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1 Introduction 

 

The International Atomic Energy Agency mandates a set of safety standards for 

nuclear power plants and nuclear installations worldwide. These hazard 

assessments are carried out both for site evaluation and for preparedness and 

response for a nuclear or radiological emergency (IAEA, 2019A; IAEA, 2015). 

These hazard assessments are also carried out for seismic events.  

 

A good understanding of site-specific ground motions is needed in order to make 

necessary preparations for seismic hazard assessment during site evaluation or for 

an emergency preparation for a nuclear power plant site (NPP-site). Normally, a 

ground motion prediction equation (GMPE) based on empirical data would be 

made, FennoG16 (Fülöp et al., 2020) or NGA-East (Goulet et al., 2018) for 

example. However, there are also other methods to construct a viable GMPE for a 

specific site (Douglas et al., 2010): 

 

1) Using a robust GMPE made for a similar location (whether based 

on simulations or in empirical data) (e.g., Cotton et al., 2006). 

 

2) Developing GMPE based on simulated data, with input parameters 

obtained from seismological analyses (Atkinson & Boore, 2006). 

 

3) Adjusting GMPEs made for different locations to fit current 

research area (Douglas et al., 2006). 

 

If the second or third options are to be chosen, a good understanding of local seismic 

parameters and conditions are necessary. Even if the magnitude of a single 

earthquake in two different regions would is the same, the actual ground movement, 

frequency of the wave content and distance that the wave travels can be different, 
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depending on the local soil and bedrock conditions. One of the parameters that 

focuses on the attenuation of the seismic wave is the κ or kappa-parameter 

(Anderson & Hough, 1984) and kappa-value calculated from event in Finland has 

not been used in GMPE simulations in Finnish NPP sites. 

Kappa is a key input parameter in the stochastic method of strong ground motion 

simulation (Douglas et al., 2010), although not very well understood (Ktenidou et 

al., 2014). Anderson and Hough (1984) calculated the κ from the high frequency 

part of the Fourier spectra. They noticed that after a certain frequency the spectrum 

decays exponentially, as given by 

 

𝑎(𝑓) =  𝐴0 exp(−𝜋𝜅𝑓) for 𝑓 > 𝑓𝑒     (1) 

 

where 𝑓𝑒 is a frequency above which the decay is approximately linear on a plot of 

log[a(f)] against the frequency f, A0 is a source and propagation path dependent 

amplitude and κ is a spectral decay parameter controlling the rate of amplitude fall-

off with frequency (Van Houtte et al., 2012). 

 

Anderson and Hough (1984) approximated the decay by least-squares best-fit line 

in the log-linear space of the spectra. Slope λ of this approximation was - πκ. From 

this they calculated the κ and noticed that it remained similar in an individual station 

but increased with distance. From this they were able to deduct that the κ was 

affected by both site to regional geology and structure. Site specific κ (κ0) could be 

computed from individual κ value by setting the epicentral distance to zero and so 

correcting the effect of regional anelastic attenuation Q. In this study the station-to-

event distance was so short, only few hundred meters at maximum, that all the κ-

values are effectively the site-specific kappa or κ0.  

 

Most of the research concerning κ around the world use earthquakes with M > 3 for 

κ calculations (e.g., Brandt, 2017a & 2017b; Stanko et al., 2017; Lai et al., 2016). 
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Original work of Anderson and Hough (1984) used magnitudes above M = 5. This 

poses a challenge for κ-calculations in Olkiluoto. In Finland, according to the 

FENCAT earthquake catalogue, the earthquakes from 1375 to present have been 

under magnitude of five (Ahjos & Uski, 1992; Uski & Oinonen, 2020), furthermore 

the bedrock of Olkiluoto is seismically very stable – the microearthquakes recorded 

with Posiva’s monitoring network have been smaller than ML -0.5. Thus, the 

original κ-method (Anderson & Hough, 1984) could prove problematic. Biasi and 

Smith (2001) introduced different method to calculate the κ-parameter, the 

displacement kappa, when they were working with the Yucca Mountain project in 

Nevada, United States. This different method is also studied by e.g., Kilb and others 

(2012) and Ktenidou and others (2014). Both, the displacement and original κ-

methods were chosen to be used for the κ-parameter calculations in this study. 

