip vectors were incorrect. 
The correct figures based on the calculated values are presented in Figures 2-18 and 2-
19.

Table 2-7. Excavation induced earthquakes, in 2005. Loc. Err = location error, Mag 

Loc = local magnitude, r = estimated radius of the seismic source, peak slip = 

dislocation across the fault and No of Acc = number of recordings used in analysis. 

No Date Origin  

Time  

(UTC)

North

(m)  

East

(m)  

Depth

(m)  

Loc.

Err.

(m)  

Mag

Loc

Seismic 

Mom. 

(log10)  

r

(m) 

Peak 

slip

(µm) 

No.

of  

Acc.

1 26.9.2005 20:47:13.4 6792024.00 1526062.62 -100.6 0.0 -0.6 2.35 14.4 3 3 
2 27.9.2005 14:23:02.7 6792015.00 1526095.75 -66.8 2.6 +0.1 3.73 9.4 72 8 
3 29.9.2005 08:24:02.4 6792008.50 1526088.25 -65.5 2.1 -0.4 2.90 6.0 38 6 

Table 2-8. Orientation of compressional and tensional axes of events occurred in 2005.  

Date Compression 

azimuth 

Compression

plunge

Tension

azimuth

Tension

plunge

27.9.2005 115 44 258 40
29.9.2005 112 39 258 46
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The final fault plane solutions are presented in Figure 2-18. The selected fault planes are 
presented by filled square, where the length of the side is the same as the diameter of the 
estimated spherical fault. Also the corresponding auxiliary plane, plunge and the 
orientations of the compression and dilation are presented. Figure 2-19 show how well 
the determined fault planes coincide with the long fracture P28.  

Table 2-9. The ambiguous fault planes of the earthquakes 27. and 29.9.2005. The final 

choices are highlighted in yellow.  

Fault plane 1 Fault plane 2 

Date strike dip plunge strike dip plunge

27.9.2005 101 20 -174 6 88 -70

29.9.2005 84 18 167 186 86 72

Figure 2-18. Fault plane solutions of the earthquakes occurred on 27. and 29.9.2005. 

Fault plane is presented by filled square and the auxiliary plane by open square. 

Orientations of compression (thick blue line) and tension (thin green line) are included. 

Slip direction of the hanging wall (plunge) is shown by black line pointing from the 

hypocenter. Spheres are relative to magnitude. 
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Because the calculated values as well as figures of the stress field, the interpretation of 
the stress field related to the 2005 earthquakes has remained the same. Also the 
interpretation of the earthquake mechanisms is nearly the same, but now the slip 
directions of those two earthquakes are more parallel. In this interpretation the events 
are associated with the long fracture P28, that coincides rather nicely with the currently 
rejected structure R19A mentioned in the previous annual report. 

The orientations of the compressional axis related to the microearthquakes (NW-SE) are 
consistent with the estimated maximum in-situ stress field in Olkiluoto (Posiva 2003a) 
and elsewhere in Finland. The estimates in Olkiluoto are about 90o, (hydraulic 
fracturing method) and about 120-130 o (overcoring method). According to all Finnish 
stress measurement, the maximum stress field lies between 90 – 135 o (Tolppanen & 
Särkkä 1999). 

In the place the earthquakes occurred, the ONKALO tunnel is perpendicular to the 
estimated orientations of compression. The dip angles (20o and 18o) of the fault planes 
fit the orientation of the fracture P28. In both earthquakes the horizontal movement is 
dominating and they can be classified as left lateral strike-slip faults. Slip vector show 
the direction of relative movement. In both cases the hanging wall has moved away 
from the ONKALO access tunnel or the footwall has moved towards the tunnel. 
Because the compressional axis is perpendicular to the access tunnel, i.e. an open space, 
it is reasonable to think that footwall has moved towards it. In both earthquakes, the 
movement has been nearly perpendicular towards to ONKALO access tunnel.
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Figure 2-19. Fault planes of the earthquakes occurred in 27. and 29.9.2005. Long 

fracture R28 (Geological mapping data) on the tunnel wall is presented by blue line. 

View from SE perpendicular to the tunnel wall. The bottom line and profile in the 

corves of the ONKALO are presented. Slip direction of the hanging wall is shown by 

black line pointing from the hypocenter. 

2.4.3  Uncertain event 

In July Posiva was informed that a local tremor was felt about 2 km south of Olkiluoto 
at midnight (about 0:00 o’clock, local time) between 21.-22.7.2006. It was reported that 
some small articles were clinking. Explosions were not blasted at that time in Olkiluoto. 
Posiva’s seismic network has not detected any seismic signal at that time. Also the 
bulletins of Institute of seismology, University of Helsinki have not any reference to 
explosions or earthquakes.

The above mentioned effects could be related a very small near surface rock movement, 
explosion or to other sources of tremor, which attenuate fast.  Similar effects could be 
caused by supersonic aircraft, but flight so close to nuclear power plant is not expected. 
Also thunder could give a possible explanation. According to Finnish Meteorological 
Institute (discussions with Antti Mäkelä) there was some lightning in the evening of 
21st of July in the Olkiluoto area. However, closest lightning was 22.7.2006 at 00:53 
(local time) about 20 km from Olkiluoto. That seems to rule out that possibility.  
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The Radiation and Nuclear Safety Authority of Finland started in 2003 a seismic 
monitoring program in the Olkiluoto area. Four triaxial 1 Hz seismometers were 
installed in the area. Three of those stations are still operated by the Institute of 
seismology, University of Helsinki. The stations are in Olkiluoto in the same place as 
OL-OS5 and outside Olkiluoto, close to the stations OL-OS10 and OL-OS12. The 
stations are recording continuously, which allows to focus the analysis to the time in 
question. The data of these stations were fetched in August 2006. The recordings of the 
two closest stations OL1 (located in the station OL-OS5 in Olkiluoto) and OL2 (close to 
OL-OS12) were analysed in the Institute of Seismology. Time period from 20:40 to 
21:20 (UTC) has been examined by using different frequency filters. However, any 
indications of anomalous movement were not found.  

