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Seismic signal in Olkiluoto – Preliminary comparison of underground and 
surface recordings  

ABSTRACT 

Seismic hazard studies in Finland relate to nuclear power plant sites on the Earth’s 
surface. The impact of seismic waves is different on structures on the surface than 
underground. 

The purpose of this study is to approximate how ground motions recorded in the 
ONKALO compare with those on the surface above the ONKALO. Broadband 
seismometers were installed on the surface and at the depth of 400 m inside the 
ONKALO in November 2013. The operation time of the seismometers was about nine 
months. 

The analysed signals included background noise, teleseismic earthquakes, regional 
earthquake, local explosions and explosions from the ONKALO site.  

The studies in Olkiluoto demonstrated that, in general, there is a de-amplification of 
ground motions in the ONKALO relative to those on the surface, or there is no 
significant difference between the recordings. The result is likely associated with the 
type of the seismic source and the relatively shallow depth (400 m) of the underground 
station. Observed relative amplification related only to nearfield events: the recorded 
velocity amplitudes on the surface were 2 - 10 times larger than underground. 

One opposite relation was found in the study: the vertical component of the velocity 
amplitude of a regional earthquake seems to be about three times larger in ONKALO 
than on the surface between frequencies 50 Hz and 80 Hz. 

Definite conclusions concerning amplification or de-amplification cannot be based on 
the result of this study. In practice, any set of recordings cannot give a comprehensive 
description of the possible variations, like how the wavefield reflected from the surface 
interacts with the wavefield coming towards the surface. Numerical modeling is 
suggested for further studies of this subject. 

Keywords: seismic signal, amplification, de-amplification, measurements, ONKALO 
and Earth’s surface. 

 

  



 

   



Seisminen signaali Olkiluodossa - Maan alla ja maan päällä tehtyjen 
rekisteröintien alustava vertailu 

TIIVISTELMÄ 

Suomen seismisen hasardin tutkimukset liittyvät maan päällä oleviin ydinvoimaloihin. 
Seismisen aallon vaikutus maan päällä ja maan alla oleviin rakenteisiin on erilainen. 

Tämän tutkimuksen tavoitteena on arvioida kuinka ONKALOssa mitatut maan liikkeet 
poikkeavat ONKALOn yläpuolella mitatuista maanpinnan liikkeistä. Marraskuussa 
2013 asennettiin laajakaistaseismometrit maanpinnalle ja ONKALOon 400 metrin 
syvyydelle. Mittaukset kestivät noin yhdeksän kuukautta. 

Analysoitujen signaalien joukossa oli taustakohinaa, teleseismisiä maanjäristyksiä, 
lähialueen maanjäristys, paikallisia räjäytyksiä ja räjäytyksiä ONKALOn alueelta. 

Tutkimukset osoittivat, että yleensä maanliikkeet ONKALOssa ovat pienempiä tai 
likimain yhtä suuria kuin maan pinnalla. Tulos liittyy todennäköisesti seismisen lähteen 
laatuun ja siihen, että maanalaisen mittauspisteen syvyys (400 m) oli suhteellisen 
matala. Havaittu suhteellinen amplitudin vahvistuminen liittyi vain lähitapauksiin: 
rekisteröidyt nopeuden amplitudit olivat 2 - 10 kertaa suuremmat maan pinnalla kuin 
maan alla. 

Tutkimuksessa tehtiin yksi päinvastainen havainto: taajuuksilla 50 – 80 Hz lähialueen 
maanjäristyksen nopeuden amplitudi näyttäisi olleen noin kolme kertaa suurempi 
ONKALOssa kuin maanpinnalla. 

Tutkimuksen perusteella ei voida tehdä lopullisia johtopäätöksiä seismisen signaalin 
vaimenemisesta tai vahvistumisesta. Käytännössä mikään joukko rekisteröintejä ei voi 
antaa kattavaa kuvaa mahdollisista variaatioista, kuten siitä millainen on maan pinnalta 
heijastuvan ja pintaa kohti tulevan aaltorintaman vuorovaikutus. Aiheen jatkotutki-
muksissa ehdotetaan käytettäväksi numeerista mallinnusta. 

Avainsanat: Seisminen signaali, vahvistuminen, vaimennus, mittaukset, ONKALO ja 
maanpinta. 
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1  INTRODUCTION 

All seismic hazard analyses presented in Finland (E.g. Varpasuo et al. 2000 and Saari et 
al. 2009) as well as YVL B.7 guide (STUK 2014) of Nuclear Safety Authority of 
Finland (STUK) apply to sites on the Earth’s surface. To extend seismic hazard 
analyses and ground-motion estimates to sites underground, information on the 
relationship between motions underground and those on the surface is required. The key 
objective is to determine how ground motions recorded in underground cavities 
compare with those on the Earth’s surface (Atkinson & Kraeva, 2011). 
 
In general, an amplification of at least two on the surface is expected, due to the free-
surface effect (Atkinson & Kraeva, 2011). On the other hand, in the case of SV and P 
waves, the free surface effect is more complex, and for oblique incidences, surface 
amplitudes may even be smaller than those at depth (Shearer and Orcutt, 1987; 
Fukushima et al., 1995). 

The purpose of this study is to compare different kind of seismic signals on the surface 
and at the repository level. The analysed signals included background noise, teleseismic 
earthquakes, regional earthquake, local explosions and explosion from the ONKALO 
site.  

Two broadband seismometers were used in the experiment. Seismic waves were 
recorded on the surface and at the depth of 400 m inside the ONKALO. The 
relationships between motions underground and those on the surface were investigated.  