Using two different methods could improve the reliability of results, as the dataset 

was very different than ones used in previous studies. 

   

There are no studies of κ-values of blasts. As there is abundant data from blasting 

gathered by Posiva Oy’s seismic monitoring network (e.g., Haapalehto et al, 2020) 

of Olkiluoto, in this study the κ-parameter will also be calculated from blasts, as it 

offers deeper insight into the κ-parameter itself. 

 

The purpose of this study is to gain insight to the attenuation of seismic waves in 

Olkiluoto and to obtain a site-specific value of the kappa parameter (κ0). Based on 

these findings, further studies could be made. Understanding the parameters of 

earthquakes occurring in and around the site, could lead to better host-to-target 

adjustments for GMPE’s, which in turn, could lead to better assessment of the 

seismic hazard.  
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2 Background  

 

 

2.1 Seismic waves 

 

Seismic waves are waves of energy that propagate through the interior of the Earth. 

They may be caused by natural events, e.g., earthquakes, landslides or by 

movements of magma (Stein and Wysession, 2003).  Anthropogenic events, such 

as explosions or drilling, also cause seismic waves. All these events do not 

necessarily cause waves that can be felt by people, but also contribute to the ambient 

vibration of the Earth or seismic noise in other words (Stein and Wysession, 2003).  

 

Seismic waves can be divided to two different categories: body waves and surface 

waves (Fowler, 2004). These can be further divided into primary and secondary 

waves (body waves) and e.g., Rayleigh and Love waves (surface waves). 

 

Body waves travel through the interior of the Earth and can be divided to the faster, 

compressional, longitudinal primary wave (P-wave) and somewhat slower, 

transverse secondary wave (S-wave). P-waves are about two times faster than the 

S-waves, but the speed and paths of both waves depend on the properties of the 

medium they travel through – heterogeneity (e.g., differences in composition, 

temperature or in viscosity) affects both. P-waves can travel in air or in liquid, but 

S-waves cannot.  

 

Surface waves are derivatives of the body waves and are mechanical surface waves 

that occur at the ground surface. Largest amplitudes of a seismic wave are 

commonly found in the surface wave part of the waveform (Fowler, 2004).  

Rayleigh waves are like waves in water, but with retrograde particle movement and 

elastic restoring force. They are a bit slower than the S-waves. Love waves are 

horizontally polarized S-waves. They occur only in low velocity layers overlaying 
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a high velocity layer. They are slower than body waves but faster than Rayleigh 

waves and have the largest amplitude.  

 

 

2.2 Attenuation of seismic waves  

 

As seismic wave travels through soil and rock it loses energy as the medium of 

which it travels in is not perfectly elastic (Shearer, 2019). This energy loss is either 

caused by the geometrical spreading of the wave front from a point source or by the 

properties of the medium in which the wave propagates. Geometrical spreading is 

caused by the fact that as the wave travels further from the source, its energy is 

spread over an increasing area, which in turn causes the intensity of the wave to 

decrease with distance. Other two components of the attenuation are anelastic 

(absorption) and elastic attenuation (scattering). 

 

Absorption is the energy loss caused by anelastic process or internal friction in the 

moving wave (Shapiro & Kneib, 1993).  It occurs mostly in the S-wave part of the 

seismic wave with the movement of lattice and grain boundaries. This can also 

happen in other interface boundaries, e.g., water-, oil- and gas-to-rock boundaries. 

Some of the wave’s energy is converted to heat energy which decreases amplitude 

and broadens the pulse, latter also happening with the distance. This removes the 

high frequencies of the wave. This makes the high frequencies attenuate faster, as 

the attenuation is measured as energy loss per cycle. Higher frequencies cycle more 

frequently, so energy loss experienced by them is faster.  

 

Scattering is caused by the heterogeneity of the medium in which the wave travels. 

Heterogeneities might be caused by different rock or mineral composition, oil and 

gas pockets, ground water, etc. As the propagating wave hits these interfaces, 

scattering occurs. The total energy of the event does not change, but some of the 
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energy in the wave is lost to scattering waves. This also mainly affects the high 

frequency part of the waves, besides the energy loss.  

 

Attenuation is measured by rock quality factor Q also known as attenuation factor, 

which is a dimensionless unit (Shearer, 2019). Q measures relative energy loss per 

oscillation cycle, and it is thought to be linked with the physical state of the rock. 