About 15 years ago it happened in Finland that a movement of few centimetres occurred 
in an existing crack, when a thin soil cover was removed from a rock outcrop. The 
interpretation was that thermal expansion of the rock surface triggered the movement, 
which was felt within few tens of meters. The tremor was not recorded by 
seismometers. The closest seismic station was about 40 km from the site. Thermal 
expansion is one possible explanation in this case as well, because of the long-lasted 
heat wave in southern Finland.

It can be concluded that the origin of the reported tremor is very small and it is not 
significant, when the seismotectonic movements of the area are concerned. However, 
the reason for the reported tremor is unknown. Thermal expansion of the surface 
bedrock is still one possible explanation. Another possible explanation is associated 
with moment of the event. When the tremor was felt it was a summer midnight and 
weekend (Friday night). The event might be related to some celebration with 
explosive(s).
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3 GPS MEASUREMENTS 

3.1 Overview 

The Finnish Geodetic Institute (FGI) has studied crustal deformations in co-operation 
with the Posiva Oy. (previously Teollisuuden Voima, TVO). The studies have been 
made at the investigation areas, which were selected as candidates for the final disposal 
sites of spent nuclear fuel. The studies started in 1994, when a network of ten pillars for 
GPS observations was established at Olkiluoto. In 1995 the GPS networks of seven 
pillars were built at Kivetty and at Romuvaara. One pillar at each investigation area 
belongs to the Finnish permanent GPS network FinnRef  and are used for continuous 
GPS observations. 

The measurements started at Olkiluoto in 1995, while the first observations were carried 
out at Romuvaara and at Kivetty in 1996. The baselines between GPS pillars (0.5-3.5 
km) have been observed twice a year except the year 2000 because of high ionospheric 
activity. The studies are now concentrated at Olkiluoto, because the Government and 
the Parliament have ratified the decision, which enables to establish the final disposal 
site close to Olkiluoto nuclear power stations. After the decision, since 2002, 
observations were carried out at Kivetty and at Romuvaara once per year only. We have 
not finished the studies at these investigation areas, because those areas are the 
reference networks for Olkiluoto. The time series of the GPS observations provide the 
relative movements of the GPS pillars, which are then used to determine the local 
deformations. 

Every GPS pillar has two control markers. We determine regularly the distances and 
angles between the pillars and their control markers in order to check the stability of the 
concrete pillars. The measurements have been made using tacheometer in 2001 and 
2004.

According to the GPS analysis the lengths of all vectors deviate in some sessions 
systematically from the mean of all observations. The scale difference is mainly caused 
by errors in the ionosphere modelling. Because of this scaling problem we have 
established a 511 m long baseline for electronic distance measurement (EDM) between 
the pillars GPS7 and GPS8 at Olkiluoto. The distance has been measured with Kern 
ME5000 mekometer, which is the most accurate EDM instrument. The owner of the 
mekometer is the Institute of Geodesy, Department of Surveying, Helsinki University of 
Technology. The Mekometer has been calibrated at the Nummela Standard Baseline 
every year to ensure the quality of the results. The electronic distance measurements 
have been performed during the GPS observations since 2002. The EDM observations 
can be used to reduce the GPS results to the traceable scale. 

The pillar GPS10 was destroyed when Teollisuuden Voima Oy started to build a new 
nuclear power station at Olkiluoto in the end of year 2003. The pillar GPS10 was 
replaced with a new one, locating about 300 m to the west from the original pillar. 

In 2003 Posiva decided to expand the Olkiluoto GPS network to the north. The purpose 
is to monitor possible crustal movements at an old fracture zone, which is passing from 
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NW to SE along Eurajoensalmi. Two new pillars were established in August 2003 at 
Kuivalahti and at Iso Pyrekari. The distances to the permanent GPS station are about 8.5 
and 4.8 km, respectively. 

Local crustal deformations have been studied also in the GeoSatakunta project. The 
GeoSatakunta GPS network is located in the Cities of Pori and Rauma and their 
neighbour municipalities. Two new pillars have been established near Olkiluoto 
investigation area in October 2005. They are located at Hankkila and at Taipalmaa. The 
distances from the Olkiluoto permanent GPS station are about 7.9 and 5.7 km. 
Measurements at these pillars connect the Olkiluoto and GeoSatakunta networks. 

GPS measurements are suitable to determine horizontal deformations, but the accuracy 
of height determination is not adequate. The FGI started to determine possible vertical 
deformations at Olkiluoto with precise levelling in 2003. Levelling campaigns will be 
performed every second year and they will be reported in a separate working report 
(Lehmuskoski 2004 and 2006). 

3.2 Operations at the permanent GPS stations in 2006 

Permanent GPS stations at Olkiluoto, Romuvaara, and Kivetty collect continuously 
GPS data with 30 s observing interval. The GPS data of Olkiluoto is transferred to the 
FGI hourly using ADSL connection. At Romuvaara we have used wireless WiMAX 
connection since December 19, 2006. This allows hourly data transfer from the station. 
Before that we used an old dial up modem with daily download. At Kivetty we are 
using a modem and daily download. 

Occasionally there are one-day breaks in data caused by the errors in data transfer. 
Longer breaks are mostly caused by the thunderstorms that damage the receiver, modem 
or telephone line. In 2006 there were no problems with data flow from Olkiluoto 
station. Both Kivetty and Romuvaara stations have longer gaps in data sets. We 
replaced both modems and over voltage protectors several times in Kivetty and 
Romuvaara. In July 22 we replaced all the equipments except GPS antenna in 
Romuvaara, but could not get a connection. These problems lead us to look for more 
reliable connection method. In December 19 we replaced the telephone connection of 
Romuvaara with wireless WiMAX connection. 

The GPS data are processed with Bernese 4.2 Software as described in Ollikainen et al.

