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GPS Deformation Measurements at Olkiluoto in 2013 

ABSTRACT 

The Finnish Geodetic Institute has monitored crustal deformations since mid-1990s at 
Olkiluoto, Kivetty and Romuvaara. The research was focused on the Olkiluoto area in 
2001, when Olkiluoto was chosen to the site for the final disposal facility of the spent 
nuclear fuel. The work and the results of the GPS deformation monitoring at Olkiluoto 
in 2013 are presented. The measurement consisted of two GPS measurement 
campaigns, observations at local permanent stations and control markers measurements 
at four stations. 

In spring six new stations were set up for permanent tracking. In total 12 permanent 
stations were operating continuously from April to the end of the year. The residual 
time series of the stations showed periodic trends up to 3 mm in height and 1 mm in 
horizontal component relative to the GPS1 station. 

A few stations were still measured as campaign-based and analysed baseline by 
baseline. The data from permanent stations (GPS1-GPS9, and GPS13) were included. 
The analysis of the inner network based on campaign sessions showed very small 
motions as in previous years: 75 % of change rates are smaller than 0.10 mm/y. 
Roughly one third of the change rates could be considered statistically significant at 1 % 
significance level. Statistically significant change rates were estimated for baselines 
from GPS1 and GPS5. The trends and strains differed at some baselines clearly from the 
earlier analysis because of different troposphere modelling. 

The results of the outer network showed the largest difference on the baseline GPS1–
GPS11 where the trend decreased from −0.42 mm/y to −0.28 mm/y. The strain pattern 
of the outer network shows an eastwards motion of GPS1. The estimated strains for the 
baselines east of GPS1 were −0.03/−0.04 ppm/y. 

The control marker measurements were carried at the stations GPS1, GPS2, GPS4 and 
GPS6. A comparison of the results with the previous measurements showed that the 
distance between control markers at GPS6 continues to increase. Also one control 
marker, A at GPS2, seems to continue moving. 

Keywords: Deformation studies, GPS measurements, crustal movements, Olkiluoto, 
monitoring, nuclear waste disposal.  



 

 

GPS-deformaatiomittaukset Olkiluodossa 2013 

TIIVISTELMÄ 

Geodeettinen laitos on tutkinut maankuoren liikkeitä Olkiluodossa, Kivetyssä ja 
Romuvaarassa 1990-luvun puolivälistä alkaen. Tutkimus keskittyi Olkiluodon alueelle 
vuonna 2001, kun Olkiluoto valittiin käytetyn ydinjätteen loppusijoituspaikaksi. Tässä 
työraportissa esitetään vuoden 2013 GPS-deformaatiotutkimukseen liittyvät mittaukset 
ja tulokset. Vuoden aikana suoritettiin kaksi GPS-mittauskampanjaa, käynnistettin 
havainnot uusilla paikallisilla pysyvillä GPS-asemilla ja tehtiin varamerkkimittaukset 
neljällä asemalla. 

Keväällä kuudelle asemalle asennettiin mittauslaitteet jatkuvaa havainnointia varten. 
Yhteensä 12 pysyvää asemaa oli toiminnassa huhti-toukokuusta vuoden loppuun. 
Asemien aikasarjoista oli havaittavissa vuotuinen jakso suhteessa GPS1-asemaan, joka 
oli enimmillään kolme millimetriä korkeudessa ja yhden millimetrin vaakatasossa. 

Osa asemista havaittiin vielä kampanjamittauksilla ja analysoitiin vektoreittain aiempien 
raporttien tapaan. Analyysissa oli mukana myös pysyvien asemien (GPS1-GPS9, 
GPS13) data kampanjanmittausten ajalta. Sisäverkon analyysin tulokset osoittivat hyvin 
pieniä liikkeitä asemien väleillä. Noin 75 prosentilla vektoreista pisteiden välinen 
muutosnopeus oli alle 0.10 mm/v. Kolmasosa muutosnopeuksista oli tilastollisesti 
merkitseviä yhden prosentin merkitsevyystasolla. Näistä vektoreista suurin osa liittyi 
asemiin GPS1 ja GPS5. Muutamalla vektorilla muutosnopeus ja siihen liittyvä venymä 
erosivat selvästi aiemmasta analyysista. Tämä johtui eroista troposfäärin mallinnuk-
sessa. 