Q can be described with the equation:  

𝑄 =
2π𝐸

∆𝐸
                                                                  (2) 

where E is energy of seismic wave and ∆E is the energy lost per one cycle of the 

wave.  

 

 

2.3 Background of Olkiluoto 

 

The study area was the island of Olkiluoto, which contains the Olkiluoto nuclear 

powerplant (NPP) site. Olkiluoto is in Western Finland in the municipality of 

Eurajoki (Fig. 1). The site contains a nuclear power plant, with two reactor units 

(OL1 and OL2) and a third one under construction (OL3 EPR [European Pressure 

Reactor]). There is also an ongoing construction and excavation of a deep 

geological repository for spent nuclear fuel near Olkiluoto NPP site, also known as 

ONKALO® (ONKALO is registered trademark of POSIVA Oy). POSIVA Oy is the 

company that runs the construction and research of the ONKALO and owns the 

seismic network in the Olkiluoto NPP-site. POSIVA Oy was founded in 1995 by 

Teollisuuden Voima (TVO) and Fortum Power and Heat Oy, two Finnish energy 

companies and nuclear plant operators.  

 

Construction of the repository began in 2004, but screening studies for a suitable 

location began in 1983.  Preliminary site investigations began 1985 and continued 

until 1992. Detailed site investigations and environmental impact assessment 
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procedure began in 1993 (e.g., Anttila et al., 1999) for six different locations: 

Romuvaara in Kuhmo, Kivetty in Äänekoski, Olkiluoto in Eurajoki, Hästholmen in 

Loviisa, Veitsivaara in Hyrynsalmi and Syyry in Sievi. Last two locations were 

dropped, even though all of the sites filled the necessary geological demands. These 

studies ran until the year 2000 after which, the Olkiluoto site was deemed the most 

suitable. In addition, for meeting the geological demands, the island of Olkiluoto 

already contained a nuclear power plant site and it was thought that the municipality 

of Eurajoki would be willing to approve the construction of repository as they had 

already approved the nuclear power plant. Another advantage of Olkiluoto was that 

the location on an island made possible the transportation of spent nuclear fuel there 

by sea. First seismic monitoring stations were installed in 2002 and the network has 

been expanded since (Kaisko and Malm, 2019).  
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Figure 1. Location of Olkiluoto nuclear power plant site (red dot) relative to Finland and 

neighboring countries. B: Close-up of the island of Olkiluoto, which contains the NPP site 

(red dot). Locations of the seismic monitoring stations are marked with triangles. Blue 

triangles show stations that are on the surface, red ones are underground, i.e., in ONKALO, 

in boreholes, or in the case of OL-OS9, which is located in operational waste repository. 

Stations designed to detect regional events have their names marked. Names of stations 

near ONKALO are shown in Fig. 7. Coordinates are in longitude and latitude. 
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2.4 Geology and geophysics of Finland 

 

Geologically Finland is part of an intraplate region, which is seismically stable – 

the Fennoscandian Shield (Fig. 2). The Fennoscandian shield is characterized by 

low to moderate level of seismicity (Uski & Lund, 2015). Earthquakes in the 

Fennoscandian shield have been relatively small and infrequent (up to M = 5.5) and 

in Finland under M = 5 (Uski & Lund, 2015). Annual earthquakes in Finland are 

under M = 2.  
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Figure 2. A: Fennoscandian shield and its tectonic provinces. Province boundaries marked with 
a red line, subprovince boundaries marked with a dashed red line. Figure from Nironen (2017) 
modified by Lauri Rinne. B: Fennoscandia and Fennoscandian shield as a part of the East 
European craton. Figure from Nironen (2017) modified by Lauri Rinne. C: Province division of 
Finland. KiB = Kiiminki belt, KaB = Kainuu belt, SC = Siurua complex, IC = Iisalmi complex, RC 
= Rautavaara complex. Location of Olkiluoto (approx.) is marked with a red circle in each of the 
pictures Figure from Hölttä & Heilimo (2017) modified by Lauri Rinne. 
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There have been larger earthquakes in recent history, e.g., the M = 4.7 event in 1976 

in Osmussaar, North-western Estonia, roughly 250 km from the island of Olkiluoto 

(Grünthal et al., 2013). Pre-historic earthquakes in Fennoscandian Shield have been 

even larger, e.g., the large earthquake that likely caused Pärvie-fault (ML ~8.0) in 

Northern Sweden, more than 700 km away. It happened during the post-glacial 

faulting after the Weichselian glaciation (approx. 10 ka ago) and is not related to 

the low seismicity of the Holocene (Lindblom et al., 2015). 

