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ABSTRACT 

The rock mechanical monitoring at Olkiluoto concentrates on the assessment of potential 
tectonic movements and stability of the bedrock. The construction of ONKALO is not 
expected to induce large-scale movements of the rock blocks or affect the rate of isostatic 
uplift but the evaluation of any tectonic events is important for the safety assessment. The 
monitoring consists of seismic measurements, GPS measurements and precise levelling 
campaigns at Olkiluoto and vicinity and additionally extensometer and convergence 
measurements carried out in ONKALO.  

Posiva established a local seismic network of six stations on the island of Olkiluoto in 2002. 
The number of seismic stations has increased gradually being in 2009 altogether 14. The 
purpose of the microearthquake measurements at Olkiluoto is to improve understanding of 
the structure, behaviour and long term stability of the bedrock. The investigation area 
includes two target areas. The larger target area, called seismic semi-regional area, covers 
the Olkiluoto Island and its surroundings. The purpose is to monitor explosions and tectonic 
earthquakes in regional scale. The smaller target area is s called the seismic ONKALO 
block, which is a 2 km *2 km *2 km cube surrounding the ONKALO. All the expected 
excavation induced events assumingly occur within this volume. At the moment the seismic 
ONKALO block includes 10 seismic stations. An additional task of monitoring is related to 
safeguarding of the ONKALO. 

The seismic network has operated continuously in 2009 and during the year altogether 1256 
events have been located in the Olkiluoto area. Most of them (1161) are explosions that 
occurred inside the seismic semi-regional area and especially inside the seismic ONKALO 
block (1135 events). The magnitudes of the observed events inside the semi-regional area 
range from ML = -1.5 to ML = 1.6 (ML = magnitude in local Richter's scale). Most of them 
are explosions. Two of the events are classified as excavation induced microearthquakes.  

Two excavation induced earthquakes (ML = -0.2 and ML= -0.4) occurred on 14 October 
2009. They can be associated with the lower contact of the pegmatitic granite unit PRG5 
and veined gneiss as well as with brittle fault zone OL-BFZ176. The events locate about 
100-150 meters from the closest excavated part of the ONKALO. Estimated peak slip 
values of the earthquakes are 37 μm and 19 μm and the source radiuses 12 and 13 meters. It 
was possible to calculate the fault plane solution only for the main shock, because the 
aftershock occurred only 30 ms after the main shock. However, it is rather likely that they 
have the same kind of mechanisms. The fault type is normal left-lateral oblique i.e. normal 
fault with a component of left-lateral strike. The main event represented mainly a pure slip 
along a fault plane, but it seems that a small implosion was also involved in it. In the main 
shock the hanging wall has moved to south, towards the excavated ONKALO and generated 
two microearthquakes. The direction of the slip vector correlates rather nicely with the 
location of the aftershock.  

According to seismic monitoring the rock mass surrounding the ONKALO has been stable 
in 2009. Indications of illegal or inappropriate works, which would have influence on the 
safety of the ONKALO, have not been found. 

The GPS based deformation studies have been carried out at Olkiluoto since 1995 resulting 
altogether 28 measurement campaigns. Including the new pillars established in 2003 the 
local GPS network at Olkiluoto consists of 14 stations. One pillar in the investigation area 
belongs to the Finnish permanent GPS network, FinnRef

p
f . The whole network will be 

measured twice a year. The new pillars have been observed since 2003 and now the first 
deformation analysis has been computed from the six years data. 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 small being less than ± 0.20 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.  

A baseline for electronic distance measurements (EDM) was built in 2002. The baseline has 
been measured using EDM instruments in connection to the GPS observations. Changes in 
the difference between the GPS and EDM results indicate the systematic change in GPS 
results.  

To fulfil a better vertical control of the GPS network, precise levelling campaigns were 
started at Olkiluoto in autumn 2003. The levelling campaign in autumn 2007 crossing the 
Olkiluoto strait on the line Lapijoki-Olkiluoto detected an elevation difference of 1.9 mm at 
the 0.8 km long interval that had happened during four years. Also the bench mark upon the 
ONKALO tunnels was lifted almost 1 mm during one year compared to the surrounding 
bench marks. Generally, the points on the northern part of the island were lifted about 1 mm 
compared to the points on the middle part of the island with the exception of one GPS-
station (GPS6). 

To localize more accurately the moving bedrock blocks, two new bench marks in the 
vicinity of the ONKALO and one bench mark on both sides of the Olkiluoto strait were 
established and levelled in autumn 2008. The ONKALO bench mark was still slightly lifted 
compared to the neighbouring bench marks, whereas the elevation change of 1.9 mm when 
crossing the Olkiluoto strait was decreased to 1.5 mm. In addition to the campaign in 2008 
the GPS network was levelled in the autumn 2009. After the quiet life of two years, GPS6 
was lifted 0.7 mm more, whereas GPS13 had sunk 0.6 mm in two years, which can be due 
to the construction works of the nuclear power station of Olkiluoto 3 in the vicinity. The 
ONKALO bench mark continued its rising slightly, whereas crossing the Olkiluoto strait the 
change of 1.5 mm in 2008 had again decreased being now 1.1 mm compared to the level in 
2003. All the points of the investigation area have been established on the bedrock and all 
the vertical movements referred in this abstract are significant compared to the measuring 
accuracy. 

Shaft convergences have been measured in ONKALO in six locations on levels -180 and -
290 between 2007 and 2009. Convergence measurements were primarily designed to 
measure immediate shaft excavation (raise boring) responses and secondarily to be used for 
monitoring purposes. In the majority of the measurement campaigns it was impossible to 
achieve the preset measurement repeatability of 0.3 mm. During the latest measurement 
campaign it was discovered that the measurement device can produce unexplained variance 
of almost one millimeter. As the expected immediate raise boring induced convergences are 
less than 2 mm and the expected longer term monitoring values are practically zero, it is 
clear that this type of convergence measurements are no longer suitable for monitoring 
purposes. 

Keywords: rock mechanics, monitoring, crustal movements, deformation studies, seismic 
network, microearthquake, GPS measurements, precise levelling, vertical control, 
convergence. 
 
 



 

 

OLKILUODON MONITOROINTIOHJELMAN TULOKSET VUONNA 2009, 
KALLIOMEKANIIKKA 

TIIVISTELMÄ 

Olkiluodon kalliomekaaninen monitorointi keskittyy mahdollisten kallioperän tektonisten 
liikkeiden ja kallion vakauden arviointiin. ONKALOn rakentamisen ei uskota synnyttävän 
merkittäviä kalliolohkojen liikkeitä tai vaikuttavan maannousuun, mutta tektonisten liik-
keiden havainnointi on tärkeää pitkäaikaisturvallisuuden arvioinnin kannalta. Kalliome-
kaaninen monitorointi käsittää jatkuvat seismiset mittaukset sekä kampanjoittain toteu-
tettavat GPS-mittaukset ja tarkkavaaitukset Olkiluodossa ja sen ympäristössä sekä lisäksi 
ONKALOssa tehtävät ekstensometri- ja konvergenssimittaukset.  

Posiva perusti vuonna 2002 Olkiluotoon kuuden seismisen aseman paikallisen 
asemaverkon. Sen jälkeen asemien määrä on kasvanut vähitellen. Vuonna 2009 Posivan 
asemaverkko koostui 14 seismisestä asemasta. Mikromaanjäristysmittausten avulla pyritään 
lisäämään tietoa Olkiluodon kallioperän rakenteesta, liikkeistä ja stabiilisuudesta. Tutki-
muksen kohteena ovat tektoniset ja louhinnan indusoimat maanjäristykset. Seismisellä 
monitoroinnilla on kaksi kohdealuetta. Laajempi kohdealue, seisminen lähialue, sisältää 
Olkiluodon saaren lähiympäristöineen. Alueelta havainnoidaan räjäytyksiä ja tektonisia 
maanjäristyksiä. Pienempi kohdealue on sivuiltaan kaksikilometrinen kuutio (2 km *2 km 
*2 km), joka ympäröi ONKALOa. Tällä alueella tapahtuvat kaikki louhinnan indusoimat 
tapaukset. Alueen ulkopuolelle jääviä järistyksiä voidaan varmuudella pitää tektonisina. 
Mittaukset ovat myös osa ONKALOn ydinsulkuvalvontaa. 

Seisminen asemaverkko monitoroi ilman toimintakatkoksia vuonna 2009. Olkiluodon 
alueelle paikallistettiin raportoidulla ajalla yhteensä 1256 tapausta. Suurin osa näistä (1161) 
oli seismisellä lähialueella ja erityisesti ONKALOn (1135 tapausta) alueella. Havaittujen 
tapausten magnitudit (ML) olivat välillä -1.5 - 1.6. Lähes kaikki havainnot olivat räjäy-
tyksiä. Kaksi tapausta voitiin luokitella louhinnan indusoimiksi mikromaanjäristyksiksi.  

Kaksi louhinnan indusoimaa maanjäristystä (ML = -0.2 ja ML= -0.4), jotka tapahtuivat 
14.10. 2009, voidaan yhdistää pegmatiittisen graniitin alapinnan ja suonigneissin kontaktiin 
sekä ruhjevyöhykkeeseen OL-BFZ176. Järistykset sattuivat tässä vyöhykkeessä 100-150 m 
etäisyydellä lähimmästä jo louhitusta ONKALOn osasta. Kalliossa tapahtuneelle siirtymälle 
lasketut arvot olivat 37 μm ja 9 μm ja laskettujen siirrostasojen säteet olivat 12 m ja 13 m. 
Siirrostasoratkaisu voitiin laskea vain pääjäristykselle, sillä jälkijäristys tapahtui vain 30 ms 
pääjäristyksen jälkeen. Tosin voidaan olettaa, että niillä on samanlaiset tapahtumameka-
nismit. Maanjäristys oli normaalisiirros, johon liittyy myös vasenkätisen vaakasiirroksen 
komponentti. Vaikka pääjäristys edustaa selvästi tasoa pitkin tapahtunutta siirrosta, tapahtu-
maan näyttää liittyvän myös vähäinen tilavuuden pienentyminen (luhistuminen). Näyttää 
siltä että siirroksen yläpuoli on siirtynyt etelään kohti louhittua ONKALOa ja synnyttänyt 
kaksi mikromaanjäristystä. Pääjäristyksen siirtymävektorin suunta korreloi melko hyvin 
jälkijäristyksen paikan kanssa. 

Seismiset mittaukset osoittavat, että ONKALOa ympäröivä kalliomassa on pysynyt 
stabiilina vuonna 2009. Alueella ei ole havaittu ydinsulkuvalvonnan kannalta turvalli-
suuteen vaikuttavaa toimintaa. 

GPS-satelliittipaikannukseen perustuvaa deformaatiotutkimusta on tehty Posivan tutkimus-
alueilla vuodesta 1995 lähtien, jolloin Olkiluotoon perustettiin kymmenen pilaria käsittävä 
paikallisverkko. Tutkimusalueen yksi pilari kuuluu Suomen pysyvään GPS-verkkoon 
(FinnRef ), jossa rekisteröintiä tehdään jatkuvasti. Olkiluodon verkko on mitattu 28 kertaa 



 

 

vuodesta 1995 lähtien. Mittauksista lasketut pilarien väliset etäisyydet muodostavat 
aikasarjan, jonka mukaan kolmanneksella Olkiluodon verkon pilaripareilla on tilastollisesti 
merkittävä etäisyyden muutosnopeus. Kaikki havaitut liikkeet ovat kuitenkin alle  0.20 
mm/a. Viidellä Olkiluodon asemalla on havaittu tilastollisesti merkittävä vaakaliike. 
Paikalliset liikenopeudet ovat pieniä, mutta niitä voidaan keskivirheiden perusteella pitää 
luotettavina.  

Olkiluodon tutkimusalueelle rakennettiin v. 2002 perusviiva, jonka pituus on mitattu 
elektronisilla etäisyydenmittauslaitteilla (EDM) GPS-mittauskampanjoiden yhteydessä. 
Perusviivalla tehtävien EDM-mittausten tarkoituksena on seurata GPS-vektoreiden syste-
maattista muuttumista mittauskampanjasta toiseen.  

Tarkkavaaitukset Olkiluodon GPS-verkon alueella aloitettiin syksyllä 2003 paremman 
korkeuskontrollin saavuttamiseksi. Syksyn 2007 mittauksissa havaittiin muutoksia. 
Lapijoki-Olkiluoto -linjalla Olkiluodon salmessa 0.8 km:n kiintopistevälillä oli tapahtunut 
neljän vuoden aikana 1.9 mm:n muutos, ONKALON yläpuolella sijaitseva kiintopiste oli 
vuodessa noussut lähes millimetrin ympäristöönsä verrattuna ja Olkiluodon saaren pohjois-
osan pisteet olivat yleensä nousseet noin millimetrin keskiosaan verrattuna, poikkeuksena 
yksi asema (GPS6). 

Liikkuvien kallioalueiden tarkemmaksi paikallistamiseksi perustettiin syksyllä 2008 
ONKALOn kiintopisteen lähistölle kaksi uutta pistettä ja Olkiluodon salmen kummallekin 
puolelle yksi kiintopiste, jotka myös vaaittiin ONKALOn, VLJ-luolan ja Olkiluodon 
salmen vaaitusten yhteydessä. Todettiin, että ONKALOn kiintopiste oli edelleen hieman 
noussut ympäristöönsä nähden, kun taas Olkiluodon salmen 1.9 mm:n korkeuseron muutos 
oli pienentynyt 1.5 millimetriin. Syksyllä 2009 vaaittiin vuoden 2008 ohjelman lisäksi 
GPS-verkko. GPS6 oli parin vuoden hiljaiselon jälkeen noussut 0.7 mm lisää, kun taas 
GPS13 oli laskenut kahdessa vuodessa 0.6 mm, mikä saattaa johtua lähistölle rakennet-
tavan ydinvoimalaitoksen OL3 rakennustöistä. ONKALOn kiintopiste oli edelleen hieman 
jatkanut nousuaan, kun taas Olkiluodon salmen edellisvuotinen 1.5 mm:n muutos 
alkuperäiseen nähden oli taas pienentynyt ollen enää 1.1 mm vuoden 2003 tasoon 
verrattuna. Kaikki tutkimusalueen kiintopisteet on perustettu kallioon ja kaikki mainitut 
vertikaaliliikunnot ovat mittaustarkkuuteen nähden merkitseviä. 

ONKALOn pystykuilujen konvergenssimittauksia on tehty vuosina 2007-2009 kuudessa eri 
kohteessa syvyystasoilla -180 m ja -290 m. Konvergenssimittaukset on ensisijaisesti 
suunniteltu mittaamaan kuilun nousuporauksen välitöntä vastetta ja toissijaisesti 
vastaamaan kalliomekaanisen monitoroinnin tarpeita. Pääosassa mittauksia oli mahdotonta 
saavuttaa etukäteen asetettu 0.3 mm mittaustarkkuus. Viimeisimmässä mittauskampanjassa 
havaittiin, että käytetty mittalaite tuottaa selittämättömiä lähes 1 mm suuruisia vaihteluita. 
Koska odotetut nousuporauksen aiheuttamat vasteet ovat alle 2 mm ja pitkäaikais-
monitoroinnin vasteet käytännössä 0 mm, on selvää että tämäntyyppiset mittaukset eivät ole 
tulevaisuudessa soveltuvia monitorointitarkoituksiin. 

Avainsanat: kalliomekaniikka, monitorointi, maankuoren liikkeet, deformaatiotutkimus, 
seisminen asemaverkko, mikromaanjäristys, GPS-mittaukset, tarkkavaaitus, 
korkeuskontrolli. konvergenssi. 
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1  INTRODUCTION 

In July 2004 Posiva started to construct the underground rock characterisation facility 
called ONKALO, which will reach the repository level -420 m in 2010. 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 the 
construction and operation of ONKALO was presented. A summary of the observations 
and measurements is reported annually for five different disciplines: Rock Mechanics, 
Hydrology, Hydrogeochemistry, Environment and Foreign Materials. 
 
The aim of this report is to give an overview of the progress of monitoring the Rock 
Mechanics. The microseismic and GPS networks comprise the main volume of rock 
mechanical monitoring at Olkiluoto. In addition, the results from the precise levelling 
campaigns and convergence measurements are presented. The report has been divided 
into four parts: the first part (Chapter 2) describes the results of the microseismic 
monitoring, the second part (Chapter 3) the results of GPS monitoring, the third part 
(Chapter 4) the results of precise levelling campaigns and the fourth part (Chapter 5) the 
convergence measurements carried out in 2009. The earlier results and progress of the 
microseismic and GPS network monitoring as well as precise levelling were presented 
by Saari (2006), Saari & Lakio (2007, 2008), Ahola et al. (2006, 2007, 2008), 
Lehmuskoski (2004, 2006, 2008), Riikonen (2006), Mattila (2007), Mattila & Hakala 
(2008) and Lahti et al. (2009). 
 

1.1  Main observations 

Microseismics. In 2009 altogether 1256 events have been located in the Olkiluoto area. 
Most of them (1161) are explosions occurred inside the seismic semi-regional area and 
especially inside the seismic ONKALO block (1135 events). The magnitudes of the 
observed events inside the semi-regional area range from ML = -1.5 to ML = 1.6 (ML = 
magnitude in local Richter's scale). Most of them are explosions. Two of the events are 
classified as excavation induced microearthquakes.  

Two excavation induced earthquakes (ML = -0.2 and ML= -0.4) occurred on 14 October 
2009. They can be associated with the lower contact of the pegmatitic granite unit and 
veined gneiss as well as with brittle fault zone OL-BFZ176. The events locate about 100 
- 150 meters from the closest excavated part of the ONKALO. Estimated peak slip 
values of the earthquakes are 37 μm and 19 μm and the source radiuses 12 and 13 
meters. It was possible to calculate the fault plane solution only for the main shock, 
because the aftershock occurred only 30 ms after the main shock. However, it is rather 
likely that they have the same kind of mechanisms. The fault type is normal left-lateral 
oblique i.e. normal fault with a component of left-lateral strike. The main event 
represented mainly a pure slip along a fault plane, but it seems that a small implosion 
was also involved in it. In the main shock the hanging wall has moved to south, towards 
the excavated ONKALO and generated two microearthquakes. The direction of the slip 
vector correlates rather nicely with the location of the aftershock.  
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According to seismic monitoring the rock mass surrounding the ONKALO has been 
stable in 2009. Indications of illegal or inappropriate works, which would have 
influence on the safety of the ONKALO, have not been found. 
 
GPS. 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 small 
being less than ± 0.20 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.  
 
Precise levelling. The precise levelling campaign in 2005 observed that the elevation 
difference of two reserve mark pairs compared to the other points had changed 
significantly during two years, about 1 mm. The reason may be the excavations near 
these points and the deformation of the rock after the blasting. Inspired by the observed 
changes of the elevation differences in 2005, two micro loops were established and 
levelled onto the ONKALO and the VLJ Repository in 2006.  
 
The levelling campaign in 2007 crossing the Olkiluoto strait on the line Lapijoki-
Olkiluoto detected an elevation difference of 1.9 mm at the 0.8 km long interval that 
had happened during four years. Also the bench mark upon the ONKALO tunnels was 
lifted almost 1 mm during one year compared to the surrounding bench marks. 
Generally, the points on the northern part of the island were lifted about 1 mm 
compared to the points on the middle part of the island with the exception of one GPS-
station. In 2008 the ONKALO bench mark was still slightly lifted compared to the 
neighbouring bench marks, whereas the elevation change of 1.9 mm when crossing the 
Olkiluoto strait was decreased to 1.5 mm. In 2009 after the quiet life of two years, GPS6 
was lifted 0.7 mm more, whereas GPS13 had sunk 0.6 mm in two years, which can be 
due to the construction works of the nuclear power station of OL-3 in the vicinity. The 
ONKALO bench mark continued its rising slightly, whereas crossing the Olkiluoto 
strait the change had again decreased being now 1.1 mm compared to the level in 2003.  
 

Convergence measurements. Shaft convergences have been measured in six locations 
on levels -180 and -290 between 2007 and 2009. Convergence measurements were 
primarily designed to measure immediate shaft excavation (raise boring) responses and 
secondarily to be used for monitoring purposes. In the majority of the measurement 
campaigns it was impossible to achieve the preset measurement repeatability of 0.3 mm. 
During the latest measurement campaign it was discovered that the measurement device 
can produce unexplained variance of almost one millimeter. As the expected immediate 
raise boring induced convergences are less than 2 mm and the expected longer term 
monitoring values are practically zero, it is clear that this type of convergence 
measurements are no longer suitable for monitoring purposes. 