Ulkoverkossa suurin poikkeama aikaisempiin tuloksiin oli asemien GPS1 ja GPS11 
välillä, jossa muutosnopeus pieneni −0.14 mm/v ollen nyt −0.28 mm/v. Ulkoverkon 
venymätensorit viittaavat edelleen GPS1-aseman hitaaseen liikkeeseen itään päin. 
Estimoidut venymät näillä vektoreilla oli −0.03/−0.04 ppm/v. 

Varamerkkimittaukset tehtiin neljällä asemalla: GPS1, GPS2, GPS4 ja GPS6. Vertailu 
aikaisempiin mittauksiin osoitti, että GPS6-aseman kahden varamerkin välinen etäisyys 
jatkaa kasvamista. Lisäksi GPS2-aseman varamerkki A näyttää jatkavan hidasta liikettä. 

Avainsanat: Deformaatiotutkimus, GPS-mittaukset, maankuoren liikkeet, Olkiluoto, 
monitorointi, ydinjätteen loppusijoitus.
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1 INTRODUCTION 

The Finnish Geodetic Institute (FGI) has monitored crustal deformations since mid-
1990s at Olkiluoto, Kivetty and Romuvaara, which were candidate sites for final 
disposal of spent nuclear fuel. Local GPS networks were established including one 
permanent station at each site. Regular biannual GPS measurement campaigns were 
started at all sites in 1995–1996 (Chen and Kakkuri, 1995 and 1996). In May 2001 a 
decision-in-principle was ratified to choose Olkiluoto as the site for the final disposal 
site for spent nuclear fuel. Therefore, the research focused on the Olkiluoto area, and 
measurements at Kivetty and Romuvaara have been ceased gradually since then. 

The number of GPS monitoring sites has gradually increased at Olkiluoto. The original 
network consisted of 10 observation sites and is called inner network. Only a single 
pillar (GPS10) of the inner network has been destroyed up to now and it was replaced 
by a new one (GPS13) nearby the original pillar in 2003. The monitoring area was 
expanded in 2003–2005, when four new stations were built at 5–10 km distances from 
the Olkiluoto permanent station (outer network) (Ollikainen et al., 2004). The work was 
partly carried out in another GPS deformation research project, called Geo-Satakunta, 
where a GPS network was established in Satakunta region covering cities of Pori and 
Rauma and their neighbouring municipalities (Poutanen et al., 2010).  

The preliminary results of the first five years raised a question of potential scaling error 
of GPS observations caused by ionospheric refraction and its modelling (Ollikainen et 
al., 2004). In order to validate the GPS measured distances, a baseline for electronic 
distance measurement (EDM) was established between two pillar points GPS7 and 
GPS8 in 2002 (Ollikainen et al., 2004). The distance measurement became a part of the 
biannual GPS measurement campaign.  

The repeated GPS measurement campaigns have been now carried out at Olkiluoto over 
15 years (Nyberg et al., 2013b). At the moment Olkiluoto inner and outer networks are 
under modernisation changing from periodic to continuous observations. In addition, 
four new stations have been built in 2010 southeast to inner network to cover the whole 
Olkiluoto Island and to monitor motions of the island with respect to the mainland. The 
permanent GPS time series enable more efficient deformation analysis. The same 
accuracy can be achieved for the station velocities in about two year as we have 
achieved until now with 15 years of campaign measurements. A high consistency 
between GPS and EDM techniques were achieved (Nyberg et al., 2013b) and the EDM 
baseline measurement between GPS7 and GPS8 has been ceased after measurements in 
2012. 

In this work report, results of GPS measurements at Olkiluoto in 2013 are presented. 
The measurement consisted of setting up new permanent stations, observations at local 
permanent stations, biannual GPS measurement campaigns and control marker 
measurements at four stations. 
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2 GPS NETWORKS AND MEASUREMENT 

The Olkiluoto research area consists of 18 observation sites established in three phases. 
The original inner network was established in 1994, outer network in 2003–2005 and 
new permanent stations in 2011. Biannual GPS measurements have been carried out on 
inner and outer networks since 1996. Currently the observation strategy is under change 
from the multi-campaign approach to the permanent tracking. In total 12 sites had 
permanent tracking on and six were still observed with campaigns at the end of the year 
2013. The current status of the stations is shown in Figure 2-1. 

 

Figure 2-1. GPS monitoring sites at the Olkiluoto research area. 