 

Fennoscandian shield is divided into different provinces. Olkiluoto NPP site is 

located in the Svecofennian Province and Southern Finland subprovince (Nironen, 

2017). Svecofennian Province is characterized by Paleoproterozoic rock 

assemblages, with age of 1800-2000 Ma. These are mostly metamorphic sediments 

and metamorphic volcanic rocks (Hölttä & Heilimo in Nironen, 2017). Island of 

Olkiluoto is composed of high-grade metamorphic (paragneisses) and plutonic 

rocks (granites and granodiorites) (Fig. 3). 

 

Figure 3. Bedrock map of Olkiluoto. Data from Bedrock map of Finland (1:10 000), by Hakku 
service, Geological survey of Finland. 
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2.5 Seismic properties in Finland and in Olkiluoto 

 

 

Seismic velocities in the bedrock of Finland are determined by the properties of the 

dense and cold shield lithosphere. P-wave velocities (Vp) are above 6.0 kms-1 

(Kozlovskaya et al., 2004). Grad and Luosto (1994) and Luosto et al., (1994) 

present that the SVEKA profile (Fig. 4) showed Vp to be from 5.8 kms-1 to 6.3 kms-

1, from the surface to the depth of 6 km. When compared to the global average 

(Kenneth & Engdahl, 1991), which is 5.8 kms-1, it can be concluded that the Vp in 

Finland is high. One of the reasons for this is that the Finland is mostly crystalline 

bedrock with often only meter or so thick sedimentary layers. Glaciation scoured 

the sedimentary rocks away from the bedrock. As the result Olkiluoto NPP site has 

its foundations directly on the bedrock.  
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Figure 4. Seismic survey lines in Finland. Red dot represents the location of Olkiluoto, black dot 
represents the Hanhikivi NPP site. Figure from Korja & Kosonen, 2015. 

 

Grad and Luosto (1994) also showed that the Vp/Vs -ratio in Finland was also high, 

in the uppermost 200-500 m layer the ratio ranged from 1.8 to 2.0. In the top 1 km, 

the ratio was between 1.76 and 1.80. This variation is caused by e.g., fractures, 

porosity or composition of the rock in the uppermost part of the bedrock.  

 

The high Vs in Finland (compared to most of the world) at the surface results in that 

the Vs30 (S-wave velocity in the top 30 m) is not commonly used in seismic 

modeling in Finland, as the Vs exceeds 3 kms-1 even at the surface, partly because 

Finland lacks a thick sedimentary layer. 
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Seismic velocities used in the seismic monitoring stations in Olkiluoto are 5 800 

m/s for P wave and 3 350 m/s for S-wave in underground stations (Saari & Malm, 

2015) and for surface stations 5 600 m/s and 3 250 m/s (Saari & Malm, 2015) 

respectively. Rock density is 2 700 kg/m3 (Johansson et al., 2017). 

 

Island of Olkiluoto and the surrounding area are seismically quite passive (Fig. 5). 

Also, the earthquakes in Finland and Sweden near Olkiluoto have stayed quite small 

(< ML 5.0) according to the catalogue of earthquakes in Northern Europe (Ahjos & 

Uski, 1992; Uski & Oinonen, 2020; Figure 5). 
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Figure 5. Earthquake map of Western Finland and Eastern Sweden. Data is from catalog of 
earthquakes in Northern Europe (Ahjos & Uski, 1992; Uski & Oinonen, 2020), which covers 
earthquakes from the year 1375 to current date (Data acquired 22.6.2020). Magnitude (M) is the 
local magnitude of Institute of Seismology, University of Helsinki. Largest earthquake on the map 
area has been smaller than M = 5. Red dot = Olkiluoto NPP site. Coordinates are in WGS84.  
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3 Material for κ-calculations 

 

 

Material for the study consists of 51 microearthquakes and 5 blasts, all located 

inside the ONKALO spent nuclear fuel repository. To have dataset with sufficient 

signal-to-noise ratio and reliable corner frequency, microearthquakes were selected 

that had available moment tensor solutions calculated by Kaisko and Malm (2019.  