 



5 

 

1.2  Development and changes of the monitoring systems 

Posiva established a local seismic network of six stations on the island of Olkiluoto in 
2002. After that the number of seismic stations has increased gradually. Recently in 
2008 the seismic network was upgraded by a new triaxial drillhole seismometer ONK-
OS at the depth of 276 m in ONKALO. It is grouted in the 12.6 m deep drillhole that 
was drilled vertically downwards in a niche near the access tunnel at chainage 2800. 
The final technical tuning and tests related to the upgrade were done in the beginning of 
2009. The new drillhole geophone aim to improve the sensitivity and the depth 
resolution of the measurements inside the ONKALO block. The network will be further 
developed by installing similar stations at suitable locations in ONKALO. In 2009 
Posiva’s seismic network consists of 14 seismic stations and 19 triaxial sensors. The 
upgrades in 2009 are limited to the processing, interpretation and reporting practices. 
The monthly reports are now stored directly into Posiva's electronic archive. 

The GPS based deformation studies have been carried out at Olkiluoto since 1995 
resulting altogether 28 measurement campaigns. Including the new pillars established in 
2003 the local GPS network at Olkiluoto consists of 14 stations. The whole network 
will be measured twice a year. The new pillars have been observed since 2003 and now 
the first deformation analysis has been computed from the six years data.  
 
A baseline for electronic distance measurements (EDM) was built in 2002. The baseline 
has been measured using EDM instruments in connection to the GPS observations. 
Changes in the difference between the GPS and EDM results indicate the systematic 
change in GPS results.  

Four new permanent stations will be established at Olkiluoto during 2010-2011 to study 
the movements around the Olkiluoto strait. The local crustal deformations have been 
studied in GeoSatakunta project, too. This GPS network is located in Cities of Pori and 
Rauma and their neighbouring municipalities. Two new pillars have been established 
near Olkiluoto investigation area in October 2005. The repeated measurements at these 
pillars connect the Olkiluoto and GeoSatakunta networks. Even if the studies are 
concentrated at Olkiluoto, the GPS observations at Kivetty and Romuvaara 
investigation areas will be made every two years. Because the stability of these 
networks has been confirmed by GPS observations in previous years, we may regard the 
observations at Kivetty and Romuvaara as a reference for the stability of our GPS 
determinations. 

To fulfil a better vertical control of the GPS network, precise levelling campaigns were 
started at Olkiluoto in autumn 2003. First the GPS network was connected to the precise 
levelling network of Finland at Lapijoki to control the vertical movements of the whole 
island of Olkiluoto. Then the GPS network was levelled. It consisted of the reserve 
marks of eight GPS pillars and five levelling bench marks two of which constituted the 
nodal bench mark pair. The second levelling campaign at the area was carried out in 
autumn 2005. Now only the GPS network added with the antenna platforms of nine 
GPS pillars were levelled. Compared to the other points, the elevation difference of two 
reserve mark pairs had changed significantly during two years, about one millimetre. 
Inspired by the observed changes of the elevation differences in 2005, two micro loops 
were established and levelled onto the ONKALO and the VLJ Repository in autumn 
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2006. The micro loops consisted of seven and five bench marks the mean interval being 
about 300 metres. 
 
The levelling campaign in autumn 2007 detected elevation differences over the 
Olkiluoto strait and ONKALO tunnels. To localize more accurately the moving bedrock 
blocks, two new bench marks in the vicinity of the ONKALO and one bench mark on 
both sides of the Olkiluoto strait were established in autumn 2008. The bench marks 
were connected to the levelling of the ONKALO, the VLJ Repository and the Olkiluoto 
strait. The levelling campaigns were repeated in 2008 and 2009.  

1.3  Schedules 

The monitoring schedule for rock mechanics is presented in Table 1-1. The 
microseismic monitoring is continuous and the GPS and EDM baseline measurements 
will be conducted twice every year.  

The precise levelling in the loops and the lines will be mainly continued according to 
the original plan but complemented when necessary. In 2010 the micro loops of 
ONKALO and VLJ and the line Olkiluoto strait will be levelled. In 2011 the 
programme consists of the line Lapijoki-Olkiluoto which includes the line Olkiluoto 
strait, the loops OLKI A and OLKI B and the micro loops ONKALO and VLJ. In 2010 
four new GPS pillars will be built on the eastern part of the Olkiluoto Island and on the 
continent opposite to it. Those will be levelled first time in 2011 in connection with the 
levelling of the original GPS network and the loops OLKI A and OLKI B. In 2012 the 
programme carried out in 2010 will be repeated. 

Extensometer measurement campaigns are mainly related to the excavation of shaft 
drifts or to the raise borings of shafts. Present plans include convergence and 
extensometer measurements in 2010 in the investigation niche ONK-TKU-3 and 
extensometer measurements in 2011 related to shaft raise boring. 
 
Table 1-1. Rock mechanics monitoring schedule: 2=two measurement campaigns each 
year, 1= 1 measurement campaign, cont.= continuous measuring.  

 2007 2008 2009 2010 2011 2012 
Microseismic monitoring cont. cont. cont. cont. cont. cont. 
GPS measurements 2 2 2 2 2 2 
EDM baseline measurement 2 2 2 2 2 2 
Control marker measurement 1   1   
Precise levelling 1 1 1 1 1 1 
Precise levelling Lapinjoki-Eurajoki 1    1  
Extensometer measurements 1   1 1  
Convergence measurement 1 1  1   
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2  SEISMICITY 

The results of the microseismic monitoring are published as a Posiva Working report 
WR 2010-33 (Saari & Malm 2010). This chapter has been compiled from that report.  

2.1  Overview 

In February 2002, Posiva Oy established a local seismic network of six stations on the 
island of Olkiluoto. 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 (the ONKALO). Later, in June 2004, the seismic network was expanded with 
two new seismic stations (OL-OS7 and OL-OS8). These stations made the network 
geometry more suitable for monitoring the final location of the ONKALO. The 
technical features of the microearthquake monitoring system are described in details in 
the Posiva working reports (Saari 2003 and 2005).  

In the beginning of 2006, the target area of the seismic monitoring expanded to regional 
scale. The four new seismic stations (OL-OS9…OL-OS12) were in operation on 2 
February 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 triaxial geophones (OL-OS13 and OL-OS14) were 
installed into a borehole inside the ONKALO spiral. The new geophones aimed to 
improve the sensitivity and the depth resolution of the measurements inside the 
ONKALO block. They were fully integrated to the Posiva network in 2007. Cable 
isolation of OL-OS14 was damaged during the installation and later in 2007 the electric 
wires were corrupted. The sensor was permanently disconnected from the network in 
October 2007.  

In November 2008, the seismic network was upgraded by a new triaxial borehole 
seismometer in order to improve the sensitivity and the depth resolution inside the 
ONKALO block. The sensor (ONK-OS1) is the first one inside the ONKALO. During 
the year 2009, the configuration of the seismic network has remained the same as in 
2008 (Lahti et al. 2009). 

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 monitors also explosions and 
excavation induced seismicity. Since February 2006 explosions and tectonic 
earthquakes are monitored in regional scale. In 2008 started the new practice to report 
also other seismic observations that are located in the ONKALO region. Those events, 
which are not explosions or earthquakes, are mainly rock falls that are located during 
the course of the year. This report describes the operation and results of the local 
seismic network in 2009.  

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 
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is disturbed, the stability of the rock facility and the adjustment processes occurring in 
the surrounding rockmass. A further task is mapping of the disturbed weakness zones in 
the rockmass surrounding the excavated construction. 

The main target volume of the seismic monitoring is the underground rock 
characterisation facility and the rockmass surrounding it. According to the simulation 
done by ISS International Limited, the expected sensitivity is of the order ML = -2.5 in 
the ONKALO area. The regional sensitivity of the Olkiluoto area is approximately of 
the order of ML = -1.0 inside the Posiva’s regional network.  

Identification of active fracture 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 rockmass 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 rockmass. When the fracture 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 rockmass 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 rockmass 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 seismicity 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 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 is also a part of the safeguards project of Radiation and Nuclear 
Safety Authority of Finland. The nuclear non-proliferation control in ONKALO is 
based on the following sub-areas (Posiva 2006). 

 Preliminary data: plans and drawings 

 Implementation data: verification measurements, as built drawings, inspections 
and operating records, 

 Monitoring data: Microseismic monitoring. 
Therefore all the observed clustering of explosions of the area are analysed and reported 
in the monthly reports, which are archived in the Posiva’s electronic document 
management system (Kronodoc). Explosions are examined also in longer time spans. If 
a slowly developing clustering of explosions is recognised, the origin of the clustering is 
explained as well. The results of the monthly reports are edited to the interim safeguard 
reports and to annual reports of rock mechanical monitoring by Posiva (e.g. Lahti et al. 
2009). 
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2.2  Operation of the seismic network 

2.2.1  Upgrades of Instrumentation  

The seismic network was upgraded in November 2008 by a new triaxial borehole 
seismometer. The sensor (ONK-OS1) is the first sensor inside the ONKALO. The 
borehole geophones aim to improve the sensitivity and the depth resolution of the 
measurements inside the ONKALO block. 

At the same time in November two new type of data acquisition equipments (GS, see 
http://www.issi.co.za/Y27/prod27/seismometers.htm) were installed. The GS units are 
the next generation of data acquisition units following the SAQS units that are the basic 
nodes of the current Posiva’s network. The first GS unit was installed inside the 
ONKALO. The other GS replaced the old SAQS in OL-OS8.  The final technical tuning 
and testing related to the integration of the new data acquisition units were done in the 
beginning of 2009. During the year 2009, the configuration of the seismic network has 
remained the same as in 2008 (Lahti et al. 2009). 

2.2.2  Upgrades of data processing and interpretation 

The seismic visualization package called Ticker 2D was upgraded and tested by ISSI 
via ssh-connection on 19-20 March 2009. Ticker 2D allows users to look event 
locations and magnitudes soon after the events are recorded. Access to the web pages 
where the Ticker 2D displays are shown is limited to specific IP's of Posiva, ÅF-Consult 
Oy and ISS International. In comparison to the first version installed in November 2008 
this version is more user-friendly. For example it has more options to view and zoom 
into areas and events or create new views. Also some bugs of the first version are fixed. 

The new design model of the ONKALO was integrated in the seismic visualization 
packages Jdi and Ticker 2D in the beginning of July 2009. The replaced layout model 
was dated on 28 October 2008. The most pronounced change in the vicinity of the 
current site of excavation is that the investigation facility ONK-TKU-3620 (depth about 
-345 m) is presented in the new ONKALO model (see Chapter 4). In 2009 the facility 
was used for excavation damage zone (EDZ) investigations and in 2010 the same niche 
is the site of the Posiva Olkiluoto Spalling Experiment (POSE). 

In the middle of September 2009 a failure was noticed in the operation of the software 
package for data processing and analysis (jmts version 10.1.3). The reported residual 
values of recordings of the drillhole sensors (OL-OS13 and ONK-OS1) were 
occasionally incorrect. ISS suggested two options:  

1. Install the latest Jmts (based on java only). This is the currently supported Jmts. 

2.  Install the older jmts (based on C code with graphics in java) and fix the bug. 

The latest version of Jmts (version 2009.8) was installed, but during test sessions it 
appeared to be incomplete. At the same time when new features were implemented 
some good old features were removed. In addition, the new version needs more 
computer capacity and therefore it is too slow to be used in daily analysis in the server 
available. The old 1 Gb memory (RAM) was replaced by 4 GB memory comb on 
9.10.2009. After the memory upgrade the new version was running faster, but it was 
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decided to move into new Jmts slowly, when the program is more complete. Meanwhile 
both the fixed version of jmts (10.3.4) and Jmts (2009.8) are in parallel use.  

New version of visualization software package Jdi was installed on 25 October 2009 
(version 4.7).  The new features of the upgrade are mainly related to methods of 
importing events from the event database. Also some bugs of the previous version (4.2) 
are fixed.  

The observations of the seismic network and the results of the analysis are reported in 
the monthly reports. Since August 2009 the reports are published and archived in the 
Posiva’s electronic document management system (Kronodoc). 

2.2.3  Interpretation practice 

The interpretation of seismic data is performed within the frameworks of the lineament 
interpretation of the Olkiluoto area (Korhonen et. al 2005) and the geological model of 
the Olkiluoto site (Paulamäki et al. 2006). Those models applied in the visualisation and 
interpretation of the seismicity are the same as in 2006 and they are included in the 
visualisation software Jdi. The models are described in the previous annual report (Saari 
& Lakio 2007).  

Inside the Olkiluoto site there will be several different study areas and models produced 
which will not necessary cover the same volume of rock (Posiva 2005). The selected 
volume of the rock depends on its application. However, for reasons of clarity, a 
standardized nomenclature is adopted. Altogether seven expressions are presented 
(Posiva 2005), and the following two of them are applied in seismological 
interpretation. According to that nomenclature: 1) Site area includes the well 
investigated area covered by deep drillholes and the associated shallow monitoring 
holes. 2) Any particular area larger than the Olkiluoto site is called semi-regional.  

In 2005 the seismic network consisted of eight stations close to the ONKALO. The 
monitoring and interpretation was focused on volume called the seismic ONKALO 
block. The seismic ONKALO block is a 2 km *2 km *2 km cube surrounding the 
ONKALO (See Chapter 4.2). It is assumed that all the expected excavation induced 
events occur within this volume (site area). At the moment the seismic ONKALO block 
includes ten seismic stations. Two of them are equipped with triaxial drillhole 
seismometers. 

Outside the ONKALO block the location accuracy is not as good as inside or close to it. 
In 2006, four new 1 Hz seismometers were installed and the focus of interpretation was 
expanded to semi-regional scale. Inside this area, called the seismic semi-regional area 
the sensitivity and location accuracy of the seismic network is good or sufficient. It also 
covers the semi-regional area of the lineament interpretation of the Olkiluoto area 
(Korhonen et al. 2005). The Posiva’s 1 Hz seismic stations improve the understanding 
of the general seismotectonic behaviour of the Olkiluoto region. 

It is likely that potential tectonic earthquakes occur in existing weakness zones of the 
bedrock. Lineaments coincide often with those zones. One of the main purposes of the 
semi-regional monitoring is to identify and characterize seismically active fracture 
zones. Activity somewhere in a fracture zone indicates potential activity also elsewhere 
in that structure. The ONKALO site is 6-8 km from the sides of the seismic semi-
regional area, close to the middle of the area. The main orientation of the lineaments is 
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NW-SE. In that orientation, the seismic semi-regional area is 17-20 km long, close to 
the ONKALO (Saari & Lakio 2007). 

The lineament interpretation of the Olkiluoto area comprised geophysical and 
topographic data (Korhonen et. al 2005). The geophysical data included magnetic, 
electromagnetic, seismic and acoustic data from aerogeophysical, ground and marine 
surveys. In the final integrated interpretation the lineaments are classified by their 
uncertainties into three groups: low, medium and high uncertainty. The lineament 
interpretation of the Olkiluoto area is integrated in the seismic visualisation program Jdi 
applied in the seismic interpretation. 

The geological model of the Olkiluoto site consists of four submodels: the lithological 
model, the ductile deformation model, the brittle deformation model and the alteration 
model (Paulamäki et al. 2006). The model is utilised in interpretation of seismic 
processes, for example, when active faults or volumes prone to seismic movements are 
identified and analysed. Any unit of the model can be selected for closer visual analysis. 
That kind of approach is used when the results of fault plane solution of 
microearthquakes are interpreted together with brittle deformation model (see e.g. Saari 
& Lakio 2007). 

The observations are presented separately for the seismic semi-regional area and the 
seismic ONKALO block by the visualisation program Jdi. The onset times of the events 
are recorded in Coordinated Universal Time (UTC), which is commonly used in seismic 
bulletins. Compatible time systems make the comparison and integrated use of seismic 
data fluent. Local time in Finland is UTC + 2h during normal time and UTC + 3h 
during summer time (daylight saving time). 

The Institute of Seismology, University of Helsinki, maintains the regional seismic 
station network in Finland. The nearest seismic station is in Laitila, about 40 km from 
Olkiluoto. After that the closest stations are about 200 km from Olkiluoto: three SE, 
three East and one North of Olkiluoto. At the same distance, are also the nearest 
Swedish stations, at the western coast of the Bothnian Sea. The detection threshold of 
the Fennoscandian seismic stations in the Olkiluoto area is of the order of ML = 1.5 or 
less. 

Only the events occurred within the seismic semi-regional area are included in the event 
tables of the monthly reports. However, when earthquakes and potential earthquakes are 
concerned, the investigation area is not that limited. The observations of the Posiva’s 
network are compared with the events reported in the bulletins of the Institute of 
Seismology (Seismic Events in Northern Europe). If there is an earthquake within a 
distance of 200 km from Olkiluoto in the bulletins, it is rather likely recorded also in 
Olkiluoto. Those recordings are reported and 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. Also other unusual events outside the 
seismic semi-regional area, such as events from the sea area, are under special attention. 

Although, the geophones are capable to observe explosions and earthquakes within a 
much wider area, the analysis is focused on the seismic semi-regional area. It is 
assumed that regional events occurring outside that area are located by the Finnish and 
Swedish regional seismic networks. The recordings of the Posiva’s stations can be 
utilized, if necessary, to improve the interpretation based on recordings the national 
seismic stations. For example, Posiva’s recordings were used together with the 
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recordings of Finnish and Swedish national networks when the fault plane solution of 
3.1.2007 Laitila earthquake was calculated (Saari 2008). 

Also teleseismic events, i.e. events occurring over 1000 km from Olkiluoto, are 
recorded. Those can be recognized by comparing the recordings to the bulletins of 
Institute of Seismology, University of Helsinki (http://www.seismo.helsinki.fi/) and 
international data centres, such as EMSC/CSEM (http://www.emsc-csem.org/). 
Teleseismic events are rejected and not included in the data archive.  

2.2.4  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 ten seismic stations in 
operation for monitoring the seismic ONKALO block and five for the seismic semi-
regional area, temporal failure of one station has only minor influence on the reliability 
of the operation or on the location accuracy. 

The event detector of each seismic station 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 the signals that 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. The number of sensors applied in event association was set to 
four, because five of the stations inside the ONKALO block (OL-OS2, OL-OS3, OL-
OS4, OL-OS7 and OL-OS8) are equipped with two different types of sensors. 
Otherwise three sensors would be enough for event association. 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.  

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 server in Olkiluoto 
associates the recordings of the same origin and emails the recorded events to the office 
computer in Vantaa, where the events are analysed.  

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 remaining sites. The unsent event 
stays several months in the hard disk drive of the data acquisition unit (SAQS or GS) 
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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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. Some of the breaks just postponed the data 
transmission from seismic stations via the Olkiluoto server to Vantaa (Table 2-1 and 
Figure 2-1). Therefore, in spite of few breaks in different parts of the system (see 
below) the network has operated continuously in 2009, as during previous years 2006 - 
2008. 

The whole chain of data management is checked every morning 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 four 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 data acquisition units of the seismic 
stations 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.  

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. 
Most of the failures in 2009 are related to ONK-OS1 inside the ONKALO (Table 2-1 
and Figure 2-1). That is expected, because ONK-OS1 is the most recent seismic station 
in the most active surrounding. Some of the disturbances of operation are not directly 
related to the network itself but of external origin, like thunder or raise boring. 

The operation reliability of the network has been good as during the previous year. 
Stations OL-OS8, OL-OS9, OL-OS10, OL-OS11 and OL-OS12 monitor mainly the 
semi-regional area. Only the station OL-OS9 had a short (11 days) operation break in 
2009. Altogether ten stations are monitoring mainly the ONKALO block. Four of these 
stations (OL-OS3, OL-OS5, OL-OS13 and ONK-OS1) have suffered short failures 
(Figure 2-1). Only from 23 March to 22 April 2009 there was a simultaneous failure in 
two stations (OL-OS13 and ONK-OS1). However, the failure was occasional during the 
26 days long period and most of the time the timing of those stations was correct. The 
quality of monitoring has been good during the whole year 2009. 

Local data network had a few days failure on 14 January 2009. The stations were 
running normally, but the data was transmitted to Vantaa for final analysis with a few 
hours delay. The seismic station inside the ONKALO (ONK-OS1) had a nearly two 
weeks (13 days 5 hours) long cable break between the station and server in January 
2009. The failure started on 7 January 2009 at 02:57 when the constructor covered the 
data cable by rock waste. The cable was fixed on 20 January 2009 at 08:30. 