2004. The data are used in 24-hour sessions together with the IGS final orbits. Finally 
the daily solutions are combined into weekly solution. In figures 3-1, 3-2 and 3-3 are 
shown nearly 11 years of time series of Olkiluoto, Kivetty and Romuvaara relative to 
Metsähovi. There exist some erroneous values especially in the height component. The 
snow accumulating on the antenna radome leading to bad ambiguity resolution or/and 
bad troposphere estimation explains this behavior. Trends are estimated from the 
coordinate time series with iterative least square fitting. 

Time series have an obvious annual periodicity, which can be seen on the periodograms 
on the left columns of the Figures 3-1, 3-2, and 3-3. This behaviour was discussed more 
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detailed in Ollikainen et al. 2004. The velocity components for Olkiluoto, Kivetty and 
Romuvaara are summarized in the Table 3-1  

Table 3-1. The relative movements relative to Metsähovi IGS station. 

Station North 
component 
(mm/a) 

East
component 
(mm/a) 

Height 
component 

(mm/a) 

Distance
rates (mm/a) 

Olkiluoto -0.42 ± 0.02 -0.44 ± 0.02 +2.28 ± 0.05 +0.05 ± 0.03 

Kivetty +0.20 ± 0.03 -0.60 ± 0.02 +1.30 ± 0.07 +0.03 ± 0.03 

Romuvaara +0.86 ± 0.04 -0.90 ± 0.03 -0.76 ± 0.09 +0.32 ± 0.04 
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3.3 GPS operations at the local networks 

3.3.1  The local networks 

3.3.1.1  Olkiluoto network 

The Olkiluoto GPS monitoring network was established in 1994 (Chen and Kakkuri, 
1995). The original network (Figure 3-4) includes ten reinforced concrete pillars 
(GPS1-GPS10). The pillars stand on solid bedrock and according to geological studies 
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they are located on different geological blocks. The distances between pillars are from 
0.5 to 3.5 km. The station GPS1 belongs to the Finnish permanent GPS network, 
FinnRef (Koivula et al. 1997), in which the abbreviation OLKI is used for the station. 

In 2003 Posiva decided to expand the Olkiluoto GPS network to the north for 
monitoring possible crustal movements at an old fracture zone, which is passing from 
NW to SE along Eurajoensalmi. Two new pillars were established in August 2003. 
They are located at Kuivalahti (GPS11) and at Iso Pyrekari (GPS12) 8.5 and 4.8 km 
away from the Olkiluoto GPS station. 

The local crustal deformations have been studied in GeoSatakunta project, too (Ahola 
and Poutanen 2006). That GPS network is located in Cities of Pori and Rauma and their 
neighbour municipalities. Two new pillars, GPS14 and GPS15, have been established 
near Olkiluoto investigation area in October 2005. They are located to the east and to 
the south from Olkiluoto at Hankkila and at Taipalmaa villages (Figure 3-4). The 
distances from the permanent GPS station of Olkiluoto are about 7.9 and 5.7 km. The 
construction of the pillars is same as the pillars established in 2003. The repeated 
measurement campaigns at the new pillars connect the Olkiluoto investigations and 
GeoSatakunta studies. 

The pillar GPS10 was destroyed in the end of year 2003 when Teollisuuden Voima Oy 
started to build a new nuclear power station at Olkiluoto. A new pillar GPS13 was 
established about 300 m west from the pillar GPS10 in August 2003. Previously the 
name GPS10B was used for the pillar (Ollikainen et al. 2004), but according to the 
recommendation by Posiva it was renamed in 2005. 

The construction work and different pillar types were described in Ollikainen et al.
2004.
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Figure 3-4. The local GPS monitoring network at the investigation area of Olkiluoto. 

Black: Original network has been established in 1994 (GPS13 in 2003). Red: Pillars 

have been established in 2003 and 2005.  

3.3.1.2  Kivetty and Romuvaara networks 

The networks at Kivetty and Romuvaara are described in more detail in the annual 
report of GPS measurements (Ahola et al. 2007) 

3.3.2  The measurement campaigns in 2006 

3.3.2.1  The measurements at Olkiluoto 

The local GPS monitoring network at Olkiluoto has been observed twice a year since 
1995 with the exception of year 2000 (Chen and Kakkuri, 1996, 1997 and 1998, 
Ollikainen and Kakkuri, 1999 and 2000, Ollikainen et al. 2001, 2002 and 2004, Ahola 
et al. 2005 and 2006). 
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As in the previous years two GPS measurement campaigns were carried out at Olkiluoto 
in 2006. The first measurements were performed on April 4-10 (Table 3-2) and the 
second one on October 11-16. 

The session I includes observations at the pillars GPS1, GPS4, GPS5, GPS6, GPS7, 
GPS8, GPS9 and GPS13 in both campaigns. The GPS equipments were moved from the 
pillars GPS4 and GPS7 to the pillars GPS2 and GPS3 for the session II.

Table 3-2. Observation sessions for the GPS measurements at Olkiluoto in 2006. 

Campaign Session Observation day Observation 

  Calendar 

day

GPS

day

windows (UT) 

I / 2006 I 7 April 097 8.00-24.00 
  8 April 098 0.00-12.00 
 II 9 April 099 8.00-24.00 
  10 April 100 0.00-11.00 
 III 4 April 094 14.00-24.00 
  5 April 095 0.00-24.00 
  6 April 096 0.00-11.00 

II / 2006 I 11 October 284 8.00-24.00 
   12 October 285 0.00-11.00 
 II 13 October 286 8.00-24.00 
  14 October 287 0.00-10.00 
 III 14 October 287 13.00-24.00 
  15 October 288 0.00-24.00 
  16 October 289 0.00-11.00 

The session III includes the observations at the permanent station GPS1 and pillars 
GPS11, GPS12, GPS14 and GPS15. It was not possible to make observations at Iso 
Pyrekari island (GPS12) in spring 2006. During the campaign the ice condition made it 
impossible to reach Iso Pyrekari by boat. Substitutive measurements were not carried 
out later because the pillar is located at a nature reserve, which is not allowed to be 
accessed after the bird nesting on Mid April.   