These depth, local and moment magnitudes and corner frequency of these events 

are presented in Table 1, and an example of a microearthquake registration in Figure 

6. Blasts that were selected, were single blasts, even though most of the blasting 

inside ONKALO are conducted in series (excavation rounds) as the hard rock 

makes excavation by drilling and blasting possible. Tunnel boring machines have 

not been used in the excavation of the ONKALO, except ascent drilling for vertical 

shafts. Single blasts were selected to avoid the overlap of different blasts in the 

same series. 

 

 

Figure 6. Example of a microearthquake inside ONKALO, spent nuclear fuel repository. Amplitude 
(vertical; micrometres) vs. time (horizontal; seconds). ML = -1.2 Mw = -0.5. Red and green (X, Y) 
are horizontal components and blue (Z) is vertical. 
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Seismic activity in and around ONKALO has been monitored since 2002 (Saari, 

2003). The amount of microearthquakes corresponds directly with the excavation 

work and blasting and it is considered that the seismic activity is directly induced 

by the construction, mainly blasting (Kaisko & Malm, 2019). The events used for 

kappa calculations are presented in Table 1. Four of the events, marked with 

asterisks, are temporally and spatially related to injections inside ONKALO and are 

probably induced by it. Rest of the microearthquakes happen temporally close to 

blasting, i.e., hour(s) or so after blasting, during the ventilation of the ONKALO.  
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Table 1. Microearthquakes used for this study. fc = Corner 
frequency. Events marked with asterisk (*) are microearthquakes 
induced by injections instead of blasts. ML = Local magnitude, Mw 
= Moment magnitude. Data is from Kaisko & Malm (2019). 

Event Number Depth (m) ML MW fc (Hz) 

1 -419.3 -1.8 -1.1 114 

2 -420.9 -1.3 -0.9 294 

3 -439.9 -1.1 -0.6 106 

4 -449.2 -1.0 -0.4 82 

5 -441.9 -1.3 -0.7 144 

6 -432.6 -1.2 -0.8 141 

7 -438.8 -1.2 -0.5 40 

8 -444.0 -1.4 -0.7 67 

9 -452.4 -1.5 -0.8 63 

10 -449.5 -1.1 -0.3 40 

11 -444.1 -1.5 -0.7 83 

12 -452.7 -1.4 -0.8 110 

13 -462.4 -1.5 -0.7 51 

14 -441.1 -1.5 -0.8 104 

15 -467.9 -1.3 -0.7 68 

16 -458.8 -1.5 -0.8 100 

17 -454.3 -1.4 -0.9 120 

18 -458.3 -1.3 -0.7 85 

19 -455.4 -1.3 -0.7 74 

20 -427.5 -1.5 -0.6 51 

21 -437.6 -1.3 -0.6 63 

22 -433.8 -1.6 -0.9 61 

23 -444.8 -1.4 -0.9 200 

24 -442.8 -1.4 -0.7 85 

25 -445.5 -1.2 -0.6 95 

26 -330.0 -2.1 -1.4 330 

27* -122.4 -2.2 -1.4 64 

28 -436.5 -1.7 -0.9 90 

29 -454.1 -1.5 -0.8 79 

30 -443.9 -1.5 -0.7 55 

31 -427.9 -1.3 -0.8 182 

32 -443.4 -1.4 -0.8 58 

33 -430.7 -1.9 -1.2 235 

34 -430.7 -1.8 -1.1 116 

35 -443.4 -1.4 -0.8 96 

36 -422.1 -1.6 -0.8 84 

37 -432.9 -2.0 -1.1 112 

38 -437.0 -1.9 -1.1 99 

39 -432.3 -1.9 -1.1 83 

40 -444.6 -1.5 -0.9 175 

41 -459.1 -1.4 -0.8 90 

42 -453.9 -1.8 -1.1 120 

43 -447.3 -1.5 -0.8 80 

44 -435.0 -2.0 -1.3 156 

45 -426.9 -1.7 -1.1 109 

46 -435.7 -1.8 -1.1 143 

47 -443.2 -1.9 -0.9 40 

48 -425.7 -1.4 -0.7 65 

49* -301.3 -1.6 -1.1 364 

50* -304.8 -1.3 -0.9 297 

51* -294.8 -1.3 -1.0 391 

 

Events were observed between 4 to 20 sensors of Posiva Oy’s seismic monitoring 

network (Fig. 7, Kaisko & Malm, 2019). Some of the sensors were excluded from 
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the κ-calculations because they had unreliable orientation, broken components, they 

were single component sensors, or they recorded only a few events.  