The GPS pillars have been built of reinforced concrete on-site. The construction work 
and different pillar types (GPS1–GPS15) are described in Ollikainen et al. (2004). All 
the pillars are attached to the solid bedrock with iron bars. An antenna platform was 
installed on the top of the pillar at the same time the pillar was cast. The antenna is 
directly attached to the platform without any interface or forced centring device, so its 
height and position is preserved between campaigns. We expect that the pillars are 
stable and observed movements are due to deformation. We have also established two 
auxiliary markers at pillars in 2001 to control the stability of the pillars using repeated 
tachymeter observations. 
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2.1 Measurements at Olkiluoto 

The permanent stations GPS2 and GPS16–GPS19 continued tracking in 2013. In spring 
six new permanent stations were set up. GPS6, GPS9 and GPS13 started permanent 
tracking on April 9th and GPS3, GPS4 and GPS8 on May 6th. All the stations have Leica 
AR25 3D choke ring antennas with LEIT snow radomes (Table 2-1). The antennas have 
been individually calibrated by Geo++ in Germany.  

The measurement campaigns of the remaining stations (GPS5, GPS7, GPS11, GPS14 
and GPS15, Table 2-1) were carried in April and October. In spring, also pillars GPS3, 
GPS4 and GPS8 were measured during the campaign with batteries, because power 
supplies were not yet installed at the stations. In both campaigns the stations were 
equipped with a maximum number of batteries available to collect longer sessions than 
earlier. In spring, the receivers collected data from 8 to 12 days and in autumn from 13 
to 19 days. 

 

Table 2-1. The GPS equipment used at Olkiluoto in 2013. 

Obs type Receiver Antenna  

Station Camp Perm Type S/N Type Radome S/N Installed

GPS1 x ASHTECH Z-XII3 168 AOAD/M_T DUTD 321 10.9.1996

GPS2 x Leica GX1230 456238 LEIAR25.R4 LEIT 21003 10.4.2012

GPS3 x Leica GX1230 456207 LEIAR25.R4 LEIT 31040 *9.4.2013

GPS4 x Leica GX1230 456211 LEIAR25.R4 LEIT 21011 *9.4.2013

GPS5 x Leica GX1230 456230 ASH700936C_M none 11988  

GPS6 x Leica GX1230 456248 LEIAR25.R4 LEIT 25535 9.4.2013

GPS7 x Leica GX1230 456219 ASH700936C_M none 11959  

GPS8 x Leica GX1230 456257 LEIAR25.R4 LEIT 25533 *9.4.2013

GPS9 x Leica GX1230 456217 LEIAR25.R4 LEIT 25538 9.4.2013

GPS11 x Leica GX1230 456209 ASH700936C_M none 11754  

GPS12 x Leica GX1230 456249 ASH700936C_M none 11194  

GPS13 x Leica GX1230 456276 LEIAR25.R4 LEIT 21007 9.4.2013

GPS14 x Leica GX1230 456227 ASH700936C_M none 11772  

GPS15 x Leica GX1230 456228 ASH700936C_M none 11770  

GPS16 x Leica GX1230 457728 LEIAR25.R4 LEIT 21012 16.12.2011

GPS17 x Leica GX1230 456215 LEIAR25.R4 LEIT 21005 10.4.2012

GPS18 x Leica GX1230 456213 LEIAR25.R4 LEIT 31022 10.4.2012

GPS19 x Leica GX1230 456224 LEIAR25.R4 LEIT 21006 10.4.2012

* Antenna and receiver were installed, continuous tracking started on 6.5.2013 
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The stations GPS2 and GPS16–GPS19 were unable to track between December 9th 2012 
and April 10th 2013 because of receivers’ malfunction. They were unable to compute a 
correct GPS time because the firmware could not handle correctly the GPS week 
rollover from the GPS week 1717 to 1718. It was detected in March and the firmware of 
the measurement modules was updated.  

At the station GPS16 the memory card had been broken in summer. It was noticed in 
August and replaced on August 30th. The data could not be recovered. The breaks are 
summarised in Table 2-2. The data from memory cards were downloaded last time on 
November 7th. 

Table 2-2. Breaks longer than three days at local permanent stations. 