On 25 March 2009 there was a round in the ONKALO that was not recorded by the 
stations OL-OS13 and ONK-OS1. Those stations were not associated with the other 
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recordings because their clock was not in correct time. They both get the time signal via 
the same GPS unit and via the Olkiluoto server. The other seismic stations have their 
own GPS antenna for the time signal. The time signal of those two stations was 
controlled during few days. It appeared that the GPS unit was working mainly correctly, 
but occasionally it generated a completely wrong time that indicated a software 
problem. ISSI confirmed the analysis and the new GPS-time unit was installed on 22 
April 2009. 

Table 2-1. Partial failures of monitoring. 

Date Duration  Comments Station or PC 

7.-20.1.2009 13 days 5h Broken cable ONK-OS1 

23.3.-
22.4.2009 

26 days Occasional GPS failures ONK-OS1, OL-OS13 

27.4.2009 7 h 10 min Power failure OL-OS3 

2.-5.5.2009 2 days13 h Communication failure ONK-OS1 

22.-25.5.2009 3 days Communication failure ONK-OS1 

16.-17.6.2009 1 day  5 h Broken power cable ONK-OS1 

15.-23.7.2009 8 days  Firmware error in timing ONK-OS1 

13.-14.8.2009 14 h 40 min Power failure, caused by thunder OL-OS5 

26.-28.9.2009 2 days  Power failure ONK-OS1 

29.-30.10.2009 1 day 5 h Communication failure, cable disconnected ONK-OS1 

12.-13.11.2009 1 day Communication failure, adapter faulty ONK-OS1 

16.-27.11.2009 11 days GPS failure OL-OS9 

20.-23.11.2009 2 days 12 h Maintenance break Olkiluoto server 

3.12.2009 1 h 8 min Communication failure, maintenance break ONK-OS1 
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Figure 2-1. Operation times and breaks of the seismic stations monitoring mainly the 
ONKALO block (blue region) and mainly the semi-regional area (light brown). Station 
OL-OS8 has sensors suitable for monitoring of the ONKALO block and for the semi-
regional area. 
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The seismic station OL-OS7 had a 7 hours 10 minutes long power failure on 27 April 
2009. The failure started at 05:09 and it was fixed at 12:19. About 30 events were 
rejected in April 2009. Those events related to raise boring of the personnel shaft on 16 
and 18 April 2009. 

In May 2009 the seismic station OL-OS7 had a 2 days 12 hours 50 minutes long 
communication failure, which started on 2 May at 21:50. Another communication 
failure was related to station ONK-OS1. The failure started on 22 May 2009 at 06:36 
and it was fixed three days later on 25 May 2009 at 06:54.  

In June 2009 the seismic station ONK-OS1 had a 1 day and 5 hours long power failure. 
The power cable of the data acquisition unit was broken. The failure started on 16 June 
2009 at 05:08 and it was fixed on 17 June 2009 at 10:09:54.  

July 2009 was characterized by rather many rejected events that were caused by heavy 
thunder. Altogether, 112 recordings were caused by lightning on 11 July 2009. 

On 15 July 2009 it appeared that the time signal of the station ONK-OS1 was not 
accurate. It seems that there was some kind of firmware problem in the RS485 modem 
card of the seismic station. ISS sent via ssh-connection a command to the GS to do a 
power reset and after that the problem was solved on 23 June 2009. The duration of the 
malfunction was 8 days, but fortunately there were not any events to be located during 
that time. 

In August 2009 the seismic station OL-OS5 had a one day and one hour long power 
failure caused by a thunder storm. The failure started on 13 August 2009 at 05:46 and it 
was fixed on 14 August 2009 at 06:45.  

In September 2009 the seismic station ONK-OS1 had about two days long power 
failure. The test pulse of the 26th day arrived from all the stations, but on 27 September 
it was missing. The failure started between those test pulses and it was fixed on 28 
September 2009 at 09:30. There was not any noticeable reason for the power failure and 
it was fixed by resetting the current switch. 

In October 2009 the seismic station ONK-OS1 had about one day and 5 hours long 
communication failure. The data cable was disconnected accidentally on 29 October at 
6:50. The reason of the failure was found out on 30 October 2009 and the cable was 
reconnected at 11:45 o’clock.  

In the morning of 12 November 1 2009 it appeared that the seismic station ONK-OS1 
had occasional short communication failures. The adapter of the data cable was not 
suitable for underground environment. It was replaced by the new water proof adapter 
on 13 November at 13:30. After that the failures disappeared. 

The network time is synchronized to Coordinated Universal Time (UTC) by means of 
GPS timing units. In station OL-OS9 the timing was not updated on 16 November 2009. 
That station has high trees and a radio mast near the GPS-antenna that occasionally 
disturb connections between the antenna and the satellites. Therefore, if the weather and 
locations of satellites are bad, it is sometimes difficult to get a good connection to 
required amount of satellites to update the timing. There is an internal clock in every 
seismic station that keeps the time correct for a few days, but sooner or later the timing 
of the unsynchronized station tends to shift slowly. Usually, the connections to satellites 
return within a few days. This time the failure lasted exceptionally long and the state of 
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the clock was checked. On 27 November, after resetting the SAQS unit the timing unit 
found soon eight satellites and the timing of OL-OS9 was updated automatically. 

Because of the scheduled maintenance work in the ONKALO site, occasional power 
failures were expected on Saturday 21 November 2009 in the building where the 
Olkiluoto server is located. In order to avoid the risk of uncontrolled power failures, the 
Olkiluoto server was shut down on Friday 20 November and it was back in operation on 
Monday morning 23 November. When the server was off the seismic stations were 
collecting data independently. On Monday the data was transferred automatically to the 
Olkiluoto server and further to Vantaa for analysis.  

On 3 December 2009 the seismic station ONK-OS1 had a short failure due to 
maintenance works of the communication network inside the ONKALO. The failure 
started at 9:56 and it lasted 1 hour and 8 minutes. 

2.3  Events recorded by the seismic network 

2.3.1  Uncertainties related 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 get a seismic signal from 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 this area the support of 
recordings of other seismic networks is valuable. 

Accurate location of a seismic event is one of the key parameters of the seismological 
interpretation. If the location is incorrect, the subsequent seismological analysis is 
inaccurate. The velocity model (P-wave velocity, α = 5600 m/s and S-wave velocity, β 
= 3250 m/s) seems to give rather good results within the seismic ONKALO block, when 
the surface stations (OL-OS-1 ... OL-OS8) are concerned. For the underground sensors 
of the ONKALO block (OL-OS13 and ONK-OS1) the preset default velocities are: α = 
5700 m/s and β =3 300 m/s. For the stations used mainly in the studies of semi-regional 
seismicity (OL-OS9 … OL-OS12) the corresponding default velocities are: α = 5800 
m/s and β = 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 
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changed. That may be necessary, for instance, when a seismic signal arriving to a 
seismic station runs through a structure, which lowers the average seismic velocity.  

The seismological data processing software (Jmts) accepts just one station specific 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 onset 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. 

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. 

2.3.2  General statistics 

Altogether 2725 (Figure 3-1) events and 365 daily test signals have been recorded, in 
2009. The number of rejected events is 1469. Those recordings were caused by 
lightning (e.g. about 350 records caused by thunder in July and August), raise boring 
machine (over 200 in February and about 30 in April), coincidental artificial noise 
(vehicles, visitors, construction work, forest work, rock falls, etc.), natural noise (e.g. 
frost, wind shaking trees or strong waves hitting the shoreline) and distant teleseismic 
earthquakes or by a combination of those.  

The number of accepted events is 1256. The majority of those (1135 events) occurred 
inside the seismic ONKALO block (90 %). Altogether 121 of the accepted events have 
been located outside the seismic ONKALO block. Only 26 of them are located inside 
the seismic semi-regional area. The other accepted events (85) are located mainly close 
to the semi-regional area. As in 2008 seismic events other than explosions or 
earthquakes that are located in the ONKALO block are also reported. The number of 
those miscellaneous seismic events in 2009 is 10. The events are mainly caused by rock 
falls, but also other types of events are included in that group (see Chapter 4). However, 
most of those miscellaneous events are so small and disturbed by noise that they cannot 
be located and therefore they are rejected. 
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Figure 2-2. Monthly statistics of the monitoring in the Olkiluoto area in 2009. 
 

The majority of the accepted events were explosions. One of the recorded events was an 
earthquake (ML = 3.4), which occurred on 5 May 2009 in Bothnian Bay region about 
275 km north from Olkiluoto. Two excavation induced microearthquakes (ML = -0.2 
and ML = -0.4) occurred on 14 October 2009. Those events are described in more detail 
later in this report. 

The overall activity inside the seismic semi-regional area has been rather constant 
(Figure 3-2). The annual average number of events has been of the order of 97 per 
month, which is less than in 2008 (123/month) and in 2007 (184/month). The activity of 
the seismic semi-regional area is dominated by the activity of the seismic ONKALO 
block. 

The increase of the cumulative number of events is slow from March and July. That is 
related to periods of lower excavation activity in the ONKALO. The most active 
months in 2009 were February and December, when there were over 140 recorded 
events inside the semi-regional area. The highest activity rates in 2009 are of the order 
of 10-55 events per day.  
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Figure 2-3. Events per day (blue) and cumulative number of events (red) inside the 
seismic semi-regional area, in 2009. 

2.4  Explosions and miscellaneous small events 

2.4.1  Seismic semi-regional area 

Because the seismic monitoring is part of the safeguards project of the Radiation and 
Nuclear Safety Authority of Finland (Posiva 2006), the observed explosions inside the 
seismic semi-regional area are located. If clustering of explosions is recognised, the 
origin will be verified. The applied interpretation practice is presented in Chapter 2.3. 

Altogether 1159 explosions located in the seismic semi-regional area in 2009 are 
presented in Figure 2-4. The magnitudes range from ML = -1.5 to ML = 1.3. The events 
outside the ONKALO have occurred at the surface. The number of those surface events 
(26) is smaller than in 2008 (41) but slightly larger than in 2007 (21). 

The main clustering of epicenters outside the Olkiluoto Island represents explosions 
from the rock quarry owned by Interrock Oy. The other clustering of events is south of 
the Olkiluoto Island. Those explosions are related to a building site of a summer cottage 
in May 2009 (Figure 2-5). In the south-eastern corner of the semi-regional area are 
locations of some road construction explosions. 
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Figure 2-4. Observed 1159 explosions inside the seismic semi-regional area (light 
brown), in 2009. 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 km2. 
 
The observed activity at the Olkiluoto is related directly to the construction works of the 
ONKALO in 2009 (Figure 2-5). Close to the island are the epicenters of above 
mentioned construction explosions related to the infrastructure of a summer cottage in 
May 2009. Indications of illegal or inappropriate works by an outside actor, which 
would have influence on the safety of the ONKALO, cannot be found.  
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Figure 2-5. Explosions at the island of Olkiluoto and close to it in 2009. Events are 
coloured by date and the size of sphere is relative to magnitude. Seismic stations are 
shown as blue triangles. The ONKALO block is presented by blue shading. Grid size is 
1 km2. 

2.4.2  Seismic ONKALO block 

The explosions (1133 events, ML = -1.5…0.7) located inside the seismic ONKALO 
block are presented in Figure 2-6. Unlike in 2008, all the explosions in 2009 that are 
located inside the ONKALO block related only to the ONKALO itself.  

In addition to the excavation blasts inside the ONKALO, a clustering of epicenters is 
located at the surface above the ONKALO. Excavation work for ventilation and hoist 
building started at the ONKALO construction site at the end of November 2009. 
Contractor for the excavation work is Lännen Kaivuu ja Louhinta Oy. The conducted 
blasts are reported to Posiva Oy and delivered for the seismic analysis carried out in 
ÅF-Consult Oy. 
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Figure 2-6. Explosions (1133 events) inside the seismic ONKALO block, in 2009. 
Colour = depth (negative z above the sea level). Distance between gridlines is 100 m. 
 
The excavation of the main tunnel of the ONKALO proceeded from the depth of about 
310 meters to about 390 meters in 2009. In addition, there are excavation blasts related 
to the investigation niche ONK-TKU-3620 at depth about -345 m and to construction 
works of sprinkler water tank at the level about -290 m (Figures 2-6 and 2-7). One of 
the blasts is separate between those main clusterings. It is related to the heightening of 
the access tunnel on 25 March 2009 at depth about -305 m. The origins of the blasts 
were verified from the daily reports of SK-Kaivin Oy, which is responsible for the 
excavation of the ONKALO.  

The excavation blasts coincide nicely with the Posiva’s planned layout of the ONKALO 
updated on July 2009. The individual epicenters further away from the tunnel are 
mainly located by less than five seismic stations or the recordings of the seismic signal 
are contaminated by some disturbance. The locations of those events are not as accurate 
as in general. 

However, some variation of the location accuracy was found. Along the long straight 
tunnel sections the accuracy is generally rather good, but at the end of the straight the 
epicentres tended to shift slightly towards NW from the layout. It appeared that the P- 
and S-onset times of the station OL-OS2 were not compatible with the other onset 
times. That anomaly was fixed when the default velocity of the P-wave (α = 5600 m/s 

Ventilation and hoist building 
construction work 

ONK-TKU-3620 (EDZ/POSE) 

ONK-TKU-3747 (HYDCO) 

Chainage 3900 
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and S-wave (β = 3250 m/s) were increased to values α = 5800 m/s and β = 3350 m/s, 
when the excavation blasts were from that region. 

The systematic shift of the locations can be related to the network geometry combined 
with the spatial and directional variation in seismic wave velocities. The explanation to 
this location anomaly relate quite likely to anomalous velocity due to the orientation of 
the pervasive foliation/anisotropy of the bedrock that dips towards SE in the ONKALO 
area with a medium dip of the order of 40 – 60 degrees (see e.g. Mattila et al. 2008). 
Because of that foliation, the velocity between the curve at the end of the long straight 
and OL-OS2 is higher than in average. 

The location accuracy improved in vertical direction compared to the previous years 
when the second underground station (ONK-OS1) was installed in November 2008. 
Generally the locations seem to be close to the bottom of the access tunnel. The 
inaccuracy in vertical direction may be related to the same factors as in horizontal 
direction. Close to the ground surface the error seems to be larger than deeper in the 
ONKALO.  

 
Figure 2-7. Cross section of the explosions inside the seismic ONKALO block. View 
from south.  
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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 that the waste canisters remain in their declared positions 
during the operation and after the closure of the facility (Posiva 2006). It has been 
demonstrated (Saari & Lakio 2007) that microseismic monitoring is a capable tool to 
find “hidden rooms”. The EDZ/POSE niche in 2-6 is a recent example of “hidden 
room” that was found in June 2009. Explosions were located correctly away from the 
main ONKALO tunnel, although ÅF-Consult Oy was not informed about the new 
design model, when the excavation of the EDZ/POSE niche started. As a consequence 
of this discovered incompatibility the design model was updated in July 2009. 

Another kind of example of difference between the modelled and the real ONKALO 
relates to the niche at the chainage 3900 (see Figure 2-6). That niche was in the model, 
but it was never excavated. It looks like few epicenters fit that modelled niche. 
Apparently those locations were accepted, because it was believed that they relate to 
that niche in the model. However, the location error is of the same order as elsewhere in 
the main tunnel SE from chainage 3900. That error may relate to the above mentioned 
velocity variation due to foliation. 

The third example of “hidden rooms” relates to a short niche ONK-TKU-3747, which 
was both excavated and modelled. However, there are no clear indications of located 
excavation blasts that could be associated with ONK-TKU-3747 in Figure 2-6. The 
explosions in that niche were performed in August and September 2009. They were 
always blasted simultaneously with explosions in two other sites: the EDZ/POSE niche 
and the main tunnel (chainages 3756 - 3810). ONK-TKU-3747 is between those sites. 
Recordings of three sites were mingled with each other and made the analysis difficult. 
Seismic signals coming from the main tunnel and from the EDZ/POSE niche were 
rather easy to recognize, but those signals made it difficult to determine exact onset time 
of the P- and S-waves coming from ONK-TKU-3747. Therefore the locations of events 
related to that site were less accurate than usual. 

Seismic network detects several seismic signals that are not generated by explosions. 
Some of those are strong enough to be located by the seismic network. Because the 
seismic monitoring is part of the safeguards project of Radiation and Nuclear Safety 
Authority of Finland, also origins of these events are verified. Most of them are related 
to manual and mechanical rock removal works. Another group of events is related to 
loading. Rock removal and loading are normal phases in tunnel construction, but 
apparently in these cases the block has been larger than usual. Figure 2-8 and Figure 2-9 
include also two other sources of small seismic signals, which are not generated by 
explosions or earthquakes.  
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Figure 2-8.  Miscellaneous small events inside the ONKALO. The distance between the 
grid lines is 100 m. The size of the sphere is relative to the magnitude. Colour legend 
shows the depth of the event. 
 
The location of the miscellaneous events (Figures 2-8 and 2-9) is normally based on 
recordings of only four or five stations. In addition, the amplitudes of the seismic 
signals are small and the wave characteristics, like P-onsets, are often unclear. 
Therefore their location accuracy is mainly not as good as for excavation blasts or 
earthquakes. The located events are small in magnitude (ML = -3.6 … -0.8) but still 
bigger than those that were rejected because of too weak and noisy recordings. The 
majority of the rock falls cannot be located. There are also rock falls that are not 
recorded even by the closest stations. 

The number of miscellaneous events (10) in 2009 is much smaller than in 2008 (48), 
when the majority of the events occurred in the SW-NE oriented straight tunnel section. 
The NW-SE oriented long straight of the ONKALO tunnel had basically not any located 
rock falls although the majority of the excavation blasts occurred there in 2008. This 
discrepancy can be explained by the NW-SE oriented stress field in Olkiluoto, which 
makes the NE-SW section more prone to rock falls than the sections parallel to the 
stress field. In 2009 the excavation was conducted mainly in the NW-SE oriented long 
straights of the ONKALO (Figure 2-6). Analogously to 2008, in 2009 three events (28 
September 2009) are located in the turning point of the tunnel and just one (17 May 
2009) in the NW-SE oriented straight section (Figure 2-8). 

Events located in the ventilation shafts were related to rock removal works, construction 
works and fall of a reamer bit. Three events are related to rock removal works in the 
ventilation shaft at level -180 m on 27 February 2009. The origin of those signals is also 
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verified by SK-Kaivin. These rock falls are located by five stations when they hit the 
bottom of the shaft at level -290 m. On 17 March 2009 a small event (ML = -1.7) was 
located only by four seismic stations. According to Posiva the event is likely related to 
construction works at the opening of the ventilation shaft at level -180 m. The seismic 
signal is more probably generated by an artificial mechanical hit than by a rock fall. 

On 18 April 2009 there was a new kind of recording of artificial event. First from 12:12 
to 12:27 there were 14 events generated by raise boring. Later from 20:50:10 to 
20:50:15 there were three different kinds of recordings. It appeared that those were 
generated by the reamer bit that fell down from the depth of about 100 m to the level of 
-180 m. During the fall the reamer bit hit the wall of the shaft several times. One of the 
hits was so clear and strong (ML =-3.4) that it was recorded by five seismic stations. 
That hit occurred at the depth of 143 m (Figure 2-9). 

On 13 October 2009 at 01:58 a seismic signal was generated at the ground surface by 
frost (Figures 2-8 and 2-9). Magnitude of that event was ML = -1.6. The origin of the 
event is verified by Posiva Oy.   

The possibility to excavate an illegal access tunnel to the ONKALO has been concerned 
when the safeguards are discussed. In that context, a concept of hidden illegal 
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 as the 
seismic network is in operation and the results are analysed by a skilled person, it is 
nearly impossible to do that without detection in the microseismic monitoring. As 
during previous monitoring there are examples of legal explosions performed closely in 
time and space. For instance, simultaneous explosions in the EDZ/POSE niche and in 
the main ONKALO tunnel were detonated a few times in 2009. Explosions from these 
sites were clearly distinguishable. But, as reported above, the location of events might 
be less accurate, when explosions are performed simultaneously close to each other in 
more than two sites. Seismic monitoring of possible illegal and legal excavation done 
by a tunnel boring machine has been investigated in a separate report (Saari & Lakio 
2009). Examination of miscellaneous small events serves also this task.  
 
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.  



28 

 

 
Figure 2-9. Miscellaneous small events in the ONKALO. View from the south. The 
distance between the grid lines is 100 m. The size of the sphere is relative to the 
magnitude. The colour legend shows the date of the event. 
 

2.5  Earthquakes 

2.5.1  Tectonic earthquakes in Western Finland 

In 2009 there were two excavation induced earthquakes inside the ONKALO block (see 
Chapter 2.5.2). In addition to that there were no earthquakes inside the seismic semi-
regional area in 2009. However three tectonic earthquakes occurred quite close to it. 