The number of undisturbed pairs of recorded events is small and the results are 
preliminary. The monitoring period was in total approximately nine months. However, 
raise boring inside the ONKALO and road construction works on the surface disturbed 
the majority of the monitoring period. 
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2  INSTRUMENTATION AND DATA PROCESSING 

Two portable broadband Taurus seismograph units (Nanometrics Taurus 2014; 
Attachment 1) owned by the Institute of Seismology, University of Helsinki, were 
installed in Olkiluoto. Taurus includes the digitizer and data acquisition unit. The sensor 
was Trillium 120 P/PA (Nanometrics Trillium 2014; Attachment 2), which is capable to 
record frequencies from 0.0083 Hz (i.e. 120 s period) to 145 Hz. The sampling rate of 
the 3-component broadband seismometers was 250 Hz. One was on the surface and the 
underground sensor was close to the repository level -400 m (Figure 2-1 and Table 2-1). 

Figure 2-1. Location of the sensors OLKU and OLKD. Up: view from above, below: 
view from south. The distance between the grid lines is 100 m. 

 



6 
 

Table 2-1. Coordinates of the broadband seismometers installed for the experiment in 
the Finnish KKJ co-ordinate system (zone 1). 
Station N(m) E(m) Z(m) Location Running 

OLKU 6792157.00 1526151.00 9.00 
On the surface, in 

OL-OS6 seismometer 
vault 

7 Oct 2013 – 
20 Aug 2014

OLKD 6792245.59 1525578.57
-

402.45 
ONKALO, repro 

niche 

26 Nov 2013 
– 

20 Aug 2014
 
The locations of the two Taurus broadband seismometers installed for this study are 
presented in table 2-1. Station OLKU is located on the ground surface in the seismometer 
vault of seismic station OL-OS6, which is part of the permanent seismic network in 
Olkiluoto. The station OLKD is located in the repro niche of ONKALO. A concrete slab 
was cast on the bedrock inside the ONKALO. Seismometer and a protective casing were 
installed on the slab (Figure 2-2).The distance between the stations is around 715 m. 

 

Figure 2-2. Seismic monitoring inside ONKALO. Top: data acquisition unit (Taurus) 
and modem. Left below: the seismometer (Trillium 120 P/PA) in the protective casing. 
Right below: the final arrangement where the data acquisition unit and modem are 
inside the isolating box on the upper shelf. Below that on a concrete slab is the 
seismometer inside the isolating box. 
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Monitoring started on 26 November 2013 and it was finished on 20 August 2014. The 
first five to six months of monitoring was disturbed by raise boring of ventilation shaft 
and personal shaft inside the ONKALO (see Figure 4-14) and road construction works 
on the surface.  In order to get as undisturbed recordings as possible, the originally 
planned monitoring time was extended over the summer. Of course, also during this 
period there are occasional sources of noise. 

The seismic stations had GPS based timing and internet connection to the Institute of 
Seismology. The clocks of the units were synchronized before OLKD was installed 
underground, where it had not GPS connection. However, the timing remained good 
enough for the purposes of this study.  

ÅF-Consult monitored the operation of the seismic stations continuously via internet, in 
order to react to potential operation breaks. There were no operational failures during 
the nine months of measurements. Data was transmitted occasionally to the computer in 
the premises of the Institute of Seismology, where data was checked and processed to 
formats suitable for the software packages available in the Institute of Seismology, 
University of Helsinki and applied in the study (see Chapter 3 and Chapter 4). 
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3  BACKGROUND NOISE 

Software package PQLX (PASSCAL Quick Look eXtended) was used when the 
background noise was investigated. Background noise can be artificial noise (e.g. 
vehicles, visitors, construction work, forest work, etc.) or natural noise (e.g. frost, wind 
shaking trees or strong waves hitting the shoreline). PQLX is open-source software for 
evaluating seismic station performance and data quality (see PQLX 2014).  

Figures 3-1, 3-2, 3-3, 3-4, 3-5 and 3-6 present a statistical approach where we compute 
probability density functions (PDFs) to evaluate the full range of noise at a given 
seismic station (Peterson 1993 and McNamara & Buland 2004). PDF’s are generated 
from thousands of PSDs (power spectral density). Figures 3-1, 3-2 and 3-3 present the 
entire period of monitoring and Figures 3-4, 3-5 and 3-6 represent a quiet period, where 
noise related to the raise boring in the ONKALO and construction works on the surface 
are not present. Black dotted line shows mean curve of the calculated PSDs. 90 % of 
estimated PSDs are below the upper white dotted line and 10 % below the lower dotted 
line. Black solid lines represent the low and high noise models (Peterson 1993). 
Separate spectral lines in figures relate to occasional sources of noise or seismic events 
during the monitoring periods. 

Figures 3-4, 3-5 and 3-6 show that qualities of recordings in both sites are usually good. 
Only few of the calculated PSD curves go above the curve of the high noise model 
(HNM). In Figures 3-1, 3-2 and 3-3 the patterns are not as nice although 90 % of the 
PSDs curves are below the HNM. At frequencies higher than 10 Hz there are many 
noisy periods likely due to raise boring and construction works on the surface. All in all 
the patterns in Figures 3-1, 3-2 and 3-3 are more scattered in comparison to Figures 3-4, 
3-5 and 3-6 representing a quiet period of human activity. In addition to high 
frequencies, also low frequencies are less scattered in Figures 3-4, 3-5 and 3-6 than in 
Figures 3-1, 3-2 and 3-3. 

The lowermost frequencies (say below 0.1 Hz) include uncertainty and scatter (Figures 
3-4, 3-5 and 3-6). The spectral analysis shows that above 0.1 Hz the mean value and 90 
% curves of horizontal components are rather similar inside the ONKALO and on the 
surface. This conclusion is mainly valid also in vertical recordings. The main difference 
is in the highest frequencies (> 10 Hz) of the vertical components. Inside the ONKALO 
the estimated mean and 90 % curves go very close to the curve of the low noise model 
(LNM). On the surface, those curves behave more like estimates of horizontal PDFs. 