Station(s) Breaks Reason 

GPS2. GPS16-GPS19 9.12.2012 - 10.4.2013 Receiver malfunction 

GPS16 7.5.2013 - 30.8.2013 Broken memory card 

 

  



6 

 

3 GPS DATA ANALYSIS OF LOCAL NETWORKS 

3.1 GPS data processing 

The GPS data of the local networks were processed with the Bernese GNSS Software 5.2 
that is a new version of the software. The processing scheme was similar to the earlier 
reports (e.g. Nyberg et al., 2013a). The inner network including new stations GPS16–
GPS19 was processed using L1 frequency and local ionosphere models. The outer 
network with longer baselines was processed separately using L3 linear combination. 

The troposphere was modelled using the Global mapping function (Böhm et al., 2006) 
that is an improved empirical mapping function of the earlier used the Niell mapping 
function. The troposphere gradients which are used to represent azimuthal asymmetries 
of the troposphere were not estimated this time unlike in the reports (Nyberg et al., 
2013a and 2013b). A better fit to the absolute distances measured by EDM (Electronic 
Distance Meter) was obtained on the baseline GPS7–GPS8 when the gradients were 
estimated shown in Nyberg et al. 2013c. The systematic offset reduced from 1.4 mm to 
0.3 mm. However, it was also shown that the gradient estimation causes differences on 
the baseline trends in our network. The difference may be caused by the fact that lower 
elevation data (below 10º) would be needed for the estimation of reasonable gradient 
parameters. 

The main parameters and models used in GPS processing are summarised in Table 3-1. 
The general principles of the processing work flow and parameters are described in 
(Nyberg et al, 2013b). 

3.2 Results of the permanent stations 

All the data from the permanent stations since the beginning of the year 2012 were 
processed and daily solutions analysed. The linear trend due to the global reference 
frame was removed and the residuals in the local NEU (North, East, Up) system were 
analysed. The residual time series of the GPS2, GPS16 and GPS18 show potential 
discontinuities especially in the up component (Figure 3-1). This is most probably due 
to the change in the surroundings of the pillars, as the trees were cut not until summer 
2012 to improve the visibility to the sky. The stations GPS17 and GPS19 were already 
at the installation time more naturally open and therefore the effect is more negligible at 
these stations. The effect of the tree cut to the time series is however difficult to 
estimate because of the gaps in the time series during 2012. The further analysis is 
carried out for the data after the tree cut i.e. August 2012.  

From all new permanent stations we have continuous data roughly a half year. The 
residual time series of the stations show periodic trends as numerous studies from last 
decade suggest. The periodic motions represent relative motion with respect to the 
station GPS1 that has been kept fixed in the network adjustment. Annual periods were 
fitted to the residuals to approximate the amplitudes of the periodic motions. Vertically 
the maximum amplitude was 3.5 ± 0.21 mm for the station GPS6 and horizontally 0.65 
± 0.07 mm and 1.03 ± 0.07 mm (north and east) for the stations GPS9 (Table 3-2). The 
residuals and fitted periods are shown in Figures from 3-2 to 3-7 for all the permanent 
stations.  
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Table 3-1. The main parameters and models used in GPS processing. 

Software  
Name Bernese Software Version 5.2 

Adjustment method Least-Squares Estimation  (LSE) 

Input data  
GPS observations Campaign measurement / permanent station data in RINEX format 

Orbits IGS reprocessed products for 1996-2007 (IGS05) 

 IGS final products 2008-2010 (IGS05) 

 IGS final products 2011- (IGS08) 

Datum ITRF2008 coordinates and velocities 

Antenna calibration Absolute individual corrections 

Parameters and models  

Observables Carrier phase double differences 
Elevation cut off angle 10 degree 
Inner:  L1 frequency 
Outer: L3 linear combination 

Receiver clock biases Estimated using code observations of individual receivers,  
eliminated in double differences 

Satellite clock biases Eliminated in double differences 

Data rejection criteria Low RINEX data quality, e.g. too few observations 
 Double difference phase residual screening,  

threshold 4 mm  for a normalized zenith residual 
 Baseline data exceeding over-all sigma of 6 mm excluded as whole 

Ambiguities SIGMA algortihm 

Ionosphere Inner:  
 

Local ionosphere model created by IONEST tool in 
Bernese 

 Outer: L3 ionosphere-free linear combination 

Troposhpere Saastamoinen apriori model mapped with Global mapping function 

 Zenith path delay parameters estimated using Global mapping function 
at  
2-hour intervals for individual sites 

 No troposhere gradient parameters estimated 

Tidal displacement Solid Earth tides implemented in Bernese 5.2 according to IERS 
conventions 2010 

Ocean loading modelling Not modelled 

Atmospheric loading Not modelled 

Datum definition Network tightly (sigma 0.1 mm) constrained to observation epoch 
ITRF2008 of the reference site (GPS1). 
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Figure 3-1. NEU residuals (mm) of the daily solutions after linear fit. The data before 
red line was tracked in unfavourable conditions before the tree cut and omitted from the 
analysis. 
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Table 3-2. Amplitudes of fitted annual periods.  