In April 2009 two small earthquakes occurred in Uusikaupunki about 45 km SSW from 
Olkiluoto (FENCAT, http://www.helsinki.fi/geo/seismo/english/bulletins/index.html). 
The first one was on 22 April 2009 and the next one on 24 September 2009. The 
estimated magnitudes of the earthquakes are the same (ML =1.4). The locations of the 
events were almost the same (60.87 N, 21.06 E and 60.87 N, 21.10 E). The events were 
not recorded in Posiva’s seismic stations.  

Previous seismicity of the Olkiluoto area has been examined in the framework of 
lineament and lithological maps (Saari 2008). According to the earthquake catalogue for 
Northern Europe (FENCAT), the biggest earthquake (Magnitude = 3.1) within a 
distance of 100 km from Olkiluoto occurred in 1926 in Uusikaupunki. That earthquake 
was likely felt also in Eurajoki. The 1926 earthquake can be associated with a NW-SE 
oriented I-order fracture zone running along the southern border of the Laitila rapakivi 
massif. The new earthquakes can be related to a 70 km long parallel I-order fracture 
zone running about 15 km SW from the Laitila massif (Figure 2-10).  
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In the lithological map (Figure 2-11) the locations of the 2009 Uusikaupunki 
earthquakes are not as obvious compared to the location of the 1926 Uusikaupunki 
earthquake. The most prominent explanation is related to the N-S oriented major shear 
zone south from the epicenters. It seems that the events are at the intersection of the 
above mentioned NW-SE oriented I-order fracture and the extension of that N-S 
oriented shear zone.  

On 5 May 2009 an earthquake (ML = 3.4) occurred in the Bothnian Bay region 
(FENCAT, http://www.helsinki.fi/geo/seismo/english/bulletins/index.html) about 275 
km north from Olkiluoto. The epicenter (63.71 N, 21.31 E) was on Swedish side of the 
border but the event was felt also in Finland around Vaasa region (see Figure 2-12).  

The event was recorded by seven triaxial geophones (OL-OS7 … OL-OS12 and OL-
OS14) of the Posiva’s seismic network (Figure 2-13). Because the epicentral distance 
was long, all the recordings are from almost the same direction and the event was not 
located. The recordings of the Posiva’s network were submitted to the Institute of 
Seismology, University of Helsinki. Those recordings can be utilised when the location 
of the earthquake is re-estimated and also if the Institute of Seismology calculates the 
fault plane solution of the event.  
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Figure 2-10. I-order (thick lines) and II-order (thin lines) fracture zones together with 
earthquake observations of the Olkiluoto area (Ahjos & Uski 1992, 
http://www.helsinki.fi/geo/seismo/english/bulletins/index.html). Olkiluoto is shown by a 
triangle. Macroseismically-located earthquakes (before 1965) are shown in light blue 
circles and instrumentally-located (after 1965) earthquakes are shown by dark blue 
circles. Magnitudes > 3.0 are mentioned. The 2009 Uusikaupunki microearthquakes are 
shown by red stars. Number of overlapping epicenters is shown in brackets. 
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Figure 2-11. Regional seismicity and the bedrock of the Olkiluoto region (Koistinen et 
al. 2001). Macroseismically- (before 1965) and instrumentally-located (1965 - 2008) 
earthquakes are shown by light and dark blue circles, respectively. The 2009 
Uusikaupunki microearthquakes are shown by red stars.  
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Figure 2-12. Location of the earthquake occurred on 5 May 2009 in the Bothnian Bay 
region (yellow star). Red squares show locations where the earthquake was felt in 
Finland. After 1964 occurred instrumentally located earlier earthquakes are shown by 
circles 
(http://www.seismo.helsinki.fi/fi/havainto/maanjaristykset/lahi/merenkurkku050509.html). 
 

 
Figure 2-13. Examples of Posiva’s recording of the earthquake occurred in the 
Bothnian Bay region on 5 May 2009. Different component of recordings are shown by 
different colours (Blue = vertical, Green = E-W and Red = N-S). Picks of P- and S-
onset are shown by vertical lines. 
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2.5.2  Seismicity of the ONKALO block 

2.5.2.1  Source parameters 

The fault plane is represented by its strike, dip and plunge angles. Strike is the angle at 
which the plane cuts the horizontal measured clockwise from north [0, 360]. Dip is the 
vertical angle at which the foot wall of the plane cuts the horizontal and ranges from 0 
(horizontal) to 90 (vertical) degrees. Plunge (i.e. rake i.e. orientation of slip vector) is 
the angle (measured in the plane of the fault) at which the hanging wall moves relative 
to the foot wall with reference to the strike direction. It ranges between -180 and +180 
degrees. A plunge of +90 degrees indicates a reverse fault and a plunge of -90 degrees a 
normal fault. 

The radiation pattern generated by an earthquake is characterised by axial symmetry. 
On the basis of seismic data, there always exist two mutually perpendicular fault planes, 
which can produce the same radiation pattern. This means that the plane geometry of 
the fault is not unambiguous. On the other hand, the stress field as given by the 
directions of the compression and tension can be determined unambiguously. The real 
and the auxiliary fault plane can be distinguished with the aid of additional information. 
For example, an interpretation can be done when the other fault plane orientation 
coincides with the local bedrock model or with some other explanatory factors.  

The fault plane solutions can be calculated when the event is located. The data 
processing software (Jmts) calculates fault plane solution in three different ways. The 
traditional double couple solution is based on P-wave polarities. The more sophisticated 
solutions (full moment tensor and pure double couple) are calculated in time and in 
frequency domain. The polarity analysis is also included in those solutions. Generally, 
double couple solutions are suitable when the true mechanism includes a shear on a 
surface. But, if the event locates close to an opening, including possibly volume change, 
then the solution based on full moment tensor would be more illuminating.  

The seismological data processing software (Jmts) of ISS International calculates 
numerous parameters characterising the seismic event. However, displacement related 
to an earthquake is not included in the list of output parameters. The peak slip (Û), or 
dislocation across the fault is calculated from (Eshelby 1957):  

  Û = 1.1 Δσr/μ 

The values of stress drop (Δσ) and source radius (r) are routinely calculated by Jmts. 
Shear modulus (μ) is a function of S-wave velocity (β = 3250 m/s) and density (ρ = 
2700 kg/m3): 

  β = (μ/ρ)1/2 . 

 
2.5.2.2  Excavation induced earthquakes in 2009 

On 14 October 2009 two small excavation induced earthquakes (Figure 2-13 and Table 
2-2) occurred about a half second after the last explosion of the round blasted in the 
ONKALO. The first event (main shock, ML = -0.2) was located by 7 seismic stations 
(OL-OS1, OL-OS2, OL-OS4, OL-OS5, OL-OS6, OL-OS7 and OL-OS8). The location 
was based on just P-waves, because the S-waves were disturbed by the aftershock. 
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The aftershock (ML = -0.4) occurred 30 ms after the main shock about 35 meters away 
from it. The location of the aftershock was located by 6 seismic stations. In OL-OS4 the 
recordings of the aftershock are disturbed by vibrations of the main event. On the other 
hand, one S-wave onset (OL-OS2) was available.  

Estimated peak slip values of the earthquakes were 37 μm and 19 μm, which is clearly 
less than one mm. In source calculations, the fault area is approximated by a circle. The 
radiuses of the faults are 12 and 13 meters (Table 2-2). That parameter gives an 
impression of the dimensions of the disturbed or moved rock mass.  

 

 
Figure 2-14. Two excavation induced microearthquakes recorded by the geophones of 
OL-OS2. Different component of recordings are shown by different colours (Blue = 
vertical, Green = E-W and Red = N-S). Picks of P- and S-onsets are shown by vertical 
lines. Subscripts 1 refer to the main shock and subscripts 2 to the aftershock.  

 
Table 2-2. Excavation induced earthquakes on 14 October 2009. Loc. Err = location 
error, Mag Loc = local magnitude, Seismic Mom. = seismic moment, r = estimated 
radius of the seismic source and Û = dislocation across the fault. 

Date Origin  
Time  

(UTC) 

North  
(m)  

 

East  
(m)  

 

Depth 
(m)  

 

Loc.  
Err.  
(m) 

Mag  
Loc 

Seismic  
Mom.  
(log10)  

r  
 

(m) 

Û  

(μm) 

14.10.2009 11:59:59.91 6792400.50 1525512.75 -220 11  -0.2   9.1   12 37 
14.10.2009 11:59:59.94 679289.00 1525498.12 -253 3  -0.4   9.3   13 19 
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The main event occurred about 240 meters away from the round and about 145 meters 
from the end of the POSE niche that is the closest excavated part of the ONKALO (see 
Figures 2-14 and 2-15). The aftershock was 30 - 40 m closer to ONKALO. 

It seems that the main earthquake occurred at the lower contact of the pegmatitic granite 
unit PGR5 and veined gneiss (Mattila et al. 2008). The event can also be connected to 
an extension of a recently modelled brittle fault zone OL-BFZ176. The zone is 
preliminary modelled for the next version of the geological model of the Olkiluoto site. 
The event is slightly in offset from the modelled zone and because of the distance the 
connection is ambivalent.  

Usually, in Olkiluoto and elsewhere, excavation induced seismicity occurs temporally 
and spatially very close to preceding excavation. If the excavation induces an 
earthquake further away from the excavated area there is often a clear connection 
between the earthquake and the excavation. For example, on 14 September 2006 in 
Olkiluoto an earthquake occurred four seconds after the round but 70 m away from it. 
The earthquake occurred in the fault zone OL-BFZ043, which connected the earthquake 
to the round. This time the connection seems to be mainly temporal. It looks like the 
tremor of the round has triggered the earthquakes. 

The radiation pattern generated by an earthquake is characterised by axial symmetry. 
On the basis of seismic data, there always exist two mutually perpendicular fault planes, 
which can produce the same radiation pattern. This means that the plane geometry of 
the fault is not unambiguous. On the other hand, the stress field as given by the 
directions of the compression and tension can be determined unambiguously. The real 
and the auxiliary fault plane can be distinguished with the aid of additional information. 
For example, an interpretation can be done when the other fault plane orientation 
coincides with the local bedrock model or with some other explanatory factors.  

The fault plane solutions can be calculated when the event is located. The data 
processing software calculates fault plane solution in three different ways. The 
traditional double couple solution is based on P-wave polarities. The more sophisticated 
solutions (full moment tensor and pure double couple) are calculated in time and in 
frequency domain. The polarity analysis is also included in those solutions. The polarity 
analysis and the approximation of the fault plane solution of the aftershock were 
impossible, because the overlapping recordings of the main shock disturbed it. 

Generally, double couple solutions are suitable when the true mechanism includes a 
shear on a surface. But, if the event is located close to an opening, including possibly 
volume change, then the solution based on full moment tensor would be more 
illuminating.  

The solution of the main shock presented in Tables 2-3 and 2-4 is based on double 
couple solution. The two potential fault planes of the main event are presented in Table 
2-3. The earthquake is connected to the lower contact of PGR5 and that has been 
utilized in decision-making. The dip and strike of the lithological unit fit rather nicely 
the Fault plane 1 shown in Figures 2-14 and 2-15. The fault plane is presented by a blue 
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 2, Table 2-
3) does not fit the structure.  
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Normal faults are typical in the environment characterized by crustal extension. This 
indicates that the crustal compression had a secondary role in the excavation induced 
microearthquake in October 2009. The orientations of the compressional and tensional 
axes related to the microearthquake are presented in Table 2-4 and in Figures 2-14 and 
2-15. The orientation of the compressional axis (348o) related to the microearthquake is 
nearly perpendicular to the estimated E-W oriented maximum in-situ stress field in 
Olkiluoto (Posiva 2009). The estimated plunge of the compressional axis is 62o, i.e. the 
northern end of the compressional axis is pointing towards the surface.  

Slip vector shows the direction of relative movement (Figures 2-14 and 2-15). In 
October 2009, the hanging wall has moved to south, towards the ONKALO. The 
direction of the slip vector correlates rather nicely with the location of the aftershock. 
The slip of the main shock occurs nearly towards the hypocenter of the aftershock 
seems to have triggered the following earthquake.  

The potential fault planes do not fit the structure OL-BFZ176 (Figures 2-16 and 2-17) 
as well as the lithological unit PGR5. Again the orientation of Fault plane 1 is more 
likely than the orientation of Fault plane 2. On the bases of the presented information it 
is uncertain which one of the explanations is the real one. The fault plane solution fits 
more nicely the contact of two lithological units, but the contacts of those units are 
usually rather intact (pers. comm. Kimmo Kemppainen), i.e. they are not usually prone 
to seismic movements. As a fault zone OL-BFZ176 is more prone to seismic 
movements, but the fault plane solution of the earthquake (Table 2-3) supports more the 
interpretation related to the contact of the lithological units.  
 

Table 2-3. The ambiguous fault planes of the main shock on 14 October 2009 according 
to double couple solution. The final choice is highlighted in yellow.  

Date 
Fault plane 1 Fault plane 2 

strike dip plunge strike dip plunge 
14.10.2009 157 20 -33 278 79 -107 

 

 

Table 2-4. Orientation of compressional and tensional axes related to the main shock. 

Date Compression 
azimuth 

Compression 
plunge 

Tension 
azimuth 

Tension 
plunge 

14.10.2009 348 53 202 32 
 

 



37 

 

 
Figure 2-15. Fault plane of the induced earthquakes (green) and the preceding 
excavation blasts (red) occurred on 14 October 2009. Shaded red area is pegmatitic 
granite unit PGR5. Veined gneiss is left white. The fault plane is presented by a blue 
square.  Side length of the square (24 m) is the same as the diameter of the estimated 
spherical fault. Slip direction of the hanging wall is shown by black line pointing from 
the hypocenter to the edge of the fault. Orientations of compression (red line) and 
tension (blue line) are included. 

 
Figure 2-16.  Fault plane (blue) of the first earthquake occurred on 14 October 2009. 
View along the contact of lithological units PGR5 (red) and veined gneiss (white). 
Earthquakes are presented in green and explosions in red colour. 
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Figure 2-17. Fault plane (blue) of the main earthquake occurred on 14 October 2009. 
Shaded grey area is the fault zone OL-BFZ176. Fault plane 1 is presented by a blue 
square (See Table 5-2).  Arrows in the middle point to west (green), to south (red) and 
down (blue). Earthquakes are presented in green and explosions in red colour. 

 
Figure 2-18. Fault plane (blue) of the first induced earthquake occurred on 14 October 
2009. View along OL-BFZ176. Focal mechanism is presented inside the small box. 
Earthquakes are presented in green and explosions in red colour. 
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The above presented interpretation is based on double couple solution, which was 
included in the old version of the software package for data processing and analysis 
(jmts version 10.3.4). The testing of the new version of Jmts (2009.8) started in 
September 2009. One of the improvements was that the current fault plane solution 
based on moment tensor solution is more sophisticated than before. 

Differences between the pure double couple (DC) and full moment tensor methods 
could be explained by the better handling of the information included in the S-wave in 
the new implementation of the moment tensor routine. The S-waves aren't used at all 
during the focal mechanism (pure DC) fitting procedure - here only the P-wave 
polarities of triaxial sensors are used (fully). However, this time the benefit of the 
moment tensor analysis cannot be fully utilised, because the overlapping recordings of 
the aftershock disturbed S-wave analysis of the main shock on 14 October 2009.  

The best way to know which method is more reliable will greatly depend on station 
coverage and the expected mechanism. With good spherical coverage one would prefer 
the full moment tensor approach, as it should be able to resolve isotropic components as 
well. The fault plane solution could be useful, if it is presumable that the event has a 
near-zero isotropic component. However, one could end up with a wide variety of 
possible orientations but a priori knowledge of the expected fault orientation may then 
be useful to infer a correct choice (see e.g. Hudson et al. 1989, Hardebeck & Shearer 
2002 and Myller 2001). 

The above presented double couple solution (Figures 2-14 … 2-17) can be considered 
as reliable as the moment tensor approach, because it seems that the isotropic part is not 
very significant in the earthquakes occurred on 14 October 2009 (Figure 2-18). The full 
moment tensor solution of the main shock contains 82.6 % of double couple and 17.4 % 
of isotropic component. The volume change related to the source has been implosion. 
The estimated volume change has been between -2.7 * 10-3 m (2700 cm3, minimum) 
and -4.8 *10-3 m3 (maximum).  

The full moment tensor solution gives quite different orientation of the two ambiguous 
fault planes (Table 2-5 and Figure 2-18) than the double couple solution (Table 2-3 and 
Figure 2-17). The plane is either vertical (Plane 1) or horizontal (Plane 2). The 
estimated angles of strike, dip and plunge in Table 2-5 do not fit OL-BFZ176, PGR5 or 
any other structure in the geological model of the Olkiluoto site (Mattila et al. 2008). It 
seems that Fault plane 1 in Table 2-3 is the most probable choice that can be based on 
the current knowledge of the bedrock of the Olkiluoto site. 

 

Table 2-5. Two ambiguous fault planes of the main shock on 14 October 2009 based on 
moment tensor solution.  

Date 
Fault plane 1 Fault plane 2 

strike dip plunge strike dip plunge 
14.10.2009 124 83 89 310 7 96 
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Figure 2-19. Source type plot (Hudson et al. 1989, Hardebeck & Shearer 2002) and 
focal mechanism (lower right corner) of the main earthquake on 14 October 2009. The 
moment tensor solution indicates that the event represented mainly (82.6 %) a pure slip 
along a fault plane.  The share of volume change (implosion) was 17.4 %. 



41 

 

3  GPS MEASUREMENTS 

The results of the GPS measurements are published as a Posiva Working report 
WR 2010-39 (Kallio et al. 2010). This chapter has been compiled from that report.  

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 FinnReff  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 final 
waste disposal site is built near the nuclear power stations. Since 2002, observations 
were carried out at Kivetty and at Romuvaara once per year only and since 2008 every 
second year. We have not terminated 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. The distances and angles between the pillars 
and their control markers are determined regularly in order to check the stability of the 
concrete pillars. The measurements have been made using tacheometer in 2001, 2004 
and 2007. 

FGI has established a 511 m long baseline for electronic distance measurement (EDM) 
between the pillars GPS7 and GPS8 at Olkiluoto in order to monitor the possible scaling 
error of the GPS observations, which is mainly caused by the ionosphere refraction and 
its modelling. The distance has been measured with Kern ME5000 mekometer, owned 
by the Department of Surveying, Helsinki University of Technology. ME5000 is the 
most accurate EDM instrument for the purpose. 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 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 (GPS13), locating about 300 m to the west from the original 
pillar. 
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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 
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 (Ahola & 
Poutanen, 2006, Poutanen & Ahola, 2010, Poutanen et al. 2010). The GeoSatakunta 
GPS network is located in the Cities of Pori and Rauma and their neighbouring 
municipalities. Two new pillars have been established near Olkiluoto investigation area 
in October 2005. They are located at Hankkila and Taipalmaa. The distances from the 
Olkiluoto permanent GPS station are about 7.9 and 5.7 km respectively. 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 are 
performed every second year and they are reported in a separate working report 
(Lehmuskoski 2004, 2006, 2008, 2009 and 2010). 

In 2009 the FGI by the request of the Posiva Oy made a plan to expand the Olkiluoto 
GPS network to southeast. Four new pillars will be built in summer 2010. 

3.2  Operations at the permanent GPS stations in 2009 

Permanent GPS stations at Olkiluoto, Romuvaara, and Kivetty collect continuously 
GPS data. Seven observables (L1, L2, C/A, P1, P2, D1 and D2) are taken with 30 s 
sampling interval and downloaded to the FGI hourly. Data gaps longer than three days 
are summarized in table 2-1. At Kivetty there have been data communication problems 
and data was collected by a local Linux PC at the station. A new @450 based system 
was ordered already in July 2008. The fully operational system with fixed IP was 
delivered us in February 2009 The new @450 system was installed to Kivetty in March 
3, 2009 (Table 3-2). During the installation it was noticed that the hard drive of the PC 
that was locally collecting the data had been damaged and two months of data were lost. 
At Olkiluoto the ADSL connection was down since December 2008 until early 2009. 
Due to limited memory capacity in GPS receivers 12 days of data were lost in the 
beginning of the year. 
 
The GPS data were processed as described in Ollikainen et al. 2004. The major 
processing models and parameters are summarized in Ahola et al. 2007. The data are 
used in 24-hour sessions together with the IGS final orbits. Finally the daily solutions 
are combined into weekly solution.  
 
Table 3-1. Breaks longer than 3 days at GPS stations in 2009. 

OLKI KIVE ROMU 
Jan 1 – 12 Jan 1 – Mar 4  
 May 25-27  
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Table 3-2. Receivers and connection type at the GPS stations in 2009. 