The noise patterns on the surface and in the ONKALO can be compared in Figures 3-7, 
3-8 and 3-9, where noises generated by raise boring and road construction works are not 
present. The comparisons of mean spectral values indicate that the natural background 
noise in horizontal directions is about the same or lower inside the ONKALO than on 
the surface at frequencies lower than 10 Hz (Figures 3-7 and 3-8). Between frequencies 
from 10 Hz and 30 Hz the situation is opposite. In vertical direction (Figure 3-9) the 
pattern is similar, but the frequency ranges are different. The natural background noise 
is about the same or lower inside the ONKALO than on the surface at frequencies lower 
than 15 Hz and between frequencies from 15 Hz and 30 Hz the situation is opposite. 
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Figure 3-1. Probability density functions (PDF) for N component of seismometers 
OLKU at the surface (up) and OLKD inside the ONKALO (below). PDFs are 
constructed using 14 829 (OLKU) and 12449 (OLKD) power spectral densities during 
the period from 7 October 2013 to 12 August 2014 (OLKU) and 26 November 2013 to 
12 August 2014 (OLKD). 
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Figure 3-2. Probability density functions (PDF) for E component of seismometers 
OLKU at the surface (up) and OLKD inside the ONKALO (below). PDFs are 
constructed using 14 829 (OLKU) and 12449 (OLKD) power spectral densities during 
the period from 7 October 2013 to 12 August 2014 (OLKU) and 26 November 2013 to 
12 August 2014 (OLKD). 
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Figure 3-3. Probability density functions (PDF) for Z component of seismometers 
OLKU at the surface (up) and OLKD inside the ONKALO (below). PDFs are 
constructed using 14 829 (OLKU) and 12449 (OLKD) power spectral densities during 
the period from 7 October 2013 to 12 August 2014 (OLKU) and 26 November 2013 to 
12 August 2014 (OLKD). 
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Figure 3-4. Probability density functions (PDF) for N component of seismometers 
OLKU at the surface (up) and OLKD inside the ONKALO (below) during the quiet 
period from 20 May to 9 June 2014. Both PDFs are constructed using 1008 power 
spectral densities. 
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Figure 3-5. Probability density functions (PDF) for E component of seismometers 
OLKU at the surface (up) and OLKD inside the ONKALO (below) during the quiet 
period from 20 May to 9 June 2014. Both PDFs are constructed using 1008 power 
spectral densities. 
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Figure 3-6. Probability density functions (PDF) for Z component of seismometers 
OLKU at the surface (up) and OLKD inside the ONKALO (below) during the quiet 
period from 20 May to 9 June 2014. Both PDFs are constructed using 1008 power 
spectral densities. 
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Figure 3-7. Comparison of mean probability density functions (PDF) for N component 
of seismometers OLKU at the surface and OLKD inside the ONKALO during the quiet 
period from 20 May to 9 June 2014. Both PDFs are constructed using 1008 power 
spectral densities. 
 

 
 
Figure 3-8. Comparison of mean probability density functions (PDF) for E component 
of seismometers OLKU at the surface and OLKD inside the ONKALO during the quiet 
period from 20 May to 9 June 2014. Both PDFs are constructed using 1008 power 
spectral densities. 
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Figure 3-9. Comparison of mean probability density functions (PDF) for Z component 
of seismometers OLKU at the surface and OLKD inside the ONKALO  during the quiet 
period from 20 May to 9 June 2014. Both PDFs are constructed using 1008 power 
spectral densities. 
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4  OBSERVATIONS  

Strong background noise due to raise boring (see example in Chapter 4.1.5) and road 
construction works made it difficult to find a representative set of undisturbed recordings 
of seismic events. In addition, during the period of the experiment there was exceptionally 
small number of explosions in ONKALO and in the Olkiluoto region. Software package 
Geotool (CTBO 2014) was used when the recorded seismic events were evaluated. 

4.1  Seismic events 

Different types of seismic events were used in this study to get an idea of the signal 
attenuation and variation on the surface and inside ONKALO. The nine events used 
included two teleseismic earthquakes and one regional earthquake from Bothnian Bay. 
Explosions from different origins were also studied: one inside ONKALO and two on 
the surface of ONKALO, two from local rock quarry (about 5.5 km from ONKALO) 
and one explosion from road construction work about 14 km away (Table 4-1, Figures 
4-1 and 4-2). The event location and other information are based on monthly reports of 
the Posiva’s seismic network (events 2, 3, 4, 5, 7 and 8) or international bulletins 
(events 1, 6 and 9).  

Recordings of the Posiva’s seismic network at Olkiluoto were examined before the final 
analysis in the premises of the Institute of Seismology. It was assumed that if the quality of 
the seismic signal in Posiva’s stations is good it is good also in the broadband recordings. 
These events were picked from the database of nine months long continuous recordings of 
the stations OLKU and OLKD. However, there were local disturbances in the broadband 
recordings inside the ONKALO and the dome recordings of OLKD were disregarded.  

Table 4-1.  Events used in this study in chronological order. 