Station N (mm) sigma N E (mm) sigma E U (mm) sigma U 

GPS2 0.29 0.04 0.50 0.05 1.61 0.28 

GPS3 0.42 0.07 0.96 0.04 0.30 0.27 

GPS4 0.52 0.06 0.38 0.04 3.26 0.24 

GPS6 0.33 0.05 0.76 0.05 3.50 0.21 

GPS8 0.24 0.08 0.80 0.05 2.22 0.26 

GPS9 0.65 0.07 1.03 0.07 2.58 0.28 

GPS13 0.22 0.06 0.58 0.07 2.97 0.28 

GPS16 0.14 0.13 0.34 0.10 0.30 0.44 

GPS17 0.32 0.11 0.23 0.05 1.19 0.38 

GPS18 0.07 0.03 0.12 0.04 1.24 0.23 

GPS19 0.38 0.07 0.27 0.05 1.40 0.32 

 

 

 

Figure 3-2. Deviation of coordinate time series and fitted annual period of the station 
GPS2 in NEU system (mm). 
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Figure 3-3. Deviation of coordinate time series and fitted annual period of the stations 
GPS16 and GPS17 in NEU system (mm). 
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Figure 3-4. Deviation of coordinate time series and fitted annual period of the stations 
GPS18 and GPS19 in NEU system (mm).  
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Figure 3-5. Deviation of coordinate time series and fitted annual period of the stations 
GPS3 and GPS4 in NEU system (mm).  
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Figure 3-6. Deviation of coordinate time series and fitted annual period of the stations 
GPS6 and GPS8 in NEU system (mm).  
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Figure 3-7. Deviation of coordinate time series and fitted annual period of the stations 
GPS9 and GPS13 in NEU system (mm). 
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The change rates of the baseline lengths cannot be estimated yet, because the length of 
the time series is shorter than the annual period. The clear horizontal period visible in 
the baseline length time series is illustrated in the Figure 3-8. 

 

Figure 3-8. Baseline length variation in mm. 

3.3 Results of the campaign measurement 

3.3.1 Inner network 

The campaign data from the stations GPS5 and GPS7 was analysed in the same way as 
in earlier reports (e.g. Nyberg et al., 2013a). The data from other inner network stations 
(GPS1–GPS9, GPS13) were included in the processing. All the daily solutions were 
stacked into one session solution for each campaign although longer sessions were 
observed than earlier. In addition, the old campaign data from 2002 was reprocessed 
due to the change of the software version and troposphere model. The first campaign 
measurements were excluded because of the problems in creating local ionosphere 
models from the data. 

The coordinate results were analysed baseline by baseline. The baseline lengths of all 
pillar pairs were computed, linear trends fitted and their statistical significance tested. In 
addition, one dimensional strain rates calculated by dividing the linear trend by the 
baseline length. The velocities and strain rates are shown in Table 3-3. The standard 



16 

 

deviations of the trends are slightly larger than in the earlier analysis, because fewer 
observations are included in the analysis. 

Examples of the baseline length time series are shown in Figure 3-9. Most of the 
baselines show very small motions as in previous years: 75 % of change rates are 
smaller than 0.10 mm/y. Roughly one third of the trends can be considered statistically 
significant at 1 % significance level (Table 3-3). Those change rates are mostly on 
baselines starting from the stations GPS1 and GPS5. We cannot detect any offset due to 
the antenna change at the stations, because the standard deviation of the time series 
varying between 0.25 and 0.84 mm is larger than the expected shift due to different 
antenna types (Kallio et al., 2012). 