 

 

Figure 7. Closeup of the Island of Olkiluoto. Seismic stations are marked with triangle. Surface 
stations are marked with blue, stations inside ONKALO/borehole are marked with red. Coordinates 
are in longitude and latitude (WGS84). 

 

Sensors used to calculate kappa are shown in Table 2 (Haapalehto et al., 2019). 

Sampling frequency of the sensors is 6000 Hz. Sensors 131 and 142 recorded each 

of the events and 171 and 221 most of the events, probably due to being 

underground sensors and closer to the earthquake source. The total number of 

recordings was 297. Not all recordings of every sensor or component could be used, 

because of low signal strength or high noise level (Appendices 1-9). A total of 473 

κ-values were calculated from 297 recordings.  
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Table 2. Seismic sensors selected for the computations of the microearthquakes with moment 
tensor solutions. Short number in parenthesis in Seismic sensors column is the numerical code 
used for the stations. Coordinates are in Finnish KKJ (Zone 1) system (Haapalehto et al., 2019). 

Seismic sensors N (m) E (m) Z (m) Sensor type 

OL-OS2-g (21) 6792369 1525093 8 Triaxial geophone, 3G30 (30 Hz) 

OL-OS3-g (31) 6791998 1525397 13 Triaxial geophone, 3G30 (30 Hz) 

OL-OS4-g (41) 6792852 1526284 9 Triaxial geophone, 3G30 (30 Hz) 

OL-OS13-g (131) 6792191 1525942 -139 Triaxial borehole geophone, 3G14 (14 Hz) 

ONK-OS1-g (142) 6791967 1526147 -276 Triaxial borehole geophone, 3G14 (14 Hz) 

ONK-OS2-g (171) 6792337 1525355 -369 Triaxial borehole geophone, 3G14 (14 Hz) 

ONK-OS5-g (221) 6792121 1525683 -428 Triaxial borehole geophone, 3G14 (14 Hz) 

 

 

 

4 Methods of κ-analysis 

 

 

Kappa calculations have been commonly done with events with larger magnitudes 

(M > 0.7) than those used in this study (e.g., Brandt, 2017a & 2017b; Douglas et 

al., 2010). As there are multiple different ways to calculate the κ-parameter, it was 

decided that more than one will be used in this study, to get a more robust estimate 

of the κ-value. The selected kappa calculation methods for this study were the 

original Anderson and Hough (1984) method and the displacement kappa method 

(Biasi & Smith, 2001).  

 

The Anderson and Hough (AH) method calculates the kappa from high above the 

corner frequency, i.e., high frequency part of the spectra, whereas the displacement 

κ-method calculates it from below the corner frequency, i.e., lower frequency part 

of the spectra. Both methods are valid, but displacement kappa is normally used for 

small earthquakes, with local magnitudes around 1.0.  
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The raw uncorrected event data were exported from Institute of Mine Seismology 

software, IMS Trace (IMS, 2020a) as the kappa parameter could not be computed 

with IMS software. Also, no spectral data or corrected data could be exported from 

the IMS Trace (IMS, 2020a). The exported files were in ASCII-format. The data 

format was modified using scripts provided by Olga-Joan Ktenidou (Ktenidou, 

2020) to format that Seismic Analysis Code (SAC) (Goldstein et al., 2003) could 

read. After this, the instruments with offset (e.g., dip or roll) were corrected for 

offsets, so true horizontal and vertical data was obtained. Equations for corrections 

were provided by IMS (IMS, 2020b). After the offset correction, the data was 

imported into SAC and each event was visually inspected (Fig. 8).  

 

 

Figure 8. Microearthquake inside ONKALO, spent nuclear fuel repository (event 7 in Table 1). 
Amplitude (vertical) in micrometres vs. time (horizontal) in seconds. ML = -1.2 Mw = -0.5. Red and 
green (X, Y) are horizontal components and blue (Z) is vertical. The larger event is followed by 
smaller one, not used in calculations. P- and S-wave starts are marked in the figure.  