 Origin place Date and origin time 
(UTC) 

Magnitude Type 

1 Greece 03.02.2014 03:08 6.0 teleseismic earthquake 

2 Above 
ONKALO 

20.02.2014 11:57 0.7 explosion on the surface 
of ONKALO 

3 -290 m in 
ONKALO 

24.02.2014 17:15 -0.7 explosion in ONKALO 

4 Interrock 17.03.2014 13:01 1.0 explosion from nearby 
rock quarry 

5 Road 
construction 

work 

20.03.2014 06:47 1.8 local explosion 

6 Chile 01.04.2014 23:46 8.1 teleseismic earthquake 

7 Above 
ONKALO 

25.04.2014 08:00 0.3 explosion on the surface 
of ONKALO 

8 Interrock 04.06.2014 13:38 1.5 explosion from nearby 
rock quarry 

9 Bothnian Bay 15.07.2014 14:42 2.0 regional earthquake 
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Figure 4-1. Six explosions included in the study. Events are coloured by time. The 
distance between the grid lines is 5 km. 

 

Figure 4-2. Locations of the events in the ONKALO area. View from south. The 
distance between the grid lines is 100 m. 
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Spectra were calculated for three components of the events in Table 4-1 and for the 
three component of background noise preceding the event, which represents the 
proportion of the background noise in the spectra at the time of the recorded seismic 
event. Both the event and background noise samples had the same window length.  

Three different kind of spectral calculations were made: velocity amplitude spectra, 
power spectra of displacement and power spectra of velocity. The aim was to 
investigate, if different approaches could bring out different characteristics of the 
recorded signals. Comparison of different units of vibration was done by power spectra 
of displacement and velocity. When amplitude spectra and power spectra were 
compared, the unit was the recorded velocity. However, not any significant differences 
were found. 

All in all 162 spectra were calculated for this study. That number comprises three 
different kinds of spectra calculated for nine three-component recordings of the events 
and the preceding background noises. 

All figures in this chapter present the velocity amplitude spectra: A (in dB) = 20 
log(a/b). For example that, if A= 6 then amplitude ratio a/b = 2, if A = 10 then 
amplitude ratio is about 3 and, if A = 20 then a is ten times larger than b. The calculated 
spectra of underground and surface recordings are compared visually. The visual 
appearance of the presented spectra are improved by 1 Hz smoothing, which reduces the 
rapid and random changes in spectral amplitudes. 

4.1.1  Teleseismic earthquakes 

Teleseismic earthquakes from Greece and Chile were analysed (Table 4-1). Pattern of 
spectral amplitudes of the events are rather similar. Unfiltered recordings of the 
earthquake from Chile are shown in Figure 4-3. Smoothed velocity amplitude spectra of 
the 1 April 2014 event and the related noise are presented in Figures 4-4a, 4-4b and 4-
4c. Recordings of the teleseismic events are characterized by low frequencies. Small 
differences between the amplitude spectra of background noise and teleseismic event 
can be found in frequencies less than 2 Hz. The rest of the spectra are dominated by the 
background noise on the surface (OLKU) and inside the ONKALO (OLKD). Any 
amplification or de-amplification amplification of seismic wave motions on the surface 
relative to those underground cannot be found. 
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Figure 4-3. Recorded Z, N and E components of the earthquake on 1 April 2014 
(Chile) on the surface station OLKU (green colour) and OLKD (orange).  
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Figure 4-4a. Smoothed velocity amplitude spectra of preceding noise (above) and the 
teleseismic earthquake on 1 April 2014, Chile (below). Z component. Spectrum of the 
ONKALO recording is shown in orange and the surface recording in green. 

teleseismic earthquake 

noise 
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Figure 4-4b. Smoothed velocity amplitude spectra of preceding noise (above) and the 
teleseismic earthquake on 1 April 2014, Chile (below). N component. Spectrum of the 
ONKALO recording is shown in orange and the surface recording in green. 

teleseismic earthquake 

noise 
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Figure 4-4c. Smoothed velocity amplitude spectra of preceding noise (above) and the 
teleseismic earthquake on 1 April 2014, Chile (below). E component. Spectrum of the 
ONKALO recording is shown in orange and the surface recording in green. 
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noise 
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4.1.2  Regional earthquake 

A tectonic earthquake occurred in Bothnian Bay on 15 July 2014 about 140 km 
northwest from Olkiluoto. The event was recorded clearly by ten triaxial seismic 
stations of Posiva’s network. According to FENCAT catalogue (FENCAT 2014) the 
location of the earthquake was 62.179°N, 21.385°E and the estimated magnitude ML = 
2.0. Depth of the event is fixed to 7 km. This event was also recorded by the two 
broadband geophones (Figure 4-5).  

Smoothed velocity amplitude spectra of the recorded event and preceding noise are 
presented in figures 4-6a, 4-6b and 4-6c. On the surface (OLKU) there seems to be 
relatively strong noise at frequencies 80 – 100 Hz in vertical direction. In noise spectra 
the vertical components of OLKD and OLKU are rather similar and constant below 80 
Hz. In OLKD the event has two spikes between 50 Hz and 80 Hz that rise above the 
level of OLKU. In that frequency range the amplitude seems to be about three times 
larger in ONKALO than on the surface. In horizontal components the amplitude 
differences are small or non-existent. This amplification at the depth of 400 m relative 
to the surface may relate to the interaction between the incoming seismic wave and the 
wave reflected from the free surface. 

 

Figure 4-5. Recorded Z, N and E components of the earthquake on 15 July 2014 on the 
surface station OLKU (green colour) and OLKD (orange).  
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Figure 4-6a. Smoothed velocity amplitude spectra of preceding noise (above) and the 
regional earthquake on 15 July 2014 (below). Z component. Spectrum of the ONKALO 
recording is shown in orange and the surface recording in green. 