The observations were made using Ashtech Z-12 and Ashtech Z GPS receivers 
equipped with Dorne Margolin-type choke ring antennas (Table 3-3). Same antennas 
were used at the stations as in previous campaigns. 
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Table 3-3. The GPS equipments used at Olkiluoto in 2006. 

 I / 2006 II / 2006  

Station Receiver  

S/N

Receiver

S/N

Antenna 

S/N

GPS1* LP00168 LP00168 321 

GPS2 03436 03398 11761 

GPS3 03398 04293 11959 

GPS4 03436 03398 11761 

GPS5 LP01087 LP00174 11988 

GPS6 LP00164U LP00164U 11772 

GPS7 03398 04293 11959 

GPS8 04293 LP01087 11963 

GPS9 04300 04098 11770 

GPS11 04108 LP00164U 11754 

GPS12 - ZR20001907 11194 

GPS13 04108 ZR20000701 11754 

GPS14 LP00164U LP00174 11772 

GPS15 LP01087 ZR20000701 11988 

  *Permanent station

3.3.2.2  The measurements at Kivetty and Romuvaara 

The measurements at Kivetty and Romuvaara are described in the annual report of GPS 
measurements (Ahola et al. 2007) 

3.4 Data analysis of the local networks 

3.4.1  GPS computation 

The GPS computation has been made using Bernese software version 5.0 (Hugentobler 
et al. 2004). The observations were processed using the same principles as in the 
previous computations: 

Observations were processed using independent L1 and L2 observations, rather 
than any linear-combinations, in order to obtain lower measurement noises and 
smaller effects of multipath errors. 

The ionospheric refraction was modelled and L1 and L2 observations were 
corrected with the estimated ionospheric models in order to remove the absolute 
scale errors resulting from the ionospheric refraction.

A global standard atmospheric model, which approximately represents the 
atmospheric conditions at the observation time, was used to correct the 
tropospheric refraction in order to remove the scale errors. Local tropospheric 
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parameters were solved in the final solution in order to obtain an unbiased 
estimation of the height component. 

3.4.2  Change rates of the baselines 

The local networks at each investigation area were measured several times since 1995: 
we have had 22 campaigns at Olkiluoto and 15 campaigns at Kivetty and Romuvaara. 
The time series enable to determine the change rates for the baselines. The change rates 
were computed as in previous campaigns (Ollikainen et al. 2004).

The accuracy of the GPS determinations depends on how well affecting in scale factors 
have been eliminated. In some cases the estimation of ionosphere model can be 
difficult, or even impossible. The errors in the ionosphere modelling affect to the 
resulting baseline lengths, like a scale error, which was explained in Ollikainen and 
Kakkuri, 1999. Because of a possible scale bias the observations were scaled with a 
scale factor, which is computed comparing the results to the mean of all observations. 
The determination of the scale factor was explained in detail in Ollikainen et al. 2004. 

The results are given in Table 3-4 
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Table 3-4. Change rates of 36 baselines at Olkiluoto. The change rates and estimated 
errors are obtained from least squares solutions from the results of 22 measurements 

performed in 1995-2006. The change rates were computed using both unscaled and 

scaled vector lengths. Baselines with statistically significant change rates are 

highlighted. 

No scale correction Scale correction added 

Baseline Change 
rate

St.
dev.

Length of the
baseline at 

St.
dev.

Change
rate

St. dev. Length of the 
baseline at 

St. dev.

    zero epoch    zero epoch  
 (mm/a) (mm/a) (1995.0) (mm) (mm/a) (mm/a) (1995.0) (mm) 