Site Date Receiver S/N Connection 
type 

OLKI Jan 1 – Dec 31 Z-XII3 168 ADSL 
KIVE Jan 1 - Mar 3 Z-XII3 174 Local PC 
 Mar 3 – Dec 31 Z-XII3 174 @450 
ROMU Jan 1 – Dec 31 Z-XII3 832 WiMAX 

 
Table 3-3. The relative movements with respect to Metsähovi IGS station. 

Station North 
component 
(mm/a) 

East component 
(mm/a) 

Height 
component 
(mm/a) 

Baseline 
length 
(km) 

Olkiluoto -0.43 ± 0.01 -0.40 ± 0.02 +2.26 ± 0.04 105.9 

Kivetty +0.15 ± 0.02 -0.59 ± 0.01 +1.51 ± 0.05 298.2 

Romuvaara +0.91 ± 0.03 -0.84 ± 0.02 -0.51 ± 0.06 573.8 

 
In figures 3-1, 3-2 and 3-3 we show time series of Olkiluoto, Kivetty and Romuvaara 
relative to Metsähovi. In the figures one triangle indicates one weekly solution. FGI 
solved for trends from the coordinate time series by the least squares fit. Open triangles 
in the figures shows the solutions that were rejected during the iterative outlier detection 
process. They are mostly caused by the biased troposphere estimates when a layer of 
snow has covered the antennas in the wintertime. Time series have an 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 detailed in Ollikainen et al. 2004.  
 
The velocity components for Olkiluoto, Kivetty and Romuvaara are summarized in the 
Table 3-3. In GPS solutions the height component is known to be weaker than 
horizontal ones. This can be explained with modelling of atmosphere and satellite 
geometry. Any biases in atmospheric estimates or modelling are mainly seen in the 
height component. Also for height determination we have satellites only above the point 
leading to poorer observation geometry and therefore weaker solution.  
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Figure 3-1. Time series of Metsähovi-Olkiluoto vector components. Right: Series of 
height, East and North components. Left: Periodograms of the time series. 

 

 
Figure 3-2. Time series of Metsähovi-Kivetty vector components. Right: Series of 
height, East and North components. Left: Periodograms of the time series. 
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Figure 3-3. Time series of Metsähovi-Romuvaara vector components. Right: Series of 
height, East and North components. Left: Periodograms of the time series. 

3.3  GPS operations at the local networks 

3.3.1  The local networks 

3.3.1.1  Olkiluoto networks 
 

The Olkiluoto GPS monitoring network was established in 1994 (Chen & Kakkuri, 
1995). The original network includes ten reinforced concrete pillars (GPS1-GPS10). 
The pillars stand on solid bedrock and according to geological studies 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, FinnReff (Koivula et 
al. 1999), in which the abbreviation OLKI is used for the station. 

The pillar GPS10 was destroyed at 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 GPS13 in 2005. The network including 
points GPS1-GPS9 and GPS13 (Figure 3-4) is referred here as the Olkiluoto inner 
network. 

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. 
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They are located at Kuivalahti (GPS11) and at Iso Pyrekari (GPS12) 8.5 and 4.8 km 
from the Olkiluoto GPS station. However, the Iso Pyrekari (GPS12) has not been 
observed in campaigns 2005 spring, 2006 spring, 2008 autumn and 2009 spring because 
it has been impossible to reach the island due to weather or ice conditions. 

Local crustal deformations have been studied in GeoSatakunta project, too (Ahola & 
Poutanen, 2006, Poutanen & Ahola, 2010, Poutanen et al. 2010). The GPS network is 
located in the Cities of Pori and Rauma and in 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 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 and GeoSatakunta networks. The network including points GPS11, 
GPS12, GPS14 and GPS15 (Figure 3-1) is referred here as Olkiluoto outer network. 

The construction work and different pillar types were described in Ollikainen et al. 
2004. 

 

Figure 3-4. The local GPS monitoring networks 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.  
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3.3.1.2  Kivetty and Romuvaara networks 

The networks at Kivetty and Romuvaara were established in 1995 (Chen & Kakkuri 
1996). There are seven pillars at both Kivetty (Figure 3-5) and Romuvaara (Figure 3-6). 
They were built using the same principles than at Olkiluoto. One of the stations (GPS1) 
at both of the investigation areas belongs to the Finnish permanent GPS network, 
FinnReff . 

3.3.2  The measurement campaigns in 2009 

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 & Kakkuri 1996, 1997 and 1998, 
Ollikainen & Kakkuri 1999 and 2000, Ollikainen et al. 2001, 2002 and 2004, Ahola et 
al. 2005, 2006, 2007 and 2008, Kallio et al. 2009 ). 

As in the previous years, two GPS measurement campaigns were carried out at 
Olkiluoto in 2009. The first measurements were performed on May 6-11 (Table 3-4) 
and the second one on October 19-24. 
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Figure 3-5. The local GPS network at Kivetty. 
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Figure 3-6. The local GPS network at Romuvaara. 

 
In the first campaign of the year the session I includes observations at the pillars GPS4, 
GPS5, GPS6, GPS7, GPS8, GPS9 ja GPS13. Session II includes pillars GPS1, GPS2, 
GPS3, GPS5, GPS6, GPS8, GPS9 and GPS13 and session III the pillars GPS11, 
GPS12, GPS14 and GPS15. The station GPS12 has been observed only once in 2009 
(Figure 3-4). The spring campaign was during the nesting period of birds and we 
couldn’t land the island, because it is in the nature reserve. 

In the first campaign the observations were made using Ashtech Z-12 and Ashtech Z 
GPS receivers equipped with Dorne Margolin-type choke ring antennas (Table 3-5). In 
the second campaign antennas were the same, but Ashtech receivers were replaced by 
Leica GX1230 series geodetic receivers. The same antennas were used at the stations as 
in the previous campaigns. 
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Table 3-4. Observation sessions for the GPS measurements at Olkiluoto in 2009. 

Campaign Session Observation day Observation 

  Calendar day GPS 
day windows (UT) 

I / 2009 I 9 May 129 9.30-24.00 
  10 April 130 0.00-10.10 
 II 10May 130 12.00-24.00 
  11 May 131 0.00-12.00 
 III* 6 May 126 12.10-24.00 
  7 May 127 0.00-24.00 
  8 May 128 0.00-12.05 

II / 2009 I 22 October 295 10.30-24.00 
  23 October 296 0.00-13:30 
 II 23 October 296 12.20-24.00 
  24 October 297 0.00-14.00 
 III 19 October 292 13.45-24.00 
  20 October 293 0.00-24.00 
  21 October 294 0.00-11.55 

*GPS12 has not  been observed during the first campaign. The Iso 
Pyrekari island was protected during the birds nesting period. 

3.3.2.2  The measurements at Kivetty and Romuvaara 

The observations of the local GPS monitoring networks at Kivetty and Romuvaara were 
started in 1996. Until 2001 the networks were measured twice a year. Posiva 
concentrates now all studies on Olkiluoto, because the final nuclear waste disposal site 
is being built near the nuclear power stations. However, Posiva and FGI decided to 
continue measurements also at Kivetty and Romuvaara, because those form good 
reference networks for Olkiluoto studies. In both networks one measurement campaign 
will be done for reference studies every second year.  Measurements were not carried 
out in 2009; next campaign at Kivetty and Romuvaara will be in autumn 2010. 

Table 3-5. The GPS equipment used at Olkiluoto in 2009. 
 II/ 2009 II/ 2009  

Station 
Receiver  

S/N 
Receiver  

S/N 
Antenna 

S/N 
GPS1 LP00168  LP00168  321 
GPS2 04300 456276 11761 
GPS3 LP02547 456252 11959 
GPS4 04300 456260 11761 
GPS5 LP00184U 456230 11988 
GPS6 04293 456285 11772 
GPS7 LP02547 456219 11959 
GPS8 LP00164U 456261 11963 
GPS9 GP10273 456263 11770 

GPS11 LP00167U 456209 11754 
GPS12 - 456249      11194 
GPS13 LP00167U 456210      11754 
GPS14 04293 456214 11772 
GPS15 LP00184U 456228 11988 

*Permanent station 
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Figure 3-7. The station GPS12 has been observed only once in 2009. In the spring our 
campaign was during the nesting period of birds and we couldn’t land the island, 
because it is in the nature reserve. (Photo: Joel Ahola) 

3.4  Data analysis of the local networks 

3.4.1  Background 

Since the first campaign in 1995 the Olkiluoto network data has been processed with 
Bernese GPS software. The data has been reprocessed every time after changes e.g. in 
the software version or operating system. The current version in use is Bernese 5.0 
(Dach et al. 2007). 

The Olkiluoto network has been measured twice a year since 1995: we have carried out 
a total of 28 campaigns. The amount of the data will increase remarkably in the near 
future, when four new permanent GPS stations at Olkiluoto will start to operate. Thus, 
the automation of the computation is necessary. On the other hand, the automated 
processing enables fast repeat of computation for determining the best possible processing 
strategy and parameters. 

FGI has automated the processing of the campaign data by using the Bernese processing 
engine (BPE) together with our own Perl scripts. The automation should also work with 
minor modifications for the upcoming processing of the permanent data. 

All the Olkiluoto data were reprocessed uniformly using different processing strategies. 
The first observations from year 1995 were excluded because of the problems with 
ionosphere modelling. The older network on Olkiluoto island (stations GPS1-GPS9, and 
GPS13, referred as inner network) and the outer network (stations GPS1, GPS11-
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GPS15, except GPS13) were processed and analysed separately. Here we present the 
main principles of the GPS processing and discuss the role of the processing strategy. 
The change rates between pillars are determined and a simple deformation analysis is 
carried out.  

After the new measurements in autumn 2010 all campaigns at Kivetty and Romuvaara 
networks will also be reprocessed.  

3.4.2  Olkiluoto inner network 

3.4.2.1  Processing strategies 

FGI tested two different approaches in the processing. In the first case the L1 
observables were used together with local ionosphere model and in the second one the 
QIF ambiguity resolution algorithm and the ionosphere free L3 linear combination. In 
this way the role of local ionosphere model and the earlier detected seasonal variation 
can be estimated. FGI also used the different set of vectors, which were resolved. In 
both processing strategies the observables were screened before ambiguity resolution in 
order to eliminate outlying observations and epochs and to obtain smoother time series. 

The first approach was mainly similar than the one used in the previous computations 
(e.g. Kallio et al. 2009). The use of L1 observables is recommended for small area high 
precision networks because of lower measurement noise and smaller effects of 
multipath errors. However, the ionosphere model has to be applied to remove the 
absolute scale errors resulting from the ionospheric refraction. FGI created local 
ionosphere models using three hour time intervals. The ambiguities were solved using 
the Sigma algorithm (Dach et al. 2007). 

In the second approach we used first L3 for residual screening. The ambiguities were 
solved baseline by baseline with the Quasi-Ionosphere Free (QIF) algorithm (Dach et al. 
2007), where both L1 and L2 observables are processed. The integer ambiguity 
resolution is done on the double difference level, which improves the stability and the 
accuracy of the solution. The stochastic ionosphere parameters are estimated to get 
close enough real value estimates. The final solution was estimated using L3 and 
resolved ambiguities. 

Both approaches use individually and absolutely calibrated antenna correction tables 
(Paragraph 4.2.3). The elevation cut-off angle was set to 15 degrees and Niell 
troposphere model was adopted. Also site-specific troposphere parameters were 
estimated. The observations of each day were processed individually and the vector 
solutions were combined by normal equation stacking. 

3.4.2.2  Time series of the vector lengths 

The results were analysed by computing vector lengths from 3-dimensional coordinates 
obtained from GPS processing of each campaign. The time series of the vector lengths 
were plotted and the results between different approaches and previous computation 
were compared.  
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FGI obtained smaller scattering in the time series, when using the L1 solution compared 
with the L3 solution (Figure 4-1). The difference between L1 and L3 solutions is largest 
before the year 2000, when observation sessions were shorter than 24 hour.  

The L1 time series were close to the previous computation (Figure 3-9, Appendix 1).  
The absolute vector lengths differed mostly less than 1.0 mm. The difference was 
largest in the problematic sites (larger scattering e.g. at GPS5). Thus, one possible 
reason for the difference is the data screening, which has not been done earlier. On the 
other hand the use of individually and absolutely calibrated antenna correction tables 
instead of relative antenna models may cause systematic difference in vector lengths 
(see Paragraph 4.2.3).  

However, the time series behaved uniformly when compared the deviations from mean 
plots. Number of vectors did not affect significantly to the solution, but a slightly 
smaller scattering was achieved, when computing only constrained set of vectors and 
modelling correlations between vectors correctly instead of computing all possible 
vectors. Some deviating sessions, like spring 2006, were highlighted, when L3 linear 
combination was used (Figure 3-8). 

 
Figure 3-8. All vectors from point GPS3, L1 solution (blue) and L3 solution (red). 
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Figure 3-9 Difference between current and previous time series. 

 
Figure 3-10. The seasonal variation is most systematic at pillars GPS2, GPS3 and 
GPS9 wheareas the time series e.g. at GPS4 is more random. 
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3.4.2.3  The impact of GPS antenna calibration tables to the results 

In previous calculations (Kallio et al. 2009) all antennas of the same type were assumed 
to have the same antenna offsets and signal direction dependent phase variation 
corrections.  We have used so called relative antenna calibrations tables, where the 
phase center variation (PCV) refer relatively to the Dorne Margoline T Antenna 
(AOAD/M_T).  

For short baselines in double difference processing the correction of the PCV mostly 
cancels out, if the antennas at the both ends are of the same type. Systematic difference 
between antennas propagate to the coordinate differences of the baseline. Because FGI 
has used the same antenna at the same point in every campaign, the systematic offset 
errors remain constant. The 24 hour sessions have garantied that also the impact of the 
phase center variation has been similar enough. The trends of the time series has not 
been affected. 

In this computation FGI used individual offsets and phase variation for each antenna. 
FGI may use different antennas at the pillars in the future, and if we know the absolute 
offsets and PCV corrections, no jumps should appear in the time series. The corrections 
to the phase observations were applied individually to each antenna, each epoch and 
frequecy.  If there is an error in the table values, there will be a systematic error in the 
coordinate differences again. 

The impact of the absolute calibration tables to the baseline lengths was as expected.  
The offset differences and phase variation differences between antennas are visible in 
figure 3-9. Based on the test measurements in Metsähovi pillars and in Kyviškės 
calibration baseline and test field in Lithuania in 2008 (Koivula et al. 2010) the absolute 
calibration values of the antenna sno. 11963 can be questioned. The results show that 
with Geo++ calibrated antennas the agreement between EDM and GPS was in sub-mm 
level with all other antennas except 11963.  FGI have had the antenna sno. 11963 in the 
station GPS8 in our GPS campaigns in Olkiluoto. The larger difference between GPS 
and EDM than earlier is due to this antenna calibration values. Geo++ have been 
informed about the disagreements between our test measurements and the calibration 
values.  Because we are interested in the temporal variation we still prefer to use same 
antennasat the points as previously. On the other hand, if we want better connect the 
outer and inner networks and establish four new pillars we are not able to reserve the 
good principle of using the same antenna at the same point.  

3.4.2.4  Change rates of the baselines 

The time series of the vector lengths enable us to determine the change rates for the 
baselines. We used the L1 approach described above as the final solution for the 
analysis and computed change rates for vectors and estimated the errors from the results 
of measurements performed 1996-2009 (Tables 3-6 and 3-7). Because of the observed 
larger deviation in time series before year 2000 we carried out the analysis also using 
only the time series from 2001-2009 (Table 3-6).  

One third of the baselines have statistically significant change rates when using the 
whole data set. The maximum rates 0.2 mm/a are related to the pillar GPS5, which has 
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larger measurement noise than the other stations and which therefore slightly biases the 
results. Generally the change rates are smaller when using data from years 2001-2009. 
Because of shorter time series the change rates are mostly statistically insignificant but 
the results are, however, intuitively more reliable. The more measurements we have 
done the smaller change rates we have obtained. 

The time series of pillar GPS13, which was established in 2003, was processed together 
with other pillars. Results are presented in Table 3-7. The velocities are of the same 
order of magnitude as for the other part of the inner network, but as expected the 
standard deviations are still too large to obtain statistically reliable results. 

3.4.2.5  Horizontal velocities 

The analysis of the change rates represents only deformations between pillar pairs. In 
order to get insight into total deformation, we carried out simple deformation analysis as 
described in (Kallio et al. 2009). As observed in the time series analysis above, the 
scattering was larger before the year 2000 compared to the more recent observations. 
Thus, we used time series only (years 2001-2009) to determine the horizontal velocities. 
The results are presented in Table 3-8 and visualized as a vector velocity plot in Figure 
3-11. 
 
The estimated velocities are of the same order of magnitude as in (Kallio et al. 2009) 
and the main features are similar. However, minor changes exist but eventually, the 
velocities are small (less than 0.10 mm/a). 
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Table  3-6.  Change rates and estimated 
errors, between stations. 

    1996-2009 2001-2009 
Baseline Ch. Rate St.dev Ch. Rate St.dev 
1 2 -0,17 0,03 -0,08 0,05 
  3 -0,01 0,03 -0,01 0,04 
  4 0,18 0,03 0,11 0,05 
  5 0,05 0,04 -0,08 0,07 
  6 -0,01 0,01 -0,07 0,02 
  7 0,07 0,02 0,07 0,04 
  8 0,15 0,03 0,09 0,05 
  9 0,07 0,03 0,14 0,05 
2 3 -0,14 0,04 -0,16 0,06 
  4 0,03 0,03 -0,04 0,05 
  5 -0,10 0,04 0,04 0,06 
  6 -0,12 0,03 -0,03 0,05 
  7 -0,08 0,04 0,03 0,05 
  8 -0,02 0,04 0,01 0,05 
  9 -0,07 0,04 0,09 0,06 
3 4 0,06 0,03 -0,03 0,07 
  5 0,04 0,04 -0,06 0,08 
  6 -0,05 0,03 -0,10 0,06 
  7 0,00 0,03 -0,02 0,05 
  8 0,10 0,03 0,05 0,03 
  9 0,01 0,03 0,10 0,05 
4 5 0,21 0,04 0,04 0,06 
  6 -0,04 0,02 -0,05 0,04 
  7 -0,07 0,02 0,01 0,04 
  8 -0,02 0,04 0,04 0,04 
  9 -0,07 0,04 0,13 0,04 
5 6 0,12 0,03 0,02 0,03 
  7 0,17 0,03 0,09 0,05 
  8 0,21 0,04 0,04 0,06 
  9 0,17 0,03 0,10 0,06 
6 7 0,02 0,03 0,03 0,06 
  8 0,02 0,04 -0,04 0,07 
  9 0,05 0,03 0,07 0,06 
7 8 -0,03 0,02 -0,08 0,03 
  9 -0,01 0,02 0,08 0,03 
8 9 -0,07 0,03 0,05 0,03 

 

Table 3-7. Change rates and estimated 
errors, GPS13. 

    2003-2009 
Baseline Ch. Rate St.dev 
13 1 0,05 0,03 

2 0,18 0,09 
3 0,12 0,09 
4 0,10 0,03 
5 0,10 0,04 
6 0,06 0,05 
7 0,15 0,05 
8 0,08 0,06 
9 0,02 0,03 
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Table 3-8. Horizontal velocities. 

  North (mm/a) East (mm/a) 
Pillar Velocity St.dev Velocity St.dev 

1 -0,09 0,02 0,04 0,02 
2 0,10 0,03 0,05 0,02 
3 -0,08 0,02 0,01 0,02 
4 0,02 0,02 0,02 0,02 
5 -0,02 0,02 0,04 0,02 
6 0,04 0,02 0,06 0,02 
7 0,05 0,02 0,00 0,02 
8 -0,03 0,02 -0,04 0,02 
9 -0,04 0,03 -0,10 0,02 

13 0,03 0,05 -0,08 0,04 

 

Figure 3-11 Visualization of the horizontal velocities. 
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3.4.3  Olkiluoto outer network 

The data of the outer network was processed using the L3 ionosphere-free combination 
and QIF ambiguity resolution. The computation strategy was similar than in case of the 
inner network. We tested also the L1 approach with local ionosphere modelling. The 
vector lenghts range from 5 to 12 km and therefore, we reach a better solution using the 
ionosphere-free linear combination than the local ionosphere model created from a 
single station data. 
 
The time series of the vector lengths show relatively small scattering, and therefore 
form a reliable start for time series analysis (Figure 3-12). We could not observe 
seasonal variation like in the inner network. We estimated the change rates between the 
pillar pairs (Table 3-9) and horizontal velocities (Table 3-10, Figure 3-13) in the same 
manner than in the case of the inner network, although the number of observations is 
mostly inadequate to draw reliable conclusions about the deformation. 
 