 

regional earthquake 

noise 
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Figure 4-6b. Smoothed velocity amplitude spectra of preceding noise (above) and the 
regional earthquake on 15 July 2014 (below). N component. Spectrum of the ONKALO 
recording is shown in orange and the surface recording in green. 
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Figure 4-6c. Smoothed velocity amplitude spectra of preceding noise (above) and the 
regional earthquake on 15 July 2014 (below). E component. Spectrum of the ONKALO 
recording is shown in orange and the surface recording in green. 
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noise 
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4.1.3  Local explosions 

Three events in Table 4-1 are local explosions (Figures 4-6, 4-7 and 4-8). Events 4 and 
8 are explosion from rock quarry about 5.5 km from the ONKALO and event 5 is a road 
construction explosion about 14 km from the ONKALO (Figure 4-1). 

 

 Figure 4-6. Recorded Z, N and E components of a quarry blast on 17 March 2014 on 
the surface station OLKU (green colour) and OLKD (orange).  

 

Figure 4-7. Recorded Z, N and E components of a quarry blast on 4 June 2014 on the 
surface station OLKU (green colour) and OLKD (orange).  
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Figure 4-8. Recorded Z, N and E components of a road construction blast on 20 March 
2014 on the surface station OLKU (green colour) and OLKD (orange).  

Figures 4-9, 4-10 and 4-11 show the spectral amplitudes of Z components of the local 
explosions. It seems that surface explosions from distances from 5 to 15 km have rather 
similar spectral shape. There are no significant difference between the calculated 
smoothed velocity amplitude spectra of the local explosions in horizontal component 
either. Any indications of amplification or de-amplification of seismic wave motions on 
the surface relative to those underground cannot be found. 
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Figure 4-9. Smoothed velocity amplitude spectra of preceding noise (above) and a 
quarry blast on 17 March 2014 (below). Z component. Spectrum of the ONKALO 
recording is shown in orange and the surface recording in green. 

quarry blast 

noise 
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Figure 4-10. Smoothed velocity amplitude spectra of preceding noise (above) and a 
quarry blast on 4 June 2014 (below). Z component. Spectrum of the ONKALO 
recording is shown in orange and the surface recording in green. 

quarry blast 

noise 
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Figure 4-11. Smoothed velocity amplitude spectra of preceding noise (above) and a 
road construction blast on 20 March 2014 (below). Z component. Spectrum of the 
ONKALO recording is shown in orange and the surface recording in green. 

road construction blast 

noise 



35 
 

4.1.4  Explosions on the site surface 

Events 2 and 7 were blasted on the surface above the ONKALO (Table 4-1 and Figure 
4-2). Event 2 is about 230 m and event 7 about 300 m from seismic station OLKU. 
Distance to station OLKD is about 640 m (Figure 4-12). Pattern of spectral amplitudes 
of the events are rather similar. Smoothed velocity amplitude spectra of the 25 April 
2014 event and the related noise are presented in Figures 4-13a, 4-13b and 4-13c. 

 

 

Figure 4-12. Recorded Z, N and E components of explosions on the surface of the 
ONKALO on 20 February 2014 (above) and on 25 April 2014 (below). OLKU (green 
colour) and OLKD (orange).  
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Relative noise level at the time of the explosions in vertical components is higher in 
OLKD than in OLKU (Figure 4-13a). Velocity amplitudes of the blast are nearly ten 
times higher (20 dB) in OLKU than in OLKD in frequencies from 10 Hz to 50 Hz. In 
larger frequencies the relative spectral amplitudes on the surface are about the same 
order or 2 - 3 times larger than in the ONKALO. 

 

 

Figure 4-13a. Smoothed velocity amplitude spectra of preceding noise (above) and an 
explosion on the surface of the site on 25 April 2014 (below). Z component. Spectrum of 
the ONKALO recording is shown in orange and the surface recording in green. 

explosion on the surface 

noise 
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Relative noise level at the time of the explosions in N direction is higher in OLKD than 
in OLKU (Figure 4-13b). Velocity amplitudes of the blast are generally larger over 
nearly the entire spectral range (10 – 110 Hz) in OLKU than in OLKD. The difference 
varies from 0 to 20 dB, i.e. up to 10 times larger amplitudes in OLKU than in OLKD. 

 

 

Figure 4-13b. Smoothed velocity amplitude spectra of preceding noise (above) and an 
explosion on the surface of the site on 25 April 2014 (below). N component. Spectrum of 
the ONKALO recording is shown in orange and the surface recording in green. 

explosion on the surface 

noise
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Relative noise level at the time of the explosions in E direction is higher (10 – 60 Hz) in 
OLKD than in OLKU or equal (Figure 4-13c). As in N direction, velocity amplitudes of 
the blast are generally larger over the spectral range 10 – 110 Hz in OLKU than in 
OLKD. The difference varies from 0 to 20 dB, i.e. up to 10 times larger amplitudes in 
OLKU than in OLKD. 

 

 

Figure 4-13c. Smoothed velocity amplitude spectra of preceding noise (above) and an 
explosion on the surface of the site on 25 April 2014 (below). E component. Spectrum of 
the ONKALO recording is shown in orange and the surface recording in green. 

explosion on the surface 

noise 
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All in all the spectral amplitudes of explosions on the site surface are significantly 
higher in OLKU than in OLKD, which can be explained more or less by the about two 
times larger distance to OLKD. However, in some extent this relates possibly to the 
free-surface effect. In general, an amplification of at least two on the surface is 
expected, due to the free-surface effect (Atkinson & Kraeva, 2011). The influence of 
free surface reflection has no remarkable contribution in the surface explosions on the 
site (cf. Chapter 4.1.2). 

4.1.5  Explosion in ONKALO 

Stations OLKU and OLKD recorded a blast in the ONKALO on 24 February 2014 
(Figure 4-14). The explosion was blasted inside the ONKALO at the depth of 290 m 
(Figure 4-2) about 410 m from OLKU and 450 m from OLKD. Figure 4-14 shows how 
strong the raise boring signal is inside the ONKALO. The raise boring dominates the 
second half of the recordings of OLKD and the explosion can be seen in the first half of 
in Figure 4-11. Smoothed velocity amplitude spectra of the event and the related noise 
are presented in Figures 4-15a, 4-15b and 4-15c. It seems that small vibrations related to 
raise boring are present also before the recorded signal of the explosion. 