The estimated strains along the baselines are illustrated in Figure 3-10. The results of 
the corresponding analysis from (Nyberg et al., 2013a) are shown in Figure 3-11 for a 
comparison. The main differences are on baseline GPS9–GPS13 and in the triangle of 
the stations GPS1, GPS3 and GPS4. The main reason for the differences is the different 
tropospheric modelling discussed in Par. 3.1. The absolute difference of the trend 
estimates is 0.21 mm/y for the baseline GPS9–GPS13. As the baseline length is 
amongst the shortest in the network the change of the strain is emphasised. Similar 
situation is on the very short baseline between GPS1 and GPS4. A further analysis 
would be reasonable to analyse effects of gradient estimation on the baselines with best 
visibility to the sky. The largest differences also seem to be related to the north-south 
directional baselines. The north component is typically weaker than the east component 
in the northern latitudes due to the geometry of the satellite constellation. 
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Table 3-3. Baseline change rates, T-test diagnostics and 1D-strains for the outer 
network.  

Baseline 
Velocity 
(mm/y) 

St.dev 
mm/y

T-value
No. of 

obs.
P-value 

(H0: b = 0) 
Strain 

(ppm/y) 

1 2 −0.05 0.03 1.51 24 0.1453 −0.04 
3 0.13 0.03 4.13 24 0.0004 0.13 

4 0.13 0.03 4.26 24 0.0003 0.20 

5 0.08 0.04 1.84 24 0.0789 0.07 

6 −0.05 0.02 3.17 24 0.0042 −0.04 

7 0.07 0.02 3.12 24 0.0046 0.05 

8 0.09 0.03 3.52 24 0.0018 0.06 

9 0.11 0.02 4.67 24 0.0001 0.05 

13 0.00 0.02 0.17 18 0.8667 0.00 

2 3 0.04 0.05 0.75 24 0.4596 0.02 

4 0.04 0.04 0.89 24 0.3802 0.02 

5 0.03 0.04 0.93 24 0.3598 0.02 

6 −0.01 0.03 0.21 24 0.8343 0.00 

7 0.05 0.04 1.46 24 0.1582 0.02 

8 0.04 0.04 0.96 24 0.3472 0.01 

9 0.09 0.04 2.50 24 0.0197 0.03 

13 0.06 0.06 0.97 18 0.3425 0.02 

3 4 0.05 0.03 1.53 24 0.1383 0.07 

5 0.21 0.05 4.35 24 0.0002 0.10 

6 0.00 0.03 0.13 24 0.8976 0.00 

7 0.05 0.03 1.77 24 0.0892 0.02 

8 0.06 0.02 2.98 24 0.0066 0.03 

9 0.11 0.03 3.72 24 0.0011 0.04 

13 0.08 0.05 1.68 18 0.1107 0.03 

4 5 0.21 0.04 5.14 24 0.0000 0.12 

6 −0.04 0.02 2.23 24 0.0353 −0.03 

7 0.00 0.02 0.13 24 0.8984 0.00 

8 0.01 0.02 0.55 24 0.5889 0.01 

9 0.06 0.02 2.97 24 0.0067 0.03 

13 0.02 0.02 0.66 18 0.5152 0.01 

5 6 0.15 0.02 7.23 24 0.0000 0.12 

7 0.22 0.03 7.29 24 0.0000 0.12 

8 0.19 0.04 5.20 24 0.0000 0.08 

9 0.22 0.03 6.68 24 0.0000 0.08 

13 0.12 0.04 3.23 18 0.0046 0.05 

6 7 0.02 0.03 0.78 24 0.4424 0.04 

8 −0.05 0.03 1.36 24 0.1876 −0.04 

9 0.07 0.03 2.26 24 0.0330 0.06 

13 −0.02 0.03 0.60 18 0.5528 −0.02 

7 8 −0.07 0.02 3.59 24 0.0015 −0.13 

9 0.05 0.02 2.79 24 0.0103 0.06 

13 0.02 0.03 0.72 18 0.4824 0.02 

8 9 0.02 0.02 1.31 24 0.2014 0.02 

13 0.00 0.05 0.10 18 0.9198 0.00 

9 13 0.05 0.03 1.57 18 0.1332 0.07 
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Figure 3-9. Deviations of the baseline lengths in mm. 
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Figure 3-10. 1D-strains for the inner network baselines (analysis 2013). 