GPS1-GPS2 -0.18 0.04 1355862.92 0.29 -0.20 0.03 1355863.06 0.25

GPS1-GPS3 -0.01 0.05 1006191.89 0.33 -0.03 0.04 1006192.01 0.30

GPS1-GPS4 0.16 0.04 643447.00 0.31 0.15 0.05 643447.06 0.32

GPS1-GPS5 0.02 0.06 1131621.33 0.40 0.00 0.05 1131621.44 0.33

GPS1-GPS6 0.08 0.03 1264824.68 0.21 0.05 0.03 1264824.82 0.23

GPS1-GPS7 0.11 0.02 1482992.56 0.18 0.08 0.03 1482992.73 0.24

GPS1-GPS8 0.22 0.03 1594500.60 0.21 0.19 0.04 1594500.77 0.26

GPS1-GPS9 0.11 0.03 2343595.23 0.20 0.07 0.04 2343595.49 0.27

GPS2-GPS3 -0.05 0.06 1609847.55 0.40 -0.08 0.05 1609847.72 0.34

GPS2-GPS4 0.08 0.04 1856923.52 0.26 0.04 0.03 1856923.73 0.23

GPS2-GPS5 -0.12 0.05 1477355.75 0.32 -0.15 0.04 1477355.93 0.27

GPS2-GPS6 -0.09 0.03 2436724.45 0.23 -0.14 0.04 2436724.74 0.25

GPS2-GPS7 -0.06 0.03 2811673.60 0.23 -0.12 0.04 2811673.93 0.25

GPS2-GPS8 0.05 0.04 2949496.32 0.30 -0.01 0.04 2949496.64 0.28

GPS2-GPS9 -0.06 0.04 3649885.56 0.30 -0.13 0.04 3649885.97 0.27

GPS3-GPS4 0.13 0.05 756323.92 0.36 0.12 0.05 756324.00 0.33

GPS3-GPS5 0.03 0.09 2094204.04 0.61 -0.01 0.07 2094204.27 0.49

GPS3-GPS6 0.03 0.05 2126842.91 0.37 -0.01 0.04 2126843.15 0.30

GPS3-GPS7 0.00 0.03 2073048.64 0.25 -0.04 0.03 2073048.86 0.24

GPS3-GPS8 0.14 0.05 1924578.51 0.33 0.11 0.05 1924578.74 0.32

GPS3-GPS9 0.00 0.04 2914435.28 0.28 -0.05 0.03 2914435.60 0.24

GPS4-GPS5 0.11 0.06 1734652.12 0.43 0.08 0.05 1734652.31 0.36

GPS4-GPS6 -0.04 0.04 1418664.26 0.26 -0.07 0.04 1418664.40 0.26

GPS4-GPS7 -0.14 0.03 1317485.74 0.19 -0.16 0.03 1317485.90 0.25

GPS4-GPS8 -0.02 0.04 1216240.03 0.27 -0.04 0.04 1216240.17 0.29

GPS4-GPS9 -0.14 0.03 2165877.34 0.24 -0.18 0.04 2165877.60 0.29

GPS5-GPS6 0.06 0.03 1284565.74 0.19 0.04 0.03 1284565.89 0.21

GPS5-GPS7 0.14 0.04 1894752.53 0.29 0.10 0.03 1894752.76 0.23

GPS5-GPS8 0.17 0.05 2256070.34 0.34 0.13 0.03 2256070.60 0.22

GPS5-GPS9 0.13 0.04 2571611.20 0.30 0.08 0.03 2571611.48 0.20

GPS6-GPS7 0.08 0.04 683009.63 0.26 0.07 0.03 683009.68 0.24

GPS6-GPS8 0.08 0.04 1157814.96 0.29 0.06 0.03 1157815.10 0.24

GPS6-GPS9 0.06 0.04 1290279.53 0.28 0.03 0.03 1290279.69 0.22

GPS7-GPS8 -0.06 0.03 511257.23 0.21 -0.07 0.03 511257.29 0.21

GPS7-GPS9 0.01 0.02 868575.47 0.16 -0.01 0.02 868575.56 0.14

GPS8-GPS9 -0.14 0.03 1057915.51 0.24 -0.15 0.03 1057915.62 0.24

RMS: 0.05 0.30 0.04  0.27
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One third of the baselines at Olkiluoto have statistically significant change rates at the 
confidence level of 95% (Table 3-4). However, all rates are smaller than  0.22 mm/a. 
The rates have diminished year after year when the time series has grown longer and the 
determination of the chance rates has become more reliable. The scaled change rates 
indicate that the pillar GPS2 is moving, which is not clear according to the unscaled 
change rates. The most significant change rate is between the pillars GPS1 and GPS8 
(Figure 3-5). 

The change rates of Kivetty and Romuvaara are described in the annual report of GPS 
measurements (Ahola et al. 2007) 
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Figure 3-5. The most significant change rate (0.22 mm/a  0.03 mm/a) at Olkiluoto is 
between the pillars GPS1 and GPS8. 

3.4.3  Change rates of the baselines from the pillar GPS13 at Olkiluoto 

The pillar GPS13 (earlier GPS10B) was established at in 2003 (Ollikainen et al. 2004).
We have observed it twice a year during sessions I and II since autumn 2003 (Tables 
3-3 and 3-4) and have made the computation together with other pillars (GPS1-GPS9). 
However, seven measurements are not enough for reliable deformation studies. That is 
why we have studied the baselines from the pillar GPS13 separately. 

The determination of the change rates has been made using same principles as in the 
previous chapter, but it is not possible to determine scale corrections using only seven 
observations. The results are given in the Table 3-5. The most of the standard deviations 
are higher than the change rates. 
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Table 3-5. Change rates of 9 baselines from the pillar GPS13 at Olkiluoto. The change 
rates and the estimated errors are obtained from least squares solutions of only seven 

measurements performed in 2003-2006. 

No scale correction 

Baseline Change
rate

St. dev. Length of the
baseline at 

St.
dev.

    zero epoch  
 (mm/a) (mm/a) (2003.0) (mm)

GPS1-GPS13 0.07 0.06 2407027.74 0.13
GPS2-GPS13 0.13 0.26 3597907.72 0.54 
GPS3-GPS13 0.14 0.28 3159423.31 0.57 
GPS4-GPS13 -0.10 0.05 2406325.59 0.10 
GPS5-GPS13 -0.02 0.16 2326729.59 0.33 
GPS6-GPS13 0.12 0.13 1166023.89 0.27 
GPS7-GPS13 0.08 0.15 1126412.92 0.31 
GPS8-GPS13 -0.09 0.23 1520689.03 0.48 
GPS9-GPS13 0.08 0.07 665040.41 0.15 
RMS: 0.18 0.36

3.4.4  Horizontal velocities of the GPS stations at Olkiluoto 

The analysis of the change rates is based on the vectors lengths, which have been 
computed using 3-dimensional coordinates of each measurement campaigns. The 
change rates represent only deformations between pillar pairs. If we want to know how 
the different GPS stations are moving relative to each other, we have to study the plane 
coordinates of the campaigns and confirm that all coordinates are located in a common 
coordinate system. 

At first we selected the coordinates of the stations obtained in autumn 2006 as a 
reference session. All other coordinate sets were transformed to this session using 7-
parameter Helmert transformation. The transformation parameters of the coordinate 
differences of the origins and the rotation angles around the coordinate axes were solved 
by the least squares method from the coordinates obtained in different sessions. The 
scale factor was not solved. This means that the results represent the same situation as 
the change rates in Table 3-5, which were obtained with unscaled observations. 

Because the horizontal movements are the main interest, the 3-dimensional Cartesian 
coordinates in common coordinate system were transformed into ellipsoidal 
coordinates, which were projected to plane coordinates using Gauss-Krüger projection. 
The conversion from ellipsoidal coordinates to plane coordinates was done using the 
GRS80 ellipsoidal parameters. In order to minimize the projection errors the 21º central 
meridian was used in the projections. 

The components of the station velocities according to the permanent station (GPS1) 
were computed by linear regression from the plane coordinates obtained from the 
different sessions. The linear regressions were made separately for the N- and E-
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coordinates of the pillars.  The  results  are given in Table 3-6 and illustrated in Figure 
3-6.