There seems to be a significant change rates (about 0.4 mm/a) between pillars GPS1-
GPS11 and GPS11-GPS12. However, the change rate between pillar GPS1-GPS12 is 
less than 0.1 mm/a. The estimated horizontal velocity for the pillar GPS1 can also be 
considered statistically significant. Otherwise the standard deviations of the horizontal 
velocities are nearly the same size as the velocities.  
 
The vector GPS1-GPS11 crosses an old fracture zone locating in direction of the 
Eurajoensalmi, which could be a reason for the deformation. On the other hand the 
Onkalo excavations in the vicinity of the pillar GPS1 might cause some movement. 
However, the vectors have been observed only 13 (GPS11) and eight (GPS12) times 
and thus, more measurements are needed to confirm the results. 
 
Table 3-9. Change rates. 

Baseline 
Ch. 

Rate St.dev 
1 11 -0,46 0,10 
  12 -0,07 0,11 
  14 0,04 0,20 
  15 0,15 0,16 

11 12 -0,36 0,10 
  14 0,18 0,18 
  15 0,02 0,15 

12 14 0,49 0,23 
  15 0,09 0,20 

14 15 0,07 0,11 
 

Table 3-10. Horizontal velocities. 

  North (mm/a) East (mm/a) 
Pillar Velocity St.dev Velocity St.dev 

1 0,19 0,05 0,28 0,05 
11 0,15 0,05 -0,20 0,06 
12 -0,06 0,06 0,08 0,06 
14 -0,23 0,08 -0,06 0,08 
15 -0,06 0,09 -0,10 0,09 
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Figure 3-12. Time series of vector lengths. 

 

 
Figure 3- 13. Visualization of the horizontal velocities. 
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3.5  EDM baseline at Olkiluoto 

3.5.1  Background 

GPS solutions may be significantly biased by scale errors (Ollikainen & Kakkuri 1999). 
This systematic scale error is mainly caused by errors in ionosphere modelling.  

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 
(Kallio et al. 2009). According to these figures EDM is more accurate than GPS when 
the baselines are as short as at Olkiluoto. The EDM baseline is measured in connection 
to the GPS measurement. It’s not possible to derive any scale factor from only one 
baseline length. The GPS distances of all baselines can be compared to the means of the 
distances of all campaigns. If the most of the baseline lengths behave similarly the 
change of the distance can not be interpreted to be any deformation. The baseline EDM 
measurements may confirm the result. In this report we have compared the differences 
between EDM and GPS distances to the residuals of the baseline lengths after trend 
fitting. Although we have not derived any scale factor from Olkiluoto baseline results, it 
is still very good reference for the GPS calculations. 

3.5.2  Electronic distance measurements 

A Kern ME5000 mekometer is the most accurate EDM instrument suitable for the 
fieldwork. The mekometer of the 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 3-11).  

The EDM baseline at Olkiluoto has been measured twice a year during 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 2009 were performed on May 7-8 and October 20-21 
(Figure 3-14). We observed 30 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 3-12).  

3.5.3  Computation 

The results of mekometer measurements depend on weather conditions. Therefore, the 
first velocity correction is applied according to the 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. 
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Table 3-11. Mekometer calibration at Nummela Standard Baseline in 2009. 

Year Date Certificate of 
Calibration 

2009 May 5-May 18 
May 19-May 20 21/2009 

 
 

Table 3-12. The equipments at the mekometer and at the reflector sites. 

  Equipment at the 
mekometer site 

Equipment at the 
reflector site 

7.5.-8.5.2009 

Kern Mekometer ME5000 
Kern prism reflector 
Thies Clima psychrometer 
Thommen Hoehenmesser aneroid 

S/N 357094 - 
- S/N 374414 
S/N 6530 / 6540 S/N 6544 / 6527 
S/N 126533   S/N 164610   

20.10.-
21.10.2009 

Kern Mekometer ME5000 
Kern prism reflector 
Thies Clima psychrometer 
Thommen Hoehenmesser aneroid 

S/N 357094 
- 
S/N 6530 / 6540 
S/N 164610  

- 
S/N 374414 
S/N 6544 / 6527 
S/N 126533   

 

 
 
Figure 3-14. Ulla Kallio at station GPS8 with MekometerME5000 in 21. October. 
(Photo: Joel Ahola)  
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Figure 3-15. The GPS and the EDM results from the baseline GPS7-GPS8.  
 

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 Table 3-13. 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).  

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 
and 2007 (Jokela and Häkli 2006). Latest mekometer calibrations in Nummela have 
been performed in May 2009. Procedures meet the requirements of the standards ISO 
9001 and ISO 17025. The results are given also in Certificates of Calibration of the 
National 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 3-15. In reprocessing of 
the GPS network we used the individual absolute calibration values for each antenna. 
The difference between Mekometer and GPS distances was even larger than with type 
calibrated relative antenna corrections used in the earlier calculations. Based on the test 
measurements in Metsähovi pillars and in Kyviškės calibration baseline and test field in 
Lithuania in 2008 (Koivula et al. 2010) we are questioning the calibration values of one 
antenna (11963) used in station GPS8. The L1 offset difference vector between 
antennas used in pillars GPS7 and GPS8 is from calibration [1.24, 0.72,-1.88] mm 
which means 1.36 mm to the distance in the baseline direction. This explains mostly the 
difference to the earlier results.  
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Table 3-13. The space distances between the pillars GPS7-GPS8 measured by the GPS 
and the Kern Mekometer ME5000. The mean of the GPS observations includes 26 
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 
May 11-12 007 511255.9  0.3  0.3 8 / 2007 
Sept 28-29 2007 511255.9  0.3  0.3 28 / 2007 
Apr 11-12 2008 511255.9  0.2  0.3 12/2009 
Oct 23-24 2008 511256.0  0.2  0.3 13/2009 
May 7-8 2009 511256.2  0.3  0.4 5/2010 
Oct 20-21 2009 511255.6  0.2  0.3 6/2010 

 
The difference between GPS and Mekometer measurements is obvious, but we do not 
exactly yet know, what is the reason for this behaviour. Based on 15 measurements in 
seven years, there seems to be similarities in the distance variation measured with GPS 
and EDM – trends are similar. This may indicate real changes between two pillars.  

The mean of the residuals of all baselines after trend fitting behave in similar way than 
changes in difference between the GPS and EDM (Figure 3-16). Correlation between 
the two time series is 0.73. The correlation between distances and residuals of 
campaigns varied from -0.48–0.68.  

Spring and autumn difference visible in the earlier calculations in GPS observations has 
mostly vanished with new processing strategy and is not obvious in EDM results. We 
will continue the electronic distance measurements in connection to the GPS 
measurements also in the future.  

According to fifteen campaigns during eight years GPS gives on an average 2.27 mm 
longer distances between pillars GPS7 and GPS8 than EDM, if we use now available 
absolute calibrated individual antenna corrections for GPS antennas.  
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Figure 3-16. Mean of the residuals of all baseline lengths after trend fitting and 
difference between GPS and EDM.  

3.6  Control markers 

3.6.1  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 
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). 

FGI 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 a hard winter. 

Control markers for pillars GPS14 and GPS15 have been established during 
GeoSatakunta measurement campaign in 2006. 

The distances and angles between pillars and control markers at Olkiluoto were 
observed in 2001 and 2004 (Ahola et al. 2005) and in 2007 (Ahola et al. 2008). One 
other control marker has been damaged at the pillar GPS4. It is also impossible to make 



65 

 

observations at the pillar GPS14, because it is situated under a high voltage electric line, 
which has damaged our instruments earlier.  

The measurements at the reserve markers will continue in three years interval. The next 
measurement will be carried out at Olkiluoto in 2010. 

 
3.6.2  Control measurements of the pillar GPS4 at Romuvaara  

We have measured the distances and angles between the pillar and control markers to 
ensure the reason of the movement. The observations have been made during the GPS 
campaigns in 2005, 2006 and 2007 (Ahola et al. 2008) 

3.7  Future plans 

According to our quality manual (Kallio, 2010) and the consultations between Posiva 
and the FGI we will continue geodetic observations at Olkiluoto twice a year and 
Kivetty and Romuvaara every second year. The studies of each year will be reported in 
Posiva working report series.  
 
The permanent FinnRef® GPS stations continue observations at the investigation areas. 
Olkiluoto station is situated in the area where it is in danger to be destroyed or 
construction work cause some deformation. It will be replaced during the renewal of the 
whole FinnRef® network. The old Olkiluoto local GPS network will be measured twice 
a year.  We hope to start the permanent tracking in four new stations in autumn 2010 or 
in spring 2011. The pillars are under construction in summer 2010. Even if the studies 
are concentrated at Olkiluoto, one measurement campaign will be carried out at Kivetty 
and Romuvaara every two years. 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. The investigations to solve the scale problem are 
continuing.  Two new EDM/GPS baselines are planned in connection to the extension 
of the network. EW and SN baselines will help to better control the stability on the 
network scale and track the temporal variation. 

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 summer 2010. Angles and distances at new permanent station will be measured 
before antennas will be attached although in new pillars the prism holders and levelling 
control mark will be on the side of the pillar. 

The heights of Olkiluoto GPS network have been measured with precise levelling in 
2003, 2005, 2007 and 2009 (Lehmuskoski 2004, 2006, 2008 and 2010). The levelling is 
the most accurate method to observe the possible vertical deformations at the 
investigation area. The levelling campaigns will be performed every second year and 
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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). We will observe these micronetworks 
annually. 

Finnish Geodetic Institute has started to develope the processing strategy of GPS 
observation and deformation analysis. The aim is to automate the whole process. The 
data analyses, deformation analyses and automation of the process will be explained in 
details in a special report.  
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4  PRECISE LEVELLING 

The results of the precise levelling campaings are published as a Posiva Working report 
WR 2010-30 (Lehmuskoski 2010). This chapter has been compiled from that report.  

4.1  Overview 

Repeated GPS observations at the investigation area of Posiva Oy on the Olkiluoto 
Island have been continued for sixteen years (Kallio et al. 2009). However, the accuracy 
of GPS determinations in the vertical direction is worse than in the horizontal direction. 
To monitor also the vertical movements of the GPS points as accurately as possible, the 
precise levelling on the area were initiated in autumn 2003. Originally the levelling 
interval between the Olkiluoto Island and the continent was decided to be four years and 
the levelling of the GPS network two years. However, because of the interesting results 
of the campaign in autumn 2005, new levelling loops were established and levelled onto 
the ONKALO and VLJ Repository in autumn 2006. The levelling period of these micro 
loops was decided to be one year.  

The Third Levelling of Finland includes the line Lapijoki-Olkiluoto, which was levelled 
in 2003. In 2007, when the same line was relevelled, it was discovered that the height 
difference of the 0.8 km long bench mark interval 03211-03208, which crosses the 
Olkiluoto strait, had changed remarkably (Lehmuskoski 2008, Table 12 and Figure 13). 
This resulted that one new bedrock bench mark was built on both sides of the strait 
(Figure 4) and it was decided that the interval 03211-03208 will be levelled every year. 

This report treats of the levelling campaigns in the autumns 2008 and 2009 and the 
comparison with the campaigns in 2003, 2005 and 2007 (Lehmuskoski 2004, 2006 and 
2008). 

The field works and the calculations were carried out with the same method that was 
used in the Third Levelling of Finland. Precise levelling in the GPS network was 
sometimes troublesome and slow because a part of the levelling routes are outside of 
roads and the levelling of the GPS antenna platforms required an extendable tripod and 
two ladders. 

4.2  Levelling routes 

The levelling were divided into four loops, eight small GPS pillar loops and one line. 
Their levelling routes and dates are shown in Table 4-1 and Figures from 4-1 to 4-4. 
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Table 4-1. Loops and lines, levelling routes and dates. 
Loop, GPS pillar or line Levelling route Date 
OLKI A 03216-05217-GPS6-GPS7-GPS13-GPS9-GPS8-

03217-GPS4-GPS1-03218-GPS2-03216 
8.-17.9., 22.-
28.9.2009 

OLKI B 03218-GPS3-03218 18.9., 21.9.2009 
ONKALO 03216-05217-06217-06218-06219-08202-06220-

08201-03216 
24.9.-30.9. 2009, 
16.-18.9.2008 

VLJ GPS9-06213-06214-06215-06216-GPS9 23.9.-24.9.2009, 
18.9.2008 

Olkiluoto strait 03211-04005-08204-08203-03208-04004 7.-8.9.2009, 
17.9.,19.9.2008 

GPS GPS2, GPS3, GPS4, GPS6, GPS7, GPS8, GPS9, 
GPS13 

15.-16.9.2009 

 

 
 

Figure 4-1. Loops OLKI A and OLKI B. 
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Figure 4-2. Loop ONKALO. 

 
Figure 4-3. Loop VLJ. 
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Figure 4-4. Line Olkiluoto strait. 
 
To distinguish other possible vertical crustal deformations from the annual variation 
(Lehmuskoski et al. 2006), the levelling campaigns in 2008 and 2009 were carried out 
during the same season as the earlier campaigns in September and October. 

The loop OLKI A was levelled earlier in 2003, 2005 and 2007 (Lehmuskoski 2004, 
Lehmuskoski 2006 and Lehmuskoski 2008). Compared to the levelling in 2003 and 
2005 the reserve mark GPS4A was not levelled in 2007 and 2009 because it is 
nowadays beyond a wire-netting fence and it has also been damaged by some working 
machine between the levelling in 2005 and 2007. The reserve mark GPS2B was found 
to be damaged by a working machine in 2009 so it is not worth to use in future 
computations. Because of extensive construction works on the Olkiluoto island the 
levelling route of the loop OLKI A has changed several times and the earlier loops 
OLKI C and OLKI D has been connected to the loop OLKI A (compare Figure 1 and 
(Lehmuskoski 2004, Figure 1, Lehmuskoski 2006, Figure 1 and Lehmuskoski 2008, 
Figure 1). 

The approximate National Grid Coordinates (KKJ) in the zone 27° and the approximate 
geographical coordinates in EUREF-FIN system for all bench marks, GPS pillars and 
GPS reserve marks are given in Table 2. The coordinates have been used for computing 
tidal corrections and gravity values but they can also been used for searching the 
objects. 
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Table 2. KKJ coordinates in zone 27° and geographical coordinates of bench marks, 
GPS pillars and GPS reserve marks. 
Bench mark X-coordinate 

(km) 
Y-coordinate 
(km) 

Latitude (°) Longitude (°) 

03211 6802.314 3206.363 61.21876 21.52785 
04005 6802.334 3206.392 61.21895 21.52836 
03208 6802.779 3205.831 61.22251 21.51728 
04004 6802.736 3205.815 61.22211 21.51704 
03216 6804.168 3204.117 61.23362 21.48334 
03219 6804.154 3204.109 61.23349 21.48322 
05217 6804.536 3203.479 61.23643 21.47094 
GPS6 6804.680 3202.353 61.23686 21.44985 
GPS6A 6804.687 3202.356 61.23692 21.44989 
GPS6B 6804.683 3202.348 61.23688 21.44975 
GPS7 6805.344 3202.190 61.24266 21.44577 
GPS7A 6805.336 3202.192 61.24260 21.44582 
GPS7B 6805.342 3202.181 61.24264 21.44561 
GPS9 6805.467 3201.329 61.24311 21.42962 
GPS9A 6805.475 3201.335 61.24318 21.42972 
GPS9B 6805.472 3201.321 61.24315 21.42946 
GPS8 6805.838 3202.321 61.24718 21.44742 
GPS8A 6805.842 3202.324 61.24722 21.44747 
GPS8B 6805.837 3202.326 61.24717 21.44752 
03217 6805.553 3202.853 61.24504 21.45774 
GPS4 6805.522 3203.497 61.24525 21.46971 
GPS4B 6805.534 3203.495 61.24536 21.46967 
GPS1A 6804.893 3203.610 61.23972 21.47281 
GPS1B 6804.877 3203.609 61.23957 21.47281 
03218 6805.010 3203.976 61.24104 21.47941 
GPS2 6804.131 3204.730 61.23376 21.49476 
GPS2A 6804.123 3204.733 61.23369 21.49483 
GPS2B 6804.132 3204.723 61.23376 21.49463 
GPS3 6805.666 3204.240 61.24710 21.48327 
GPS3A 6805.668 3204.247 61.24712 21.48340 
GPS3B 6805.674 3204.238 61.24717 21.48322 
GPS13 6804.815 3201.194 61.23718 21.42815 
GPS13A 6804.810 3201.187 61.23713 21.42803 
GPS13B 6804.807 3201.199 61.23711 21.42825 
06217 6804.590 3203.605 61.23701 21.47319 
06218 6804.655 3203.890 61.23780 21.47836 
06219 6804.478 3204.044 61.23634 21.48150 
06221 6804.349 3203.994 61.23515 21.48078 
06220 6804.432 3203.953 61.23586 21.47989 
06213 6805.403 3201.332 61.24254 21.42978 
06214 6805.445 3201.428 61.24299 21.43149 
06215 6805.398 3201.444 61.24258 21.43186 
06216 6805.469 3201.501 61.24326 21.43280 
08201 6804.380 3203.998 61.23543 21.48080 
08202 6804.442 3203.990 61.23598 21.48056 
08203 6802.685 3205.930 61.22174 21.51925 
08204 6802.470 3206.180 61.22001 21.52422 
 



72 

 

4.3  Field crew, instruments and observations 

Posiva Oy employed the assisting personnel for the levelling expedition from RTK-
Palvelu Oy, which carries out the janitorial service of the nuclear power station of 
Olkiluoto. The crew and the instruments used are given in Table 3. 
 
The description of the levelling is given in Lehmuskoski 2006, Chapter 3. Appendices 
I:1-I:147 give in the chronological order information about every bench mark interval 
measured in 2009. Appendices I:201-I:246 give the corresponding information of the 
measurements in 2008. One page corresponds one bench mark interval in one levelling 
direction. The upper part of the page gives time, crew, instrumentation, road type and 
weather. The lower part gives observations and environmental data for every set-up. At 
the end of the observation file there are the uncorrected elevation difference of the 
interval, its length and possible remarks. 
 
Table 3. Field crew and instruments. 
 
Observer Pekka Lehmuskoski 
First rodman Simo Muttilainen 2009 and 2008, Kari Lautia 

2009 
Second rodman Jarno Reijonsaari 2009, Kari Rimpelä 2008 
Distance measurer Suvi Tamminen 2009, Rene Rehtsalu 2009, 

Ilkka Riihimäki 2008, T. Tanhuanpää 2008 
Shadow man Artur Ravajev 2009, Meelis Kauber 2009, Ville 

Salonen 2008 
Levelling instrument Zeiss DiNi12, number 320243 
Rod pair (3 metres) Zeiss Nedo LD13, numbers 13926 and 14092 
Rod (1 metre) Zeiss Nedo LD11, number 11640 
Thermometer Fluke 54 II 
Rod bases Turtles and spikes 
Tripods Wild GST 20 normal, Zeiss extendable 
Distance meter Rollfix 
Umbrella Alexo 
Car Toyota Hiace, UXY-346 
Personal navigator Garmin eTrex 

 

4.4  Reductions 

We used the Zeiss Nedo LD bar code 3 m invar rods with an aluminium frame for the 
ordinary precise levelling. Zeiss Nedo LD11 invar rod with an aluminium frame was 
used when the elevations of the GPS antenna platforms were levelled. The rod 
calibrations were carried out in August and in October in 2009 and in August and in 
September in 2008 using the FGI vertical rod comparator (Takalo 1999, Takalo & 
Rouhiainen 2002). The adjusted value for the levelling epoch was obtained by linear 
interpolation. 
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During the levelling the air temperature and the air temperature difference between 2.5 
m and 0.5 m above the ground were registered with a Fluke 54 II thermometer at one 
minute intervals. Refraction correction was computed with the Kukkamäki formula 
(Hytönen 1967). 

The tidal correction was computed with the formulas of Heikkinen (1978). 
The loops and the lines of the levelling were carried out on so small area that the land 
uplift corrections were not used. 

Appendices II:1 – II:8 include the calculation files of the loops OLKI A, OLKI B, 
ONKALO and VLJ and the line Olkiluoto strait in 2009 and the loops ONKALO, VLJ 
and the line Olkiluoto strait in 2008. Respectively, Appendices III:1 – III:8 include the 
calculation files of the loops GPS2, GPS3, GPS4, GPS6, GPS7, GPS8 and GPS13 in 
2009. Calculation files proceed in physical order from the first bench mark of the line or 
the loop to the last one. 