 

Figure 4-14. Recorded Z, N and E components of explosions inside the ONKALO on 20 
February 2014 (above) and on 24 February2014 (below). OLKU (green colour) and 
OLKD (orange).  
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Likely due to raise boring, relative noise level at the time of the explosion in vertical 
components is higher in frequencies from 20 Hz to 70 Hz in OLKD than in OLKU 
(Figure 4-15a). Velocity amplitudes of the blast in OLKU rise up to the level of OLKD 
in all spectral frequencies, which includes strong background noise. However, between 
70 Hz and 80 Hz velocity amplitudes of the blast are about 10 dB higher in OLKD than 
in OLKU. This can be caused by the blast or by the raise boring. In other frequencies 
the relative spectral amplitudes are about the same order. 

 

 

Figure 4-15a. Smoothed velocity amplitude spectra of preceding noise (above) and an 
explosion inside the ONKALO on 24 February 2014 (below). Z component. Spectrum of 
the ONKALO recording is shown in orange and the surface recording in green. 

explosion inside ONKALO 

noise 
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Relative noise level at the time of the explosion in N direction is about 20 dB higher in 
OLKD than in OLKU between frequencies from 20 Hz to 60 Hz (Figure 4-15b). 
Velocity amplitudes of the blast in OLKU rise up to the level of OLKD in all spectral 
frequencies. Spectral amplitudes of the blast in OLKD includes strong background 
noise, which is likely associated with raise boring. It seems that amplification of the 
blast in OLKU was about 20 dB in frequency range from 20 Hz to 60 Hz. 

 

 

Figure 4-15b. Smoothed velocity amplitude spectra of preceding noise (above) and an 
explosion inside the ONKALO on 24 February 2014 (below). N component. Spectrum of 
the ONKALO recording is shown in orange and the surface recording in green. 

explosion inside ONKALO 

noise 
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Relative noise level at the time of the explosion in E direction is about 10 dB higher in 
OLKD than in OLKU between frequencies from 20 Hz to 60 Hz (Figure 4-15c). 
Velocity amplitudes of the blast in OLKU is at the level of OLKD in all spectral 
frequencies. Spectral amplitudes of OLKD includes strong background noise, which is 
likely associated with raise boring. It seems that amplification of the blast in OLKU was 
about 10 dB in frequency range from 20 Hz to 60 Hz. 

 

 

Figure 4-15c. Smoothed velocity amplitude spectra of preceding noise (above) and an 
explosion inside the ONKALO on 24 February 2014 (below). E component. Spectrum of 
the ONKALO recording is shown in orange and the surface recording in green. 

explosion inside ONKALO 

noise 
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5  DISCUSSION AND CONCLUSIONS 

This study compares seismic signals on the surface and at the depth of 400 m inside the 
ONKALO. The analysed signals included background noise, teleseismic earthquakes, 
regional earthquake, local explosions and explosions from the ONKALO site.  

Nine months of broadband seismic data were recorded in Olkiluoto. The period was 
disturbed by strong noise related to the raise boring in the ONKALO and construction 
works on the surface. Statistical analysis was done for the entire period of monitoring 
and for 20 days long quiet period, where artificial noise in the ONKALO and on the 
surface were not dominating. Vertical component of the background noise was lower 
inside the ONKALO during the quiet period, whereas differences in horizontal 
components were not so clear. 

The set of recordings gives preliminary indications of differences between seismic 
signal on the surface and inside the ONKALO. Altogether nine seismic events and the 
background noise preceding the events were analysed. The analysed events included 
teleseismic earthquakes, regional earthquake, local explosions and explosion from the 
ONKALO site. Artificial background noise reduced possibilities to find a representative 
set of undisturbed recordings of seismic events. In addition, during the period of 
experiment there was exceptionally small number of explosions in ONKALO and in the 
Olkiluoto region.  

Atkinson and Kraeva (2011) investigated the relationship between motions underground 
and those on the Earth’s surface in Sudbury Neutrino Observatory (SNO), Canada. 
They studied 245 seismic events recorded in three years: 106 local events (shallow 
mining-induced events and blasts), 66 regional earthquakes (moderate events hundreds 
of km away), and 73 teleseismic events (large earthquakes > 1000 km away). In 
summary, the studies at SNO have shown that there is a clear de-amplification of 
ground motions at underground stations relative to those on the surface. The effect 
appears to be mostly due to the removal of surface wave energy at depth, and thus 
depends on the depth of the seismic event and its distance, as well as the depth of the 
station (Atkinson & Kraeva, 2011).  

In Olkiluoto the underground seismometer was much closer to the surface (depth 400 
m) than in SNO, where seismometers were at depths of 1.4 km and 2.1 km. It is 
supposed that, due to larger depths, possible amplifications or de-amplifications are 
stronger in SNO. However, the results of this study are compared to those obtained in 
SNO. 