According to deformation analysis there are five stations, which have statistically 
significant velocities at Olkiluoto. The pillars GPS2, GPS4 and GPS8 are mainly 
moving to the west with respect to the permanent GPS station (GPS1). The pillar GPS7 
and GPS9 have the velocity to the north-west. The local velocity components are small 
but taking into account the standard deviations, the largest velocity components seems 
to be reliable (max. velocity -0.23 mm/a ± 0.023 mm/a). 

Table 3-6. The horizontal velocities of the GPS stations in mm/a with respect to the 

permanent GPS station (GPS1) at Olkiluoto. The velocities and the estimated errors are 

obtained from least squares solutions of 22 measurements performed in 1995-2006. The 

stations with statistically significant velocities are highlighted.

 North component  East component  
Station Velocity 

[mm/a] 
St.dev.
[mm/a] 

Velocity 
[mm/a] 

St.dev.
[mm/a] 

GPS1 0.000 0.000 0.000 0.000 
GPS2 0.049 0.029 -0.174 0.037 

GPS3 0.044 0.047 -0.080 0.036 
GPS4 0.108 0.042 -0.228 0.023 

GPS5 -0.017 0.056 -0.018 0.037 
GPS6 0.002 0.039 -0.088 0.034 
GPS7 0.108 0.019 -0.087 0.025 

GPS8 0.075 0.023 -0.217 0.037 

GPS9 0.113 0.019 -0.098 0.028 

RMS:  0.034 0.031
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Figure 3-6. The horizontal velocities of the GPS stations at Olkiluoto relative to the 

permanent GPS station (1). 

3.4.5  Computation and results of the new stations at Olkiluoto 

The pillars GPS11 at Kuivalahti and GPS12 at Iso Pyrekari were established at in 2003 
(Ollikainen et al. 2004) and the pillars GPS14 at Hankkila and GPS15 at Taipalmaa 
were established in 2005 (Figure 3-4). The stations GPS11 and GPS12 were measured 
twice a year since autumn 2003. However, the stations GPS14 and GPS15 have just 
been observed in 2006. The station GPS12 has been observed just once in 2005 and 
2006, because it was impossible to reach Iso Pyrekari by boat during bad ice conditions. 

Previously the measurements have been computed using the same principles as in the 
computation of the original network (Ahola et al. 2005). We decided to change a 
computation strategy and compute all measurement again, because we have also other 
deformation measurements at Satakunta (Ahola and Poutanen 2006). We will combine 
the observations at the same pillars in both campaigns, what is why we have to use the 
same computation strategy. 

The observations have been processed using Bernese software version 5.0. The main 
difference between earlier computations and a new strategy is the ionosphere modelling. 
The new computation has been made without ionosphere models. The ambiguities have 
been solved baseline by baseline using QIF method. Previously resolved ambiguities are 
introduced to the final solution using ionosphere free L3 linear combination. 
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The pillar GPS11 has been measured seven times, while the pillar GPS12 only five 
times (not in spring 2005 and 2006). The lengths of the observed vectors are between 
4.8 and 11.6 km. The time series is still too short for reliable deformation studies. 
However, the change rates of the vectors are given in Table 3-7. The standard deviations 
are almost same size as the change rates.  

The pillars GPS14 and GPS15 have been measured just twice, which is not enough to 
make any deformation analysis. The observed distances between the new stations and 
the permanent GPS station in 2006 are given in Table 3-8. 

Table 3-7. Change rates of the baselines from the pillars GPS11 and GPS12 at 

Olkiluoto. The change rates and the estimated errors are obtained from least squares 

solutions of only seven or five (GPS12) measurements performed in 2003-2006.

No scale correction 

Baseline Change
rate

St. dev. Length of the
baseline at 

St.
dev.

    zero epoch  
 (mm/a) (mm/a) 2003.0 (mm) (mm)

GPS1-GPS11 -1.15 0.54 8478269.20 1.11
GPS1-GPS12 -0.25 0.21 4817826.31 0.41 

GPS11-GPS12 -0.21 0.28 11574239.10 0.54 
RMS: 0.37 0.75

Table 3-8. The observed distances between the new stations and permanent GPS station 

in 2006.

Baseline Length of the 
baseline 1/2006 

(mm) 

Length of the 
baseline 2/2006 

(mm) 

Difference
(mm) 

GPS1-GPS11 8478263.4 8478266.6 +3.4
GPS1-GPS12 - 4817825.7 - 
GPS1-GPS14 7852377.7 7852377.9 +0.2 
GPS1-GPS15 5704060.8 5704060.9 +0.1 

GPS11-GPS12 - 11574239.0 - 
GPS11-GPS14 6005975.3 6005975.3 0.0 
GPS11-GPS15 9358363.3 9358365.7 +2.4 
GPS12-GPS14 - 12512520.9 - 
GPS12-GPS15 - 10387700.4 - 
GPS14-GPS15 4762657.3 4762658.3 +1.0 
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3.5 EDM baseline at Olkiluoto 

3.5.1  Background 

We have noticed that GPS solutions may be significantly biased by scale errors 
(Ollikainen and Kakkuri, 1999). This systematic scale error is mainly caused by errors 
in ionosphere modelling. The scale error has varied from -0.8 to +0.6 ppm at Olkiluoto.  

The FGI and Posiva have established a baseline for electronic distance measurements 
(EDM), because of this scaling problem of GPS observations. The baseline was 
established between pillars GPS7 and GPS8 in 2002. 

Accuracy of high precision EDM is about (0.2 mm + 0.2 ppm) (1 ). The estimated 
accuracy for GPS is about  0.8 mm (1 ) obtained at the micronetworks of Posiva. 
According to these figures EDM is more accurate than GPS when the baselines are as 
short as at Olkiluoto. We measure the EDM baseline simultaneously with the GPS 
measurement. The scale factor problem is expected to be solved by deriving the uniform 
scale for the GPS observations using the EDM results. 

3.5.2  Electronic distance measurements 

A Kern ME5000 mekometer is the most accurate EDM instrument, which is suitable for 
fieldwork. The mekometer of the Laboratory of Geoinformation and Positioning 
Technology, Department of Surveying, Helsinki University of Technology was used in 
the baseline measurements. We have calibrated the mekometer at the Nummela 
Standard Baseline at least once a year and the results are given in Certificates of 
Calibration of the National Standards Laboratory of the Finnish Geodetic Institute 
(Table 3-9). 