4.5  Results 

4.5.1  Loop OLKI A 

The bench marks of the loop OLKI A, shown in Figure 4-1 and Table 4-1, were levelled 
clockwise using the shortest route and excluding GPS3. Because the loop is small, the 
longest diagonal being less than 4 km, the elevation differences were computed in 
millimetres and land uplift correction was not applied. In order to compare the N60 
elevations of the bench marks of the loop to those derived from the earlier campaigns 
the height of the nodal bench mark 03216 derived in 2003 (9522.538 mm) was kept 
fixed. The closing error of the loop (-0.06 mm) was adjusted linearly as the function of 
the levelled distance (Table 4). 

The loop has been measured now four times with two years interval so the time series is 
still rather short but Tables 4-5 and Figure 5 give the idea that the northern part of the 
Olkiluoto island rises compared to the middle and southern part. GPS6 makes an 
exception to this but it can be due to the environmental changes i.e. a large parking area 
next to the pillar. 

 
Explanation of the columns of Tables 4-4 and 4-5: 
 
1. Bench mark or reserve mark of a GPS pillar 
2. Distance of interval (km) 
3. Sum of distances (km) 
4. Elevation difference when rod, refraction and tidal corrections have been made (mm) 
5. Adjustment correction (mm) 
6. Final elevation difference (mm) 
7. N60 elevation in 2009 (mm) 
8. Change of N60 elevation 2005-2003 (mm) (Lehmuskoski 2006, Tables 4-7) 
9. Change of N60 elevation 2007-2003 (mm), with the exception of 05217, GPS13B and 

GPS13A: change of N60 elevation 2007-2005, presented in Italics (Lehmuskoski 2008, 
Tables 4-6) 
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10. Change of N60 elevation 2009-2003  (mm), with the exception of 05217, GPS13B and 
GPS13A: change of N60 elevation 2009-2005, presented in Italics 

11. Mean change of N60 elevation of reserve mark pair 2005-2003 (mm) 
12. Mean change of N60 elevation of reserve mark pair 2007-2003 (mm), with the exception of 

pair GPS13B, GPS13A: mean change of N60 elevation 2007-2005, presented in Italics 
13. Mean change of N60 elevation of reserve mark pair 2009-2003 (mm), with the exception of 

pair GPS13B, GPS13A: mean change of N60 elevation 2009-2005, presented in Italics. 

 
Table 4-4. Results of loop OLKI A. 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 
03216 0.00 0.00  0.000  9522.538       
05217 0.76 0.76 171.19 0.003 171.193 9693.731  -0.14 0.23    
GPS6A 1.26 2.02 -6257.88 0.009 -6257.874 3435.857 0.95 0.94 1.61    
GPS6B 0.01 2.03 -198.56 0.009 -198.56 3237.297 1.05 1.02 1.73 1.00 0.98 1.67 
GPS7A 0.86 2.89 7496.63 0.013 7496.634 10733.931 0.20 0.18 0.69    
GPS7B 0.01 2.90 77.72 0.013 77.720 10811.651 0.08 -0.04 0.69 0.14 0.07 0.69 
GPS13B 1.45 4.35 -1885.23 0.020 -1885.223 8926.428  0.07 -0.45    
GPS13A 0.01 4.36 323.69 0.020 323.690 9250.118  0.05 -0.59  0.06 -0.52 
GPS9A 1.05 5.41 516.39 0.024 516.394 9766.512 0.98 0.85 0.83    
GPS9B 0.01 5.42 -524.51 0.025 -524.509 9242.003 0.93 0.72 0.73 0.96 0.78 0.78 
GPS8A 1.54 6.96 -5224.76 0.031 -5224.754 4017.249 0.35 0.72 0.36    
GPS8B 0.01 6.97 423.18 0.031 423.180 4440.429 0.33 0.70 0.37 0.34 0.71 0.36 
03217 0.81 7.78 6106.51 0.035 6106.514 10546.943 0.11 0.93 0.53    
GPS4B 1.41 9.19 -3250.04 0.041 -3250.034 7296.909 0.21 0.88 0.90    
GPS1A 0.98 10.17 1546.64 0.046 1546.644 8843.554 0.14 0.71 0.50    
GPS1B 0.02 10.19 305.55 0.046 305.550 9149.104 0.00 0.60 0.39 0.07 0.66 0.44 
03218 0.81 11.00 -512.14 0.050 -512.136 8636.968 -0.24 0.33 0.30    
GPS2B 1.49 12.49 2558.12 0.056 2558.127 11195.094 0.02 0.02 -0.16    
GPS2A 0.02 12.51 -41.90 0.056 -41.900 11153.194 0.01 -0.03 0.09 0.02 0.00 -0.04 
03216 0.80 13.31 -1630.66 0.060 -1630.656 9522.538       
Sum  13.31 -0.06  0.000        
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Figure 5. Change of N60 elevation compared to bench mark 03216 in 2003. Red bar 
gives the change to 2005, blue bar to 2007 and black bar to 2009. 
 

4.5.2  Loops OLKI B, ONKALO and VLJ 

Loops OLKI B, ONKALO and VLJ in 2009 and ONKALO and VLJ in 2008, are 
presented in Figures 1-3 and Table 1. Because the area of these loops is even smaller 
than in the case of the loop OLKI A, the same computation method was used. When we 
computed new N60 elevations for the bench marks of these loops, starting from the 
bench mark 03216 and its N60 elevation 9522.538 mm derived from the levelling in 
2003 (Lehmuskoski 2004, Table 5). The N60 elevations for the nodal bench marks of 
these loops (03218, 03216 and GPS9A) were obtained by the adjustment of the loop 
OLKI A (Table 4, column 7). The closing errors of the loops (0.30 mm, 0.05 mm, 0.17 
mm, -0.10 mm and -0.13 mm) were adjusted linearly as the function of the levelled 
distance (Tables 5-9). The explanation of the columns for the loop OLKI B is the same 
as in Table 4. 

The loops have been measured now four times with one year period so the time series is 
still short. Tables 6-7 and Figures 6-7 show rather small vertical movements with the 
exception of the 06220 over the ONKALO which is lifted almost one millimetre 
between the levelling in 2007-2008 compared to the nodal bench mark 03216. In 2009 it 
remained almost on the same level as in 2008 but the direction of the movement is still 
upwards. 
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Table 4-5. Results of loop OLKI B. 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 
03218 0.00 0.00  0.000  8636.968 -0.24 0.33 0.30    
GPS3B 0.94 0.94 -2731.69 -0.150 -2731.840 5905.128 -0.10 0.67 0.74    
GPS3A 0.01 0.95 -74.70 -0.152 -74.702 5830.426 -0.12 0.65 0.76 -0.11 0.66 0.75 
03218 0.92 1.87 2806.69 -0.300 2806.542 8636.968 -0.24 0.33 0.30    
Sum 1.87  0.30  0.000        

 
Explanation of the columns of Tables 6-7: 
 
1. Bench mark or reserve mark of GPS pillar 
2. Distance of interval (km) 
3. Sum of distances (km) 
4. Elevation difference when rod, refraction and tidal corrections have been made (mm) 
5. Adjustment correction (mm) 
6. Final elevation difference (mm) 
7. N60 elevation in 2009 (mm) 
8. N60 elevation in 2008 given by Table 9 (mm) 
9. Change of N60 elevation 2007-2006 (mm) (Lehmuskoski 2008, Tables 7-8) 
10. Change of N60 elevation 2008-2006 (mm) 
11. Change of N60 elevation 2009-2006 (mm), with the exception of 08202 and 08201: change 

of N60 elevation 2009-2008, presented in Italics. 

 
Table 4-6. Results of loop ONKALO in 2009. 
 

1 2 3 4 5 6 7 8 9 10 11 
03216 0.000 0.000  0.000  9522.538 9522.538    
05217 0.763 0.763 171.19 -0.013 171.177 9693.715 9693.457 -0.29 -0.43 -0.18 
06217 0.166 0.929 -2146.81 -0.016 -2146.813 7546.902 7546.884 -0.23 -0.36 -0.34 
06218 0.337 1.266 2444.81 -0.022 2444.804 9991.706 9991.676 0.11 -0.07 -0.04 
06219 0.563 1.829 -420.20 -0.032 -420.210 9571.496 9571.611 0.11 0.24 0.13 
08202 0.079 1.908 -24.10 -0.033 -24.101 9547.395 9547.474   -0.08 
06220 0.055 1.963 428.08 -0.034 428.079 9975.474 9975.386 0.69 0.93 1.02 
06221 0.127 2.090 4765.34 -0.037 4765.338 14740.811 14741.001 0.20 0.40 0.21 
08201 0.036 2.126 -4037.42 -0.037 -4037.421 10703.391 10703.470   -0.08 
03216 0.724 2.850 -1180.84 -0.050 -1180.853 9522.538 9522.538    
Sum 2.850  0.05        

 
Table 4-7. Results of loop VLJ in 2009. 
 

1 2 3 4 5 6 7 8 9 10 11 
GPS9B 0.000 0.000  0.000  9241.176 9241.276 -0.11 0.03 -0.07 
GPS9A 0.014 0.014 524.51 -0.003 524.507 9765.683 9765.683    
06213 0.079 0.093 843.55 -0.021 843.532 10609.215 10609.572 0.26 0.31 -0.04 
06214 0.134 0.227 -619.42 -0.051 -619.450 9989.765 9990.045 0.40 0.47 0.19 
06215 0.078 0.305 1083.42 -0.068 1083.403 11073.168 11073.299 0.29 0.28 0.15 
06216 0.126 0.431 -3400.33 -0.096 -3400.358 7672.810 7672.901 0.45 0.46 0.37 
GPS9B 0.331 0.762 1568.44 -0.170 1568.366 9241.176 9241.276 -0.11 0.03 -0.07 
Sum 0.762  0.17  0.000      
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Figure 4-6. Change of N60 elevation compared to bench mark 03216 in 2006. Red bar 
gives the change to 2007, blue bar to 2008 and black bar to 2009. Black numbers (-0.1) 
give the change of N60 elevation 2009-2008. 
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Figure 4-7. Change of N60 elevation compared to reserve mark GPS9B in 2006. Red 
bar gives the change to 2007, blue bar to 2008 and green bar to 2009. 
 
 
Explanation of the columns of Tables 8-9: 

1. Bench mark or reserve mark of GPS pillar 
2. Distance of interval (km) 
3. Sum of distances (km) 
4. Elevation  difference when rod, refraction and tidal corrections have been made (mm) 
5. Adjustment correction (mm) 
6. Final elevation difference (mm) 
7. N60 elevation in 2008 (mm). 
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Table 4-8. Results of loop ONKALO in 2008. 

1 2 3 4 5 6 7 
03216 0.000 0.000  0.000  9522.538 
05217 0.767 0.767 1710.89 0.029 170.919 9693.457 
06217 0.170 0.937 -2146.58 0.036 -2146.574 7546.884 
06218 0.339 1.276 2444.78 0.048 2444.793 9991.676 
06219 0.386 1.662 -420.08 0.063 -420.065 9571.611 
08202 0.080 1.742 -24.14 0.066 -24.137 9547.474 
08201 0.143 1.885 1155.99 0.072 1155.995 10703.470 
06221 0.035 1.920 4037.53 0.073 4037.531 14741.001 
06220 0.129 2.049 -4765.62 0.078 -4765.615 9975.386 
03216 0.587 2.636 -452.87 0.100 -452.848 9522.538 

Sum 2.636  -0.10  0.000  
 
Table 4-9. Results of loop VLJ in 2008. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.5.3  Olkiluoto strait 

Because the line Olkiluoto strait is not a loop, an adjustment was not done and the 
changes of height differences were considered directly using the measured height 
differences corrected for rod, refraction and tidal corrections. Table 10 and Figure 8 
show that between 2003 and 2007 the bench mark 03208 on the Olkiluoto Island was 
uplifted by 1.91 mm compared to the bench mark 03211 on the continent. Between 
2007 and 2008 the bench mark 03208 lowered back 0.43 mm and between 2008 and 
2009 it lowered still 0.39 mm. A proportion of 0.32 mm of this subsidence happened in 
the 0.42 km long interval 08204-08203 which crosses the Olkiluoto strait (Figure 4 and 
Table 10, columns 4 and 6).  

Table 10 shows also another interesting phenomenon discovered earlier in the 
Metsähovi levelling test field (Lehmuskoski et al. 2006). An area of some hundred 
square metres of bedrock rises in summer time even 3.5 mm compared to its 
surroundings with a strong correlation with the temperature of the bedrock. To avoid 
this temperature related phenomenon the levelling in Olkiluoto were planned to carry 
out every year in the same month.  

However, the elevation difference of 0.05 km long interval 03208-04004 was levelled 
31st of March, 2004, 19th of September, 2007, 19th of September, 2008 and 7th of 
September, 2009. The measured elevation differences were 279.88 mm, 279.04 mm, 
279.16 mm and 279.08 mm, respectively. The elevation difference measured in March 
deviates remarkably from those measured in September. This is probably due to the 
different temperature of bedrock in March and September, estimated to be about 15 °C 

1 2 3 4 5 6 7 
GPS9A 0.000 0.000  0.000  9765.683 
GPS9B 0.014 0.014 -524.41 0.003 -524.407 9241.276 
06213 0.093 0.107 1368.28 0.019 1368.297 10609.572 
06214 0.126 0.233 -619.55 0.042 -619.527 9990.045 
06215 0.079 0.312 1083.24 0.056 1083.254 11073.299 
06216 0.121 0.433 -3400.42 0.078 -3400.398 7672.901 
GPS9A 0.293 0.726 2092.73 0.130 2092.782 9765.683 
Sum 0.726  -0.13  0.000  
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in the vicinity of the surface of the bedrock. When the 0.04 km long interval was 
levelled at the same dates, the corresponding phenomenon was not found. Of course, the 
temperature of bedrock in September can vary from year to year, but the variation is 
much smaller than 15 °C.  

Explanation of the columns of Table 10: 

1. Bench mark 
2. Distance of interval (km) 
3. Sum of distances (km) 
4. Elevation difference in 2009 (mm) 
5. Elevation difference compared to 03211 in 2009 (mm) 
6. Elevation difference  in 2008 (mm) 
7. Elevation difference compared to 03211 in 2008 (mm) 
8. Elevation difference in 2007 (mm) 
9. Elevation difference compared to 03211 in 2007 (mm) 
10. Elevation difference at the end of March 2004 (mm) 
11. Elevation difference compared to 03211 in 2003 (mm) 

Table 4-10. Results of the line Olkiluoto strait in 2003-2009. 

1 2 3 4 5 6 7 8 9 10 11
03211 0.00 0.00 0.00
04005 0.04 0.04 908.10 908.10 908.05 908.05 908.06 907.99
08204 0.21 0.25 -273.99 634.11 -273.88 634.17
08203 0.42 0.67 3909.65 4543.76 3909.97 4544.14
03208 0.13 0.80 3628.01 8171.77 3628.02 8172.16 8172.59 8170.68
04004 0.05 0.85 279.08 8450.85 279.16 8451.32 279.04 279.88

Sum 0.85

Figure 4-8. Change of elevation of interval 03211-03208. 



81 

 

4.5.4  GPS antenna platform loops 

Because the loops at the GPS pillars are very short, 25 m - 52 m, their closing errors 
0.04 mm, 0.03 mm, 0.01 mm,0.04 mm, 0.05 mm, 0.00 mm, 0.05 mm and 0.02 mm 
(Appendices III:1 – III:8) were not used for computing the accuracy of the levelling 
campaign. Also, the measurements were not expected to be as accurate as the ordinary 
precise levelling because of an extendable tripod, which is not very steady especially in 
a windy weather. That is why the N60 elevations of the reserve marks given by the 
adjustment of the loops OLKI A and OLKI B were kept fixed and the closing error of 
each GPS antenna platform loop (reserve mark A – GPS antenna platform – reserve 
mark B – reserve mark A) was adjusted as the function of the levelled distance. 
 
Because the rod on the antenna platform was always the one metre long rod number 
11640 and the rod on each reserve mark was the three metre rod number 14092, their 
datum level difference (the difference of the zero point of the scale from the bottom 
plate) was measured (0.045 mm) and reduced from the levelling results (Table 11, 
column 8). 
 
The levelling was focused on a bolt on the antenna platform (Lehmuskoski 2006, 
Figures 5-6). Two slightly different bolts were used randomly. To obtain the N60 
elevation of the antenna platform, the height of the bolt, 19.912 mm or 19.754 mm, was 
reduced from the levelling results (Table 11, column 9).  
 
Because the rod readings were not on an average the same for both rods, as is the case 
when performing ordinary precise levelling, but 251 cm for the three metres long rod 
and 25 cm for the one metre long rod, the rod correction used in this case was not the 
mean of their individual corrections, but their weighted mean according to the average 
reading. 

Explanation of the columns of Table 11: 
 
1. Reserve mark or antenna platform 
2. Distance of the interval (m) 
3. Sum of the distances (m) 
4. Elevation difference, when rod, refraction and tidal corrections have been made (mm) 
5. Elevation difference compared to initial bench mark of the loop (mm) 
6. N60 elevation measured in 2005 (Lehmuskoski 2006, Tables 4-7) 
7. Adjustment correction (mm) 
8. Datum level difference correction (mm) 
9. Reduction to the antenna platform (mm) 
10. N60 elevation of the antenna platform in 2009 (mm) 
11. Change of N60 elevation 2009-2005 (mm) 
12. Change of N60 elevation 2007-2005 (mm), (Lehmuskoski 2008, Table 11) 
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Table 4-11. Results of the levelling of GPS antenna platforms. 
 

1 2 3 4 5 6 7 8 9 10 11 12 
GPS2A 0 0 0 0 11153.115 11153.115      
GPS2 14 14 2412.98 2412.98  11153.100 -0.045 -19.754 13546.281 0.072 0.044 
GPS2A 14 28 -2419.95 0.03 11153.115 11153.085      
GPS3A 0 0 0 0 5829.554 5829.554      
GPS3 9 9 2550.38 2550.38  5829.542 -0.045 -19.754 8360.123 0.084 0.067 
GPS3B 13 22 -2475.65 74.73 5904.294 5829.524      
GPS4B 0 0 0 0 7296.216 7296.216      
GPS4 36 36 2520.70 2520.70  7296.216 -0.045 -19.754 9797.117 0.078 0.097 
GPS4B 36 72 -2520.71 -0.01 7296.216 7296.217      
GPS6A 0 0 0 0 3435.200 3435.200      
GPS6 12 12 2304.50 2304.50  3435.171 -0.045 -19.912 5719.714 0.135 0.018 
GPS6B 13 25 -2503.02 -198.52 3236.620 3435.140      
GPS7A 0 0 0 0 10733.438 10733.438      
GPS7 12 12 2349.73 2349.73  10733.480 -0.045 -19.754 13063.411 -0.001 -0.001 
GPS7B 14 26 -2272.01 77.72 10811.038 10733.528      
GPS8A 0 0 0 0 4017.240 4017.240      
GPS8 10 10 2468.75 2468.75  4017.269 -0.045 -19.754 6466.220 0.006 0.043 
GPS8B 7 17 -2045.57 423.18 4440.390 4017.290      
GPS9A 0 0 0 0 9766.664 9766.664      
GPS9 10 10 2588.96 2588.96  9766.664 -0.045 -19.754 12335.825 0.034 0.067 
GPS9B 28 38 -3113.42 -524.46 9242.205 9766.665      
GPS13A 0 0 0 0 9250.704 9250.704      
GPS13 9 9 1290.21 1290.21  9250.672 -0.045 -19.754 10521.084 -0.196 -0.047 
GPS13B 19 28 -1613.94 -323.73 8926.876 9250.606      

 
The reserve mark GPS4A had been damaged during 2005-2007, and GPS2B between 
2007-2009 so they were not used in computations. We see that the pillar of GPS13 has a 
subsidence of 0.2 mm compared to its reserve markers from 2005 to 2009 but the other 
pillars have been rather stable. 
 

4.6  Accuracy 

The accuracies of the levelling in 2008 and 2009 were estimated by the formula 6.1 
(Kääriäinen 1966, page 52) 
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2 ,   (6.1) 

 
where n = number of the loops, φi = closing error of the loop, Fi = circumference of the 
loop, φe = closing error of the circumference of the network and Fe = length of the 
circumference of the network. 
 
The lengths and the closing errors of the levelled loops are listed in Table 12. Formula 
6.1 gives now for τ = ± 0.14 mm/√km in 2009 and τ = ± 0.12 mm/√km in 2008. 
Accuracy estimates for all levelling campaigns are given in Table 13. 
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Table4- 12. Lengths and closures of the loops. 
 