Any amplification or de-amplification of teleseismic wave motions on the surface 
relative to those underground was not found in Olkiluoto. Atkinson and Kraeva (2011) 
found that the amplification peak gets narrow, decreases in amplitude, and shifts 
towards lower frequencies (0.8 - 1 Hz) for regional and teleseismic events. They 
concluded that the observed differences in amplitudes for teleseismic events are related 
to depth-dependent differences in the medium properties for the pairs of stations 
examined. 
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A regional earthquake occurred about 140 km northwest from Olkiluoto. In vertical 
component the amplitude seems to be about three times larger in ONKALO than on the 
surface between frequencies 50 Hz and 80 Hz. In horizontal components the amplitude 
differences are small or non-existent. The amplification in vertical direction at the depth 
of 400 m relative to the surface may relate to the interaction between the incoming 
seismic wave and the wave reflected from the free surface. Similar behaviour was 
observed also in SNO with the 97 close local mining events (distance 8 - 40 km). At 
high frequencies (> 6 Hz), the horizontal-component motions are very similar on the 
surface and underground, while vertical motions are actually somewhat lower (0.1 - 0.2 
log units) on the surface. However, eight events from the distance range 100 – 150 km 
does not have similar relative amplification in underground stations. (Atkinson & 
Kraeva, 2011). 

Three local explosions (distance 5 - 15 km) were analysed. No indications of 
amplification or de-amplification of seismic wave motions on the surface relative to 
those underground can be found in Olkiluoto. The discrepancy of vertical component to 
relative to the observations in SNO (see above) may relate to the source depth. In 
Olkiluoto, the explosions were on the surface whereas in Canada they were mining 
blasts. 

Unlike in SNO also three nearfield explosions were analysed. Two explosions were 
blasted on the surface above the ONKALO. Distance to OLKD (about 640 m) was 2 - 
3 larger than to OLKU (about 230 m and 300 m). Vertical velocity amplitudes of the 
blasts were nearly ten times higher in OLKU than in OLKD in frequencies from 10 Hz 
to 50 Hz. In larger frequencies the relative spectral amplitudes on the surface are about 
the same order or 2 - 3 times larger than in the ONKALO. In horizontal direction 
spectral amplitudes of the blasts were generally larger over the spectral range 10 – 110 
Hz in OLKU than in OLKD. The difference varies from 0 up to 10 times larger 
amplitudes on the surface than in the ONKALO. 

The explosion inside the ONKALO at the depth of 290 m had almost the same 
distance from the surface seismometer (about 410 m) and the seismometer inside the 
ONKALO (about 450 m). Recordings of OLKD include strong background noise 
generated by the raise boring machine, which makes conclusions uncertain. However, it 
seems that the vertical component of velocity amplitudes are nearly three times higher 
between 70 – 80 Hz. It seems that in frequency range from 20 Hz to 60 Hz the velocity 
amplitudes were about 10 times larger in N direction and three times larger in E 
direction in OLKU than in OLKD. 

The studies in Olkiluoto demonstrated that, in general, there is a de-amplification of 
ground motions in the ONKALO relative to those on the surface, or there is not any 
significant difference between the recordings. The result is probably associated with the 
type of the seismic source and the relatively shallow depth of the underground station. 
Observed de-amplification related only to nearfield events. One opposite relation was 
found: vertical component of the velocity amplitude of a regional earthquake seems to 
be about three times larger in ONKALO than on the surface between frequencies 50 Hz 
and 80 Hz. 
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Definite conclusions concerning amplification or de-amplification cannot be based on 
the result of this study. The relationship between underground and surface motions is 
complex, with the ratio of surface/underground motions being a frequency-dependent 
function that depends on the type of the seismic source, the path of the seismic signal 
through subsurface structures and the depth of the underground cavern. Any set of 
recordings cannot give a comprehensive description of the possible variations, like how 
the wavefield reflected from the surface interacts with the wavefield coming towards the 
surface.  

In order to extract information about the 3-D structure and composition of the crust 
from seismic observations, it is necessary to be able to predict how seismic wavefields 
are affected by complex structures. Since exact analytical solutions to the wave 
equations do not exist for most subsurface configurations, the solutions can be obtained 
only by numerical methods. The comparison of synthetic and field seismograms leads to 
a better understanding of seismic measurements and thus, finer details can be extracted 
from seismic field recordings (Bohlen 2002).  

The data acquired in this study can be used as a reference material, when the behaviours 
of seismic waves inside the ONKALO are modelled.    
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Attachment 1 Taurus Digital Seismograph 

SENSOR INPUTS 

Channels  3 standard, field upgradeable to 6 or 9 with addition of external 

Trident digitizers 

Sampling    Simultaneous 

Input voltage range  40 V peak‐to‐peak differential (at gain 0.4) 

Nominal sensitivity  1 count/micro‐volt (gain 1) 

Hardware gain selection  Software configurable 0.4, 1, 2, 4, 8 

Software gain   User configurable 0.001 to 100 

High pass filter  User configurable in mHz 

 

DIGITIZER PERFORMANCE 

Type      Proprietary high order sigma‐delta 

Digital filter      140dB attenuation at output Nyquist 

Filter type      Linear phase (consult factory for other options) 

Dynamic range    >140dB @ 100sps (max sine wave above shorted 

input) 

Sample rates      10, 20, 40, 50, 80, 100, 120, 200, 250, 500 sps 

Subsample Decimation  Factors  2, 5, 10, 20, 50, 100, 120, 200, 250 

 

SENSOR SUPPORT 

Sensor types    Broadband active and short period passive 

Control lines  3; typically used for Cal enable, mass center and mass lock/unlock 

Logic level configurable; High: 5V, 12V,open drain. Low: 0, open 

drain 

Sensor power   Supply power pass‐through to sensor (9‐36 VDC). Protected 

against short circuit. Sensor power can be switched on/off from 

user interface. 