Table 3-9. Mekometer calibrations at Nummela Standard Baseline in 2006. 

Year Date Certificate of 
Calibration 

2006 August 22-29 and 
October 23-26 

23 / 2006 

The EDM baseline at Olkiluoto has been measured twice a year during the both GPS 
measurement campaigns since 2002 except in spring 2006, when it was impossible to 
perform EDM measurements. A soil depot near the station GPS7 blocked visibility 
between the observation pillars, but the soil was moved before the next measurements 
campaign. The measurements in 2006 were performed on October 15-16. We observed 
three times ten single distances from both observation pillars during the campaigns as in 
the previous years. 

The weather observations were made with calibrated instruments at the mekometer site 
and at the reflector site. Dry and wet temperatures have been observed with 
psychrometers and air pressure with aneroids (Table 3-10).  
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Table 3-10. The equipments at the mekometer and at the reflector sites. 

 Equipment at the 
mekometer site 

Equipment at the 
reflector site 

Kern Mekometer ME5000 S/N 357094 - 

Kern prism reflector - S/N 374414 

Thies Clima psychrometer S/N 6530 / 6540 S/N 6544 / 6527 

Thommen Hoehenmesser aneroid S/N 164610 S/N 126533 

3.5.3  Computation  

The results of mekometer measurements depend on weather conditions. Therefore, a 
computation strategy is to compute first velocity corrections according to weather 
conditions for observed distances. The result is a mean of corrected distances with 
standard error. The computation and used formulas were given in Ollikainen et al. 2004. 

3.5.4  Results 

The results of electronic distance measurements at the baseline GPS7-GPS8 are the 
means of observed distances after the first velocity corrections. These values with 
standard errors (1 ) are given in the Table 3-11. In addition to the standard deviation, 
the standard uncertainty includes errors of centring and adjusting of the instruments 
(  0.1 mm), the calibration of the instruments (  0.1 mm) and determination of the 
refraction correction (  0.1 mm).  

Table 3-11. The space distances between the pillars GPS7-GPS8 measured by the GPS 

and the Kern Mekometer ME5000. The mean of the GPS observations includes 22 

measurement campaigns since 1995. 

Measurement Distance 
(mm) 

Standard 
deviation (mm) 

Total standard 
uncertainty (mm) 

Certificate of 
Calibration 

Mean of GPS obs. 511256.9  0.5 - - 
Apr 28 2002 511256.4  0.3  0.3 5 / 2002 

Oct 12-13 2002 511255.7  0.1  0.2 9 / 2002 
Apr 26-27 2003 511256.1  0.1  0.2 5 / 2003 
Oct 11-12 2003 511256.6  0.1  0.2 19 / 2003 
Apr 4-5 2004 511256.5  0.1  0.3 19 / 2004 
Oct 9-10 2004 511255.9  0.1  0.2 20 / 2004 

Apr 10-11 2005 511256.1  0.3  0.3 20 / 2005 
Oct 5-6 2005 511256.1  0.2  0.3 32 / 2005 

Oct 15-16 2006 511255.5  0.2  0.3 16 / 2006 

The electronic distance measurements are traceable to the definition of the metre 
through the Nummela Standard Baseline, which has been measured with the Väisälä 
light interference method. The latest interference measurements were performed in 2005 
(Jokela and Häkli, 2006). Latest mekometer calibrations in Nummela have been 
performed in 2006. Procedures meet the requirements of the standards ISO 9001 and 
ISO 17025. The results are given also in Certificates of Calibration of the National 
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Standards Laboratory of the Finnish Geodetic Institute. Since 2003 the results are given 
with extended uncertainty (2- ), which is two times total standard uncertainty. 

The comparison of the EDM and GPS results is given in Figure 5-2. Each EDM 
distance is shorter than the GPS result from same campaign. According to the five years 
period GPS gives on an average 0.69 mm longer distances between pillars GPS7 and 
GPS8 than EDM. That is over 1 ppm scale difference. 

The scale difference between GPS and Mekometer measurements is obvious, but we do 
not yet know, what is the reason for this behaviour. At first we thought that the different 
phase centre offsets of the GPS antennas can be an explanation. In fact that is why we 
use the same antennas at the pillars in every GPS campaign. We tested the effect of the 
phase centre offsets to the GPS results in autumn 2005. However, we have shown in 
Ahola et al. 2006, that the reason of the scale difference must be elsewhere. 

According to nine measurements the shapes of the time series, which are computed with 
different methods, are quite similar. This is very interesting, because it should mean that 
the obtained deformation is real, even if the distance changes back and forth. However, 
it is too early to make any specific conclusion. We need more studies and observations 
at the baseline and it is obvious that we will continue the electronic distance 
measurements simultaneously with GPS measurements. 
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Figure 3-7. The GPS and the EDM results from the baseline GPS7-GPS8. 

3.6 Control markers at Olkiluoto 

Each GPS pillar has two control markers. The benchmarks are founded in solid bedrock 
near the station. Because the benchmarks are used to determine the possible horizontal 
displacements of the pillars, the ideal location is such that the lines between the concrete 
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pillar and the markers intersect in 90 degrees angle. The distances between pillars and 
control markers are from 4.5 m to 12.5 m. 

The Olkiluoto GPS network was extended in 2003, when three new GPS pillars were 
built. In autumn 2004 we established control markers for pillars GPS11 and GPS13 
(Ahola et al. 2005). 

The distances and angles between pillars and control markers at Olkiluoto were 
observed in 2001 and 2004. The small differences between the campaigns in 2001 and 
2004 prove that the concrete pillars have been stable during the measurement period 
(Ahola et al. 2005). 