Loop Length L (km) Closure φ (mm) 
2009   
OLKI A 13.31 -0.06 
OLKI B 1.87 0.30 
ONKALO 2.85 0.05 
VLJ 0.76 0.17 
Circumference 18.79 0.46 
2008   
ONKALO 2.64 -0.10 
VLJ 0.73 -0.13 
Circumference 3.37 -0.23 

 
 
Table 4-13. Accuracy estimates for levelling campaigns (mm/√km). 
 

2003 2005 2006 2007 2008 2009 
±0.10 ±0.14 ±0.17 ±0.23 ±0.12 ±0.14 

 
When we compare the results of two campaigns, the standard deviation for their 
difference is estimated by the formula 6.2  
 
 τΔ

2 = τ1
2 + τ2

2 ,    (6.2) 
 
where τ1 and τ2 are the accuracies of the comparable campaigns. So we get the standard 
deviation for the comparisons: 
 
2005-2003 ± 0.17 mm/√km 
2007-2003 ± 0.25 mm/√km 
2008-2003 ± 0.16 mm/√km 
2009-2003 ± 0.17 mm/√km 
2007-2005 ± 0.27 mm/√km 
2007-2006 ± 0.29 mm/√km 
2007-2009 ± 0.27 mm/√km 
2008-2006 ± 0.21 mm/√km 
2009-2006 ± 0.22 mm/√km 
2008-2007 ± 0.26 mm/√km 
2009-2007 ± 0.27 mm/√km 
2009-2008 ± 0.18 mm/√km. 

The critical value, when the change of the elevation can be considered significant, is the 
threefold of the standard deviation of the discrepancy. For instance, if the elevation 
difference of one kilometre long interval has changed from 2003 to 2005 more than 
0.51 mm, the change can be considered significant. 
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4.7  Significance of discrepancies 

When we computed the results for the loops on the Olkiluoto Island or the line 
Olkiluoto strait where the theoretical changes of land uplift are very small, land uplift 
corrections were not used. The N60 elevation derived for 03216 from the campaign in 
2003 was fixed for the later campaigns. Then the closing errors of the loops were 
adjusted and the N60 elevations and the elevation differences for the different 
campaigns were computed. When the N60 elevations of GPS points were compared, we 
used the mean of their reserve mark pair with the exceptions of GPS2 and GPS4, whose 
other pair had been damaged. 
 

4.7.1  Loops OLKI A and OLKI B 

Table 4-14. Significance of elevation difference changes of bench mark intervals. 
 

Interval Distance 
(km) 

Change of N60 elevation 
(mm) 

Significance of standard deviation 

  2007→2009 2003→2009 2007→2009 2003→2009 
03216→05217 0.76 0.37  1.6  
05217→GPS6 1.26 0.32  1.1  
03216→GPS6 2.02  1.67  6.9 
GPS6→GPS7 0.87 -0.07 -0.98 0.3 6.2 
GPS7→GPS13 1.46 -1.20  3.7  
GPS13→GPS9 1.06 0.57  2.1  
GPS7→GPS9 1.93  0.09  0.4 
GPS9→GPS8 1.55 -0.33 -0.41 1.0 1.9 
GPS8→03217 0.82 -0.06 0.16 0.2 1.0 
03217→GPS4B 1.41 0.42 0.37 1.3 1.8 
GPS4B→GPS1 0.99 -0.23 -0.46 0.9 2.7 
GPS1→03218 0.82 0.18 -0.15 0.7 1.0 
03218→GPS3 0.94 0.12 0.45 0.5 2.7 
03218→GPS2A 1.51 0.15 -0.21 0.5 1.0 
GPS2A→03216 0.80 -0.08 -0.09 0.3 0.6 
 
We see that the N60 elevation of GPS6 in 2003-2009 as well as that of GPS13 in 2007-
2009 has changed significantly. The changes can be due to large construction works 
near these stations, parking area around GPS6 and nuclear power station of Olkiluoto 3 
near GPS13. The apparent significance of GPS7 is due to the movement of GPS6. 
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4.7.2  Loop ONKALO 

Table 4-15. Significance of N60 elevation changes of intervals. 

 
We see that the rise of the bench mark 06220 compared to its neighbouring bench marks 
06219, 06221 and 03216 has been significant from the first comparison in 2007 and it is 
furthermore increasing. The time series of the bench marks 08201 and 08202 is only 
one year but it looks as 08201 could belong to the same rising area. 
 

4.7.3  Loop VLJ 

Table 4-16. Significance of N60 elevation changes of intervals. 

 
We see that there are some movements which exceed the significance limit but the 
movements are not systematic and can be related to the temperature differences of the 
bedrock during different years. However, in the future it is worth to draw attention to 
the intervals 06213→06214 and 06215→06216 where the elevation difference increases 
systematically but does not yet exceed the significance limit. 
 
 
 

Interval Distance 
(km) 

Change of N60 elevation 
(mm) 

Significance of standard 
deviation 

  2006→
2007 

2006→
2008 

2006→
2009 

2008→
2009 

2006→
2007 

2006→
2008 

2006→
2009 

2008→
2009 

03216→05217 0.76 -0.29 -0.43 -0.18  1.2 2.3 0.9  
05217→06217 0.17 0.06 0.08 -0.16  0.5 0.9 1.8  
06217→06218 0.33 0.35 0.29 0.30  2.1 2.4 2.4  
06218→06219 0.48 -0.01 0.32 0.17  0.0 2.2 1.1  
06219→06221 0.32 0.10 0.16 0.08  0.6 1.3 0.6  
06219→08202 0.08    0.04    0.8 
06219→06220 0.13 0.58 0.69 0.89  5.5 9.1 11.2  
08202→06220 0.06    0.17    3.9 
06221→06220 0.12 0.48 0.53 0.81  4.8 7.3 10.6  
06221→08201 0.04    0.11    3.1 
08201→06220 0.05    0.17    4.2 
06220→03216 0.60 -0.69 -0.93 -1.02  3.1 5.7 6.0  

Interval Distance (km) Change of N60 
elevation (mm) 

Significance of 
standard deviation 

  2006→
2007 

2006→
2008 

2006→
2009 

2006→
2007 

2006→
2008 

2006→
2009 

GPS9A→GPS9B 0.02 -0.11 0.03 -0.07 2.6 1.4 3.2 
GPS9B→06213 0.09 0.36 0.28 0.03 4.0 4.4 0.5 
06213→06214 0.13 0.15 0.16 0.23 1.4 2.1 2.9 
06214→06215 0.08 -0.11 -0.19 -0.04 1.3 3.2 0.6 
06215→06216 0.13 0.16 0.19 0.23 1.6 2.5 2.9 
06216→GPS9A 0.32 -0.45 -0.46 -0.37 2.9 3.9 3.0 
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4.7.4  Olkiluoto strait 

Table 4-17. Significance of elevation difference changes of intervals. 

 
We see that the elevation difference 03211→03208 has changed significantly 2003-
2007. Later the change is returning but it is still significant. The new bench marks 
08203 and 08204 indicate that the returning happens between them or in the Olkiluoto 
strait and it is almost significant 2008-2009. 
 

Interval Distance 
(km) 

Change of elevation difference 
(mm) 

Significance of standard 
deviation 

  2003→
2007 

2003→
2008 

2003→
2009 

2008→
2009 

2003→
2007 

2003→
2008 

2003→
2009 

2008→
2009 

03211→04005 0.04    0.05    1.4 
04005→08204 0.21    -0.11    1.3 
08204→08203 0.42    -0.32    2.7 
00203→03208 0.13    -0.01    0.2 
03208→04004 0.05    -0.08    2.0 
03211→03208 0.80 1.91 1.48 1.09 -0.39 8.5 10.3  7.2 2.4 
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5  CONVERGENCE MEASUREMENTS 

Shaft convergences have been measured in six locations on levels -180 and -290 
between years 2007-2009 (Figure 5-1). The convergence measurements were primarily 
designed to measure immediate shaft excavation (raise boring) responses and 
secondarily to be used for monitoring purposes. 
 
In convergence measurement 24 pins, short bolts, were installed around designed shaft 
perimeter so that horizontal distance from pin to shaft perimeter is 25 centimeters 
(Figure 5-2). The anchoring length of the pins is approximately 15-20 centimeters. In 
the actual measurements, the distance between convergence bolts were read manually 
by Distometer (Solexperts AG) (Figure 5-3). Around each shaft totally 24 diametric and 
48 secant lines were measured (Figure 5-2). Each measurement was redone at least 
twice, in order to achieve better repeatability than 0.3 mm. The measurement was done 
three times, once before raise boring and twice after raise boring.  
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R19

BFZ100
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Figure 5-1. Locations of shaft convergence measurements, numbered in order of 
execution, and the ONKALO area major brittle deformation zones. 
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Figure 5-2. Layout of shaft convergence measurement pins and one example of 
measurement triangles. 
 
 

 
Figure 5-3. Convergence measurement device Distometer (Solexperts AG). 
 
During the measurements it was found that the measuring device Distometer is not 
suitable for a tunnel conditions with unclean dripping water. Normally the device 
worked well in dry conditions before shaft raise boring but it got stuck or giving 
unreliable values after shaft raise boring when dripping water exist. In the majority of 
the measurement it was impossible to achieved preset measurement repeatability of 
0.3 mm (Table 5-1). In latest measurement it has been found that the device can produce 
unexplained variance of almost one millimeter. As the expected immediate raise boring 
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induced convergences are less than 2 mm and the expected longer term monitoring 
values are practically zero, it is clear that this type of convergence measurements are no 
longer suitable for monitoring purposes. 
 
Table 5-1. Summary of ONKALO shaft convergence measurements between years 2007-
2009. 
 

 ONK-KU1 ONK-KU2 ONK-KU3 ONK-KU1 ONK-KU2 ONK-KU3 
-180 -180 -180 -290 -290 -290 

Before raise boring 
 - diametric 
measurements 
(measured/designed) 24 / 24 5 / 12 24 / 24 16 / 24 24 / 24 22 / 24 
 - secant 
measurements 
(measured/designed) 34 / 48 9 / 24 48 / 48 35 / 48 48 / 48 35 / 48 
 - repeatability better 
than 0.3 mm of all 
measurement 29 / 36 2 / 18 36 / 36 17 / 36 36 / 36 36 / 36 

            
After raise boring             
 - diametric 
measurements 
(measured/designed) 9 / 24 5 / 12 24 / 24 16 / 24 24 / 24 22 / 24 
 - secant 
measurements 
(measured/designed) 18 / 48 7 / 24 48 / 48 24 / 48 24 / 48 48 / 48 
 - repeatability better 
than 0.3 mm of all 
measurement 3 / 36 2 / 18 36 / 36 8 / 36 0 / 36 35 / 36 
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6  SUMMARY 

Microseismics. In February 2002, Posiva Oy established a local seismic network of six 
stations on the island of Olkiluoto. 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. In that context two new seismic stations were 
installed. After that the number of seismic stations has increased gradually. At the end 
of 2009 Posiva’s seismic network consists of 14 seismic stations and 19 triaxial sensors. 

The investigation area includes two different target areas. The larger target area, called 
the seismic semi-regional area, is monitored mainly by five 1 Hz geophones. The 
purpose is to monitor explosions and tectonic earthquakes in regional scale inside the 
area that covers the Olkiluoto Island and its surroundings. The other target area is called 
the seismic ONKALO block, which is a 2 km *2 km *2 km cube surrounding the 
ONKALO. It is assumed that all the excepted excavation induced events occur within 
this volume. At the moment the seismic ONKALO block includes ten seismic stations. 

During 2009, the configuration of the seismic network has remained the same as in 
2008. In November 2008 the first sensor (ONK-OS1) inside the ONKALO and two new 
data acquisition equipments (GS) were installed. The GS units are the next generation 
of data acquisition units following the SAQS units that are the basic nodes of the current 
Posiva’s network. The first GS unit was installed inside the ONKALO and the other GS 
replaced the old SAQS in OL-OS8.  The final technical tuning and testing related to the 
integration of the new data acquisition units were done in the beginning of 2009. 

The upgrades in 2009 are limited to the processing, interpretation and reporting 
practices. A web based visualization program called Ticker 2D was upgraded in March 
2009. The program allows users to look event locations and magnitudes soon after the 
events are recorded. Access to the web pages where the Ticker 2D displays are shown is 
now limited to specific IP's of Posiva, ÅF-Consult Oy and ISS International.  

The new design model of the ONKALO was integrated in the seismic visualization 
packages Jdi and Ticker 2D in the beginning of July 2009. The replaced layout model 
was dated on 28 October 2008.  

In September 2009 the testing of the new version of the software package for data 
processing and analysis (Jmts version2009.8) started. Currently, the old version (jmts 
10.3.4) and Jmts (2009.8) are in parallel use. New version of visualization software 
package Jdi was installed on 25 October 2009 (version 4.7). The new features of the 
upgrade are mainly related to methods of importing events from the event database.  

The observations of the seismic network and the results of the analysis are reported in 
the monthly reports. Since August 2009 the reports are published and archived in the 
Posiva’s electronic document management system (Kronodoc). 
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The network has operated continuously in 2009. Temporal failure of one station has 
only a minor influence on the reliability of the operation or on the location accuracy.  
Nine of the total 14 stations have operated continuously during the period under review. 
One of the stations (OL-OS9) that monitor mainly the semi-regional area had a few 
days long operation breaks in 2009. Four of the stations monitoring mainly the 
ONKALO block have suffered few short failures, continuing from few hours to few 
days. Majority of failures related to the most recent seismic station (ONK-OS1), mainly 
because it is in the active surrounding inside the ONKALO. Some of the disturbances of 
operation are not directly related to the network itself but of external origin, like thunder 
or raise boring. The quality of the monitoring has been good during the whole year 
2009. 

Altogether 1256 events have been located in 2009. The majority of those (1135 events) 
occurred inside the seismic ONKALO block (90 %). Altogether 121 of the accepted 
events have been located outside the seismic ONKALO block. Only 26 of them are 
located inside the seismic semi-regional area. The other accepted events (85) are located 
mainly close to the semi-regional area. The magnitudes of the observed explosions 
inside the semi-regional area range from ML = -1.5 to ML = 1.6 (ML = magnitude in 
local Richter's scale). 

There are no observations of semi-regional tectonic seismicity, but one of the recorded 
events was an earthquake (ML = 3.4) that occurred on 5 May 2009 in Bothnian Bay 
region about 275 km north from Olkiluoto. Posiva’s earthquake detection was 
confirmed by the Institute of Seismology, University of Helsinki.   

Two of the events are classified as microearthquakes. The observed excavation induced 
microearthquakes that occurred inside the ONKALO block on 14 October 2009 were 
small, ML = -0.2 and ML = -0.4. The earthquakes occurred about a half second after the 
last explosion of the round blasted in the ONKALO. Estimated peak slip values of the 
earthquakes are 37 μm and 19 μm and the source radiuses 12 and 13 meters. 

It seems that the main earthquake occurred at the lower contact of the pegmatitic granite 
unit PGR5 and veined gneiss. The event can also be connected to an extension of a 
recently modelled brittle fracture zone OL-BFZ176. The zone is preliminary modelled 
for the next version of the geological model of the Olkiluoto site. The event is slightly 
in offset from the modelled zone and because of the distance the connection is 
ambivalent.  

The earthquakes are located about 240 m away from the round and 100-150 m away 
from the closest excavated part of the ONKALO. Usually, in Olkiluoto and elsewhere, 
excavation induced seismicity occurs temporally and spatially very close to preceding 
excavation. If the excavation induces an earthquake further away from the excavated 
area there is often a clear connection between the earthquake and the excavation. For 
example, on 14 September 2006 in Olkiluoto, when an earthquake occurred four 
seconds after the round but 70 m away from it, there was a fracture zone that connected 
the earthquake to the round. Before October 2009 earthquakes, that was the furthermost 
point from the ONKALO where the excavation has induced an earthquake. This time 
the connection seems to be mainly temporal. It looks like the tremor of the round has 
triggered the earthquakes.  
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The recordings of the aftershock are disturbed by the vibrations of the main shock that 
occurred 30 ms before it. Therefore it was possible to calculate the fault plane solution 
only for the main shock. However, because those two events occurred so close in time 
and space it is rather likely that they have also same kind of mechanisms. 

The fault type is normal left-lateral oblique i.e. normal fault with a component of left-
lateral strike. The fault plane solution fits more nicely the contact of granite and gneiss, 
but the contacts of those units are usually rather intact. As a fault zone OL-BFZ176 is 
more prone to seismic movements than the contact of the two lithological units. 
However, in this case the fault plane solution of the earthquake supports more the 
interpretation related to the contact of PGR5 and veined gneiss.  

In the main shock of 14 October 2009, the hanging wall has moved to south, towards 
the ONKALO. The direction of the slip vector correlates rather nicely with the location 
of the aftershock. The slip of the main shock occurs nearly towards the hypocenter of 
the aftershock and seems to have triggered the following earthquake. The main event 
represented mainly a pure slip along a fault plane, but it seems that a small implosion 
was also involved in it. 

All in all, it can be concluded that according to seismic monitoring the rock mechanical 
conditions in the rockmass surrounding the ONKALO have been stable in 2009. As 
regards to safeguards, the conclusions 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, have 
not been found. 

GPS measurements. 28 GPS observation campaigns have been carried out at Olkiluoto 
since 1995 and 17 campaigns at Kivetty and Romuvaara since 1996. Two measurements 
were performed at Olkiluoto in 2009. The networks of Kivetty and Romuvaara were not 
observed during 2009. 

Finnish Geodetic Institute has automated the processing of the campaign data by using 
the Bernese processing engine (BPE) together with our own Perl scripts. The 
automation should also work with minor modifications for the upcoming processing of 
the permanent station data. 

All campaigns were reprocessed with new calculation strategy. In the new calculation 
the lengths of the baselines are changed due to the individual absolute GPS antenna 
calibration corrections and better outlier detection strategy. Because the same antenna at 
the same point have been used in all campaigns the trends of the time series did not 
change remarkable but the time series variation was smaller than in earlier computation. 

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  0.20 mm/a. The rates have diminished year after 
year when the time series has grown longer and the determination of the change rates 
has become more reliable.  
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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.  

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. The 
difference GPS and EDM results were larger than earlier due to the antenna calibration 
values used in the new calculation.  We are questioning the calibration values of one of 
the antennas. Geo++ have been informed about the disagreements between our test 
measurements and the calibration values. According to seven years period GPS gives us 
on an average 2.27 mm longer distances between pillars GPS7 and GPS8 than EDM 
with now available antenna corrections. The trends from EDM and GPS distances are 
similar.  

Precise levelling. The precise levelling of the GPS network of Olkiluoto was 
established on the Olkiluoto Island in autumn 2003 to monitor the vertical crustal 
deformations. At the same time the island was connected to the precise levelling 
network of Finland at Lapijoki. 

In autumn 2005 the GPS network was relevelled and GPS13 was levelled for the first 
time. GPS 6 and GPS9 were found to rise unexpectedly. 

In autumn 2006 the micro networks upon ONKALO and VLJ Repository were 
established and levelled.  

In autumn 2007 the line Lapijoki-Olkiluoto, the GPS network and the micro networks 
of ONKALO and VLJ Repository were relevelled. The northern part of Olkiluoto Island 
was found to rise compared to its middle and southern part. The movements of GPS6 
and GPS9 seemed to stop. When crossing the Olkiluoto strait on the line Lapijoki-
Olkiluoto a movement was found. The bench mark 06220 over ONKALO was 
discovered to rise unexpectedly. 

In autumn 2008 two new bench marks were established onto ONKALO and both sides 
of the Olkiluoto strait to find more accurately the place and size of the movements. 
ONKALO, VLJ Repository and Olkiluoto strait was relevelled. The movement of the 
Olkiluoto strait was found to be a little smaller. 

In autumn 2009 the GPS network, ONKALO, VLJ Repository and the Olkiluoto strait 
were levelled again. GPS6 had uplifted again and GPS13 was found to sink, the 06220 
on ONKALO continued rising a bit and the height difference of the Olkiluoto strait 
continued to return back to the original value. 

All the bench marks established have been fastened in bedrock. The levelling and the 
computations have been carried out in the same way as in the Third Levelling of 
Finland. 

Convergence measurements. Shaft convergences have been measured in six locations 
on levels -180 and -290 between 2007 and 2009. Convergence measurements were 
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primarily designed to measure immediate shaft excavation (raise boring) responses and 
secondarily to be used for monitoring purposes. In the majority of the measurement 
campaigns it was impossible to achieve the preset measurement repeatability of 0.3 mm. 
During the latest measurement campaign it was discovered that the measurement device 
can produce unexplained variance of almost one millimeter. As the expected immediate 
raise boring induced convergences are less than 2 mm and the expected longer term 
monitoring values are practically zero, it is clear that this type of convergence 
measurements are no longer suitable for monitoring purposes. 
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