 

INSTRUMENT STATE OF HEALTH  

Taurus records continuous SOH:  GPS state‐of health 

Instrument temperature 

Seismometer mass position 

Signal clip indication bit 

Calibration enabled bit for each channel 

User accessible SOH    4 external SOH channels (12‐bit) 

Configuration     Complete configuration audit trail 

Communications    Complete audit trail with cumulative good/bad 

packet counts 

Log file      All software 

 

INTERNAL DATA STORAGE 
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Media options   1. Dual Removable Compact Flash: 

EXT3 format (Store Files) 

FAT32 format (miniSEED Files) 

2. Removable CF and 1.8" ATA disk drive 

 

 

RECORDING 

Capacity    >800 days continuous recording, 3‐channels @100sps  

Recording modes  Continuous; write once or ringbuffer (overwrites oldest data) 

Continuous with STA/LTA trigger flags 

File system  Ext3 (Linux) Drivers provided for Windows XP 

Compact flash readable on standard USB flash card reader 

Format    Nanometrics Store and MiniSEED  

Data retrieval  Media exchange: Compact flash are field swappable. Flash 

readable on standard flash card readers 

Download interfaces  Ethernet 10/100 Base‐T 

 

REAL‐TIME DATA COMMUNICATIONS 

Interfaces    Ethernet 10/100 Base‐T 

Protocols   UDP/IP unicast/multicast 

HTTP (POST and GET) 

RS‐232 serial with IP drivers 

 

INTEGRATED USER INTERFACE 

LCD display    240x320 color graphics display with backlight 

Interface    Web browser with five button navigation 

LED    System status tri‐color LED, Ethernet Communications LED, Media 

    status LED. 

LCD display    240x320 color graphics display with backlight 

 

CONFIGURATION 

Taurus is configurable locally via the color LCD display and onboard browser or remotely using 

any web browser connected to the unit. Multiple unit configuration is achieved using an 

optional group configuration web server. Consult factory for further information. 

 

SOFTWARE 

Operating system  Linux 

Applications software  Nanometrics Next Generation NAQS Server with web interface 

 

CONNECTORS 

Sensor connector  26‐pin mil circular. Primary data channels, sensor control lines, 

protected/switchable sensor power, digital serial sensor 

management interface 
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Serial/USB    19‐pin mil circular 

Serial port 1    Rx, Tx, RTS, CTS, DTR, DSR, CD, RI 

Serial port 2    Rx, Tx, RTS,  CTS (data collection from serial devices) 

GPS    TNC, active antenna connection (3.3 V) 

Ethernet    4‐pin mil circular, 10/100 Base‐T 

User SOH    7‐pin mil circular, 4 analog SOH inputs, SOH ref., 3.3V @10mA 

power 

NMXBus    4‐pin mil circular, NMXbus data and power 

Power    3‐pin mil circular, 9‐36 VDC 

USB    USB Master/slave accessible behind media door 

 

POWER 

Supply Voltage  9‐36 VDC 

Power system  Protected electronic resettable fuse design with configurable low 

voltage disconnect and restart, reverse battery and short circuit 

protection 

Ultra low power mode  650 mW @ 12Volts. 3‐channel continuous recording @100sps, 

<100 usec timing precision, Compact flash recording 

Low power mode  1.1 Watt @ 12Volts; 3‐channel continuous recording @100sps, 

continuous serial data acquisition (external geodetic GPS or 

equivalent), <100 usec timing precision, internal disk or Compact 

flash recording. 

Communications mode  1.5 Watt typical; 3‐channel continuous recording @100sps, <100 

usec timing precision, real‐time Ethernet or serial 

communications 

Configuration mode  <3.5 Watts. All systems operational including color graphics 

display. 

Low voltage disconnect  Software configurable 

 

ENVIRONMENTAL 

Operating Temperature  ‐20C to +60C base unit using Compact Flash storage 

+5C to +55C base unit using 1.8” ATA disk storage 

Storage Temperature  ‐40C to +70C 

Humidity    100% 

Length    264mm 

Width    147mm 

Depth    60mm 

Weight    1.8 Kg 
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Attachment 2 Trillium 120 P/PA Broadband Seismometer 

TECHNOLOGY 

Topology    Symmetric triaxial 
Feedback    Force balance with capacitive transducer 
Mass Centering  Automatic motorized re‐centering, can be remotely initiated 
Leveling    Integrated bubble level; Adjustable locking leveling feet 
Alignment  Vertical scribe marks for (N and S); Precision guide in cover for 

straight‐edge, line or laser level; Holes for 5/16" alignment (E and W)  

 
PERFORMANCE 
Self‐noise    Below the NLNM 35 s up to 10 Hz 
Sensitivity    1200 V‐s/m ±0.5% precision, Contact factory for other options 
Bandwidth    ‐3 dB points at 120s and 145 Hz 
Clip Level    > 15 mm/s up to 1.5 Hz 
Temperature    ±45°C without re‐centering  

 
INTERFACE 
Connector    19‐pin MIL‐C‐28642 
Velocity Output  40 V peak‐to‐peak differential; Selectable XYZ or UVW mode 
Mass Position Output  Three independent voltage outputs 
Calibration Input  Single voltage input with one active high control signal per 

channel; Calibration in XYZ or UVW 
Serial Port    For enhanced instrument control and status:  

Mass center, UVW/XYZ mode, short/long period mode, firmware 
updates Temperature, mass position, instrument status, serial 
number 

 
POWER 
Supply Voltage  9 to 36 volts DC isolated input 
Power Consumption  620 mW typical at 15 V input 
Protection    Reverse‐voltage protection; Auto‐resettable over‐current 
protection  

(No fuse to replace) 
PHYSICAL 
Diameter    21.0 cm 
Height    21.4 cm ±0.5 cm depending on leveling feet extension 
Weight    7.5 Kg 
Handling    Detachable carrying handle on lid 
 
ENVIRONMENTAL 
Operating temp  ‐20°C to +50°C 
Humidity    0 to 100% 
Shock  20g half sine, 5 ms without damage, 6 axis; 

No mass lock required for transport 
Rugged    Rated to IP68 and NEMA6P for outdoor use 
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