We established and measured the control markers for the pillar GPS12 at Iso Pyrekari in 
2005. The height of the pillar is only 0.5 m and because of that, it should be very stable. 
However, we founded two benchmarks in solid bedrock near the pillar, because pack ice 
can cause damage for the concrete pillar during hard winter. 

We will continue the measurements at the reserve markers in three years intervals. The 
next measurement will be carried out at Olkiluoto in 2007. 

3.7 Future plans 

According to our quality manual (Ahola 2007) and the consultations between Posiva 
and the FGI we will continue geodetic observations at Olkiluoto, Kivetty and 
Romuvaara annually. The studies of each year will be reported in Posiva working report 
series.

The permanent GPS stations continue observations at the investigation areas. The 
Olkiluoto local GPS network will be measured twice a year. Even if the studies are 
concentrated at Olkiluoto, one measurement campaign will be carried out at Kivetty and 
Romuvaara annually. The observations at Kivetty and Romuvaara are important 
reference investigations for the studies at Olkiluoto. 

The EDM baseline GPS7-GPS8 at Olkiluoto will be measured with the mekometer 
during every GPS campaign to improve the reliability of the GPS results. The 
mekometer will be calibrated at the Nummela Standard Baseline at least once a year to 
ensure the quality of the results. 

Every GPS station has two control markers. We will determine the distances and the 
angles between the stations and the control markers in order to check the stability of the 
concrete pillars at Olkiluoto in three years interval. Next measurements will be carried 
out in 2007.  

The heights of Olkiluoto GPS network have been measured with precise levelling in 
2003 and 2005 (Lehmuskoski 2004 and 2006). The levelling is the most accurate 
method to observe the possible vertical deformations at the investigation area. The 



60

levelling campaigns will be performed every second year and results will be published 
in a separate working report of Posiva. We established two levelling networks at 
Olkiluoto in 2006 for specific deformation studies. The networks are located above the 
excavation area of the ONKALO and the repository for low- and medium-level waste 
(the VLJ repository). 
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4 SUMMARY 

In February 2002, Posiva Oy established a local seismic network of six stations on the 
island of Olkiluoto. Later, in June 2004, the seismic network was expanded with two 
new seismic stations. At that time started the excavation of the underground 
characterisation facility (the ONKALO) and the basic operation procedure was changed 
more suitable for the demands of the new situation.The purpose of the microearthquake 
measurements at Olkiluoto is to improve understanding of the structure, behaviour and 
long term stability of the bedrock. The studies include both tectonic and excavation-
induced microearthquakes. An additional task of monitoring is related to safeguarding 
of the ONKALO.

This report gives the results of microseismic monitoring during the year 2006. Also the 
changes in the structure and the operation procedure of the network are described. The 
network has operated continuously in 2006. In the beginning of 2006, the target area of 
the seismic monitoring expanded to semi-regional scale. Four new seismic stations 
started in the beginning of February 2006. At the end of the year, two new borehole 
geophones were installed in order to improve the sensitivity and the depth resolution of 
the measurements inside the ONKALO block. This report presents also new 
interpretations of the excavation-induced earthquakes that occurred in the ONKALO in 
2005.

Altogether 2041 events have been located in the Olkiluoto area, in reported time period. 
The magnitudes of the observed events range from ML = -1.1 to ML = 3.1 (ML = 
magnitude in local Richter's scale). Most of them are explosions. Two of the observed 
events are be classified as microearthquakes. Evidence of activity that would have 
influence on the safety of the ONKALO, have not been found.

The observed earthquakes occurred in 2006 were small, ML = -0.6 and ML= -0.9. The 
earthquakes relate to small movements in brittle deformation zones OL-BFZ043 and 
OL-BFZ034 presented in the geological model of the Olkiluoto site (Paulamäki et al. 
2006). Estimated peak slip values of the earthquakes are 14 µm and 4 µm and the source 
radiuses 11 and 8 meters.  

The orientation of the compressional axis related to the microearthquake on 14.9.2006 
(NWW-SEE) is consistent with the estimated maximum in-situ stress field in Olkiluoto 
and elsewhere in Finland. The event seems to be related to the vertical structure OL-
BFZ043. The fault type is normal left-lateral oblique i.e. normal fault with a component 
of left-lateral strike. The location of the earthquake was about 70 m from the preceding 
blasts and about 40 meters below the level of excavation. All the other induced 
earthquakes in the ONKALO area have occurred in the very vicinity of the just 
excavated tunnel. 

The estimated orientation of compression related to the 27.11.2006 (SW-NE) event is 
perpendicular to the commonly prevailing stress field. In the place the latter earthquake 
occurred, the ONKALO tunnel is perpendicular to the estimated orientations of 
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compression. The fault type is left-lateral strike slip. It seems that the footwall of the 
nearly horizontal brittle deformation zone OL-BFZ034 has moved towards the tunnel. 

22 GPS  observation campaigns have been carried out at Olkiluoto since 1995 and two 
measurement campaigns were performed at Olkiluoto in 2006. The computation of the 
results was made with Bernese version 5.0. According to the GPS deformation analysis 
one third of the baselines at Olkiluoto have statistically significant change rates at the 
confidence level of 95%. However, all of these change rates are smaller than  0.22 
mm/a. The change rates have diminished year after year when the time series has grown 
longer and the determination of the change rates has become more reliable.  

There are five stations at Olkiluoto, which have statistically significant horizontal 
velocities. The local velocity components are small, but taking into account the standard 
deviations, the largest velocity components seem to be reliable (max. velocity 
-0.23 mm/a ± 0.023 mm/a). 

Electronic distance measurements were performed at Olkiluoto at the baseline GPS7-
GPS8 using the mekometer since 2002. The measurements have been made 
simultaneously with GPS campaigns to improve the reliability of the GPS results. 
According to five years period GPS gives us on an average 0.69 mm longer distances 
between pillars GPS7 and GPS8 than EDM. That is over 1 ppm scale difference. The 
similarity of the GPS and EDM time series is very interesting, but it is too early to make 
specific conclusion. The results are promising, but more studies are needed before we 
can use the EDM results to scale the GPS observations. 
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