 

Figure 3-11. 1D-strains for the inner network baselines (analysis 2012, Nyberg et al. 
2013a). 
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3.3.2 Outer network 

All outer network stations were observed as a campaign measurement and the data was 
analysed in the same way as in earlier reports (e.g., Nyberg et al., 2013a). All the daily 
solutions were stacked into one session solution for each campaign although longer 
sessions were observed than earlier.  

The coordinate results were analysed baseline by baseline. The baseline lengths of all 
pillar pairs were computed, linear trends fitted and their statistical significance tested. In 
addition, one dimensional strain rates calculated by dividing the change rate by the 
baseline length. The velocities and strain rates are shown in Table 3-4. 

Examples of the baseline length time series are shown in Figure 3-12. The largest 
difference in the trends compared to previous report (Nyberg et al., 2013a) is on the 
baseline GPS1–GPS11: 0.12 mm/y. The change in the troposphere gradient estimation 
has only a negligible effect on the outer network baselines.  

The strain pattern (Figure 3-13) of the outer network shows an eastwards motion of 
GPS1. The estimated strains for the baselines east of GPS were −0.03/−0.04 ppm/y. 

 

 

 

 



22 

 

 
  Figure 3-12. Deviations of the baseline lengths in mm. 
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Table 3-4. Baseline change rates, T-test diagnostics and 1D-strains for the outer 
network.  

Baseline Velocity (mm/y) St.dev mm/y T-value No. of obs.
P-value 

(H0: b = 0)
Strain (ppm/y) 

1 11 −0.28 0.05 5.90 21 0.0000 −0.03 

12 0.26 0.07 3.56 10 0.0052 0.05 

14 −0.32 0.08 4.25 16 0.0006 −0.04 

15 −0.26 0.05 4.65 16 0.0003 −0.04 

11 12 −0.20 0.06 3.11 10 0.0110 −0.02 

14 0.00 0.04 0.02 16 0.9814 0.00 

15 0.05 0.06 0.83 16 0.4211 0.01 

12 14 0.11 0.07 1.66 6 0.1486 0.01 

15 0.01 0.10 0.09 6 0.9275 0.00 

14 15 0.04 0.04 1.05 16 0.3073 0.01 

 

 

Figure 3-13. 1D-strains for the outer network baselines. 
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4 CONTROL MARKER MEASUREMENTS 

The purpose of control marker measurements  is to determine horizontal angles and 
distances between pillars and control points. Each pillar has two control points named 
A, B or C. Height differences between points are mainly controlled by levelling. The 
control measurements have been repeated thus far every third year. The repeated control 
measurements were analysed and reported in Nyberg et al. (2013b). Based on the 
analysis it was decided to perform measurements only if damage of a pillar is suspected.  

4.1 Measurements and instruments 

In 2013 control marker measurements were performed at the stations GPS1, GPS2, 
GPS4 and GPS6 on the 10th and 11th of June. The analysis of the repeated measurements 
indicated movement of the pillar point or control markers at stations GPS2 and GPS6. 
GPS4 was chosen, because a new control marker C has been established to replace the 
control marker A behind a fence. GPS1 was measured because it is a reference station in 
the GPS data analysis and part of the national reference network FinnRef. As all these 
stations were permanent stations, the GNSS antennas were not removed from the pillar 
points during control marker measurements. Therefore distances from the control 
markers to the pillar point were not measured directly and only the control marker 
points were used as observation points for a tachymeter. 

The measurement procedure consisted of setting up the instrument, centring the prisms 
at the points, measuring two sets of angles and distances to the prism points in two 
faces, observing temperatures, and measuring prism heights at the control points and at 
the pillar point with a roll-up tape measure. 

At the station GPS4 the control marker A was behind a fence and two temporary free 
station points were needed to tie it to the network (Figure 4-1). The new control marker 
C replaces the control marker A and there is no need to measure it anymore in the 
future. 
 
The following instruments were used in the control marker measurements in 2013: 

- Tachymeter TC2003 S/N 439351  
- Leica GPR1 prisms (x 3) in GPH1P prism holder 
- Leica GZR3 optical plummets used for levelling the prism  
- Leica tribraches under the tachymeter and prism holder under the prism 
- Wild NL (type 344299)  automatic nadir plummet S/N 95685 for precise centering 
- Thies Clima psychrometer (6544/01 and 6527/01) and  
- Thommen Hoehenmesser aneroid 164610. 
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Figure 4-1. Observation network at the station GPS4. Points 1000 and 1001 are 
temporary free station points. 

4.2 Calculation and results of the control marker measurement 

The coordinate differences are approximately oriented to the ITRF. Free network 
adjustments were performed at each network. The scale of the network was determined 
by the distance observations. The observations determined the shape and size of the 
network. 

The horizontal angles and distances with standard deviations were derived from the 
adjusted coordinates with the full covariance matrix. The calculated angles with the 
standard deviations are presented in Table 4-1. 

A comparison of the results with the previous measurements analysed in details  in 
Nyberg et al. (2013b)  show that the distance between control markers at GPS6 
continues to increase slightly (Fig. 4-2) . Also the control marker A at GPS2 seems to 
continue moving (Fig. 4-3). 
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Figure 4-2. Deviation of the mean distance between control markers A and B at GPS6. 
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Figure 4-3. Deviation of the mean distance from pillar point to control marker A (OA) 
and from control marker B to control marker A (BA) at GPS2.  

 

Table 4-1. Horizontal angles and distances in the control point networks. 

Vertex Left Right Angle St.dev Distance  St.dev Distance St.dev 

      [gon] [gon] Left [mm] [mm] Right [mm] [mm] 

GPS1 A B 100.84331 0.00209 10302.35 0.33 11668.70 0.33 

A B GPS1 53.48039 0.00153 15667.86 0.30 10302.35 0.33 

GPS2 A B 123. 08199 0.00264 9246.12 0.33 7339.20 0.32 

A B GPS2 33.41762 0.00171 13692.73 0.29 9246.12 0.33 

GPS4 B A 93.41311 0.00399 12450.93 0.35 11424.13 0.53 

B A GPS4 50.25880 0.00128 16004.82 0.77 12450.93 0.35 

GPS4 B C 65.37184 0.00182 12450.93 0.35 10463.87 0.31 

B C GPS4 57.59990 0.00116 11387.31 0.22 12450.93 0.35 

GPS6 B A 81.71544 0.00331 6553.12 0.37 7912.01 0.39 

B A GPS6 67.10302 0.00246 8727.43 0.30 6553.12 0.37 
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5 SUMMARY 

This is a work report of GPS measurements at Olkiluoto in 2013, which is a part of 
long-term monitoring of crustal deformations started in mid-1990s. The field work 
consisted of setting up new permanent stations, observations at local permanent stations, 
biannual GPS measurement campaigns and control marker measurements at four 
stations.  

The GPS campaign measurements were carried out in April and October. The new local 
permanent stations GPS3, GPS4, GPS6, GPS8, GPS9 and GPS13 were installed during 
the campaigns in April and May. The receivers at the earlier installed permanent sites 
were updated because of the tracking problem in the beginning of the year. 

All permanent stations had continuous data roughly a half year from April to October 
2013. The data was processed using Bernese GNSS software 5.2.  The processing 
scheme was mainly similar to the earlier reports with a few differences in troposphere 
modelling. The troposphere was modelled using global mapping function (GMF) 
without estimating tropospheric gradients. The residual time series of the stations 
showed periodic trends up to 3 mm in height and 1 mm in horizontal component. The 
estimated periods were relative motions respect to the GPS1 station that has been kept 
fixed in the network adjustment. 

Both the inner and outer networks had still a few stations measured as campaign-based. 
Therefore both networks were processed and analysed similarly to earlier reports. Most 
of the inner network baselines showed very small motions as in previous years: 75 % of 
change rates are smaller than 0.10 mm/y. Roughly one third of the change rates could be 
considered statistically significant at 1 % significance level. Statistically significant 
change rates were estimated for baselines from GPS1 and GPS5. The trends and strains 
differed at some baselines clearly from the earlier analysis because of different 
troposphere modelling.  

The results of the outer network were very close to the results of earlier reports. The 
largest difference was on the baseline GPS1–GPS11 where the trend decreased from 
−0.42 mm/y to −0.28 mm/y. The strain pattern of the outer network shows a eastwards 
motion of GPS1. The estimated strains for the baselines east of GPS were −0.03/−0.04 
ppm/y. 

The control marker measurements were carried at the stations GPS1, GPS2, GPS4 and 
GPS6. A comparison of the results with the previous measurements showed that the 
distance between control markers at GPS6 continues to increase. Also the control 
marker A at GPS2 seems to continue moving. 
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