 

Visual inspection of the events had two objectives: first it would have been seen if 

the event itself was suitable for kappa calculations, i.e., no overlaps from multiple 

different events would be present in the recording. Second, the pre-event noise and 

S-wave part of the recording were selected (Fig. 9) to compute the Fourier spectra 

of the events. Typically, 0.2 s of pre-event noise was used to compute the spectra 

from noise. After the 0.2 s mark, first arrival of P-wave begun to interfere with the 
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noise. S-wave lengths were normally from 0.3 s to 1.2 s. According to Tsai and 

Chen (2000) the window length has very little influence on the determination of κ. 

Spectra from S-wave was made from longer time interval to better catch the low 

frequencies. Preliminary work had revealed that the noise level was higher in lower 

frequencies and using the displacement kappa could prove to be a challenge. 

 

Noise level values for the data were multiplied by three for better visualisation of 

signal-to-noise ratio (SNR) of three. SNR of three was selected, as it has been used 

in previous studies (e.g., Douglas et al., 2010). This was done for each of the three 

components, two horizontal (X & Y) and one vertical (Z).  

 

 

Figure 9. Event 7 divided to two horizontal components (red: X and green: Y) and one vertical 
(blue: Z). Also shown in the lower part of the picture: cuts of the pre-event noise (blue) and S-
wave (red) used to compute the spectra.  

 

From here, the lowest usable frequency (LUF) and highest usable frequency (HUF) 

were selected (Fig. 10). LUF was in lower frequency part of the spectra where SNR 

= 3 and HUF was in the high frequency part of the spectra where SNR = 3. Corner 

frequencies of the events ranged between 39.5 and 391.3 Hz, while HUF was 

mostly around 200-300 Hz, but with some cases exceeding 1000 Hz.  
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Corner frequency (fc) was multiplied by 1.5 (or divided by 1.5 in case of 

displacement kappa) in order stay far enough of the corner frequency when 

calculating the kappa. 

 

 

Figure 10. Event 7 X-component earthquake spectra showing corner frequency, corner frequency 
* 1.5 and highest usable frequency. 

  

For displacement kappa calculations, a least-squares best-fit line was fitted between 

LUF and fc/1.5. For AH kappa, this was done from fc*1.5 to HUF. In both methods 

the kappa was calculated with following equation.  

𝜅 =  −𝜆/𝜋                          (3) 

where λ is the slope of the best fit line (Anderson & Hough, 1984; Fig. 11).  
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Figure 11. Best-fit line of event 7 (Table 1) shown with the S-wave (red) and noise (blue) spectra. 
Slope of the best-fit line is -1.18023E-02. 

 

Flowchart of the work process is presented in Figure 12. 

 

Figure 12. Flowchart of the work process. fc = corner frequency, HUF = Highest usable frequency 
(Signal-to-noise ratio = 3). 
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5 Results 

 

5.1 Microearthquakes 

 

Results showed that the κ-values in Olkiluoto were low when compared to the rest 

of the world (e.g., Brandt, 2017a & 2017b; Lai et al., 2016; Douglas et al., 2010). 

κ-values in Olkiluoto for X-component were between 0.00002 and 0.01, between 

0.00005 and 0.01513 for Y-component and between 0.00228 and 0.01674 for Z-

component. Average (arithmetic mean), geometric mean and median values were 

approximately between 0.002 and 0.004. These results are shown in Table 3. 

 

Table 3. Average (arithmetic mean), geometric mean and median 
of the κ-values calculated from each component (horizontals X and 
Y, vertical Z) of all stations. Values that were more than two 
standard deviations away from the mean or were visually found to 
be unreliable were not used in these calculations. MAX and MIN are 
maximum and minimum values.  

All sensors K0 X K0 Y K0 Z 

Average 0.003746 0.003631 0.003648 

Geometric mean 0.002689 0.002650 0.002352 

Median 0.002935 0.002699 0.002249 

MAX 0.010420 0.015126 0.016736 

MIN 0.000021 0.000050 0.000228 

 

Underground stations (131, 142, 171 and 221) had the best recordings of events for 

kappa calculations. Surface stations (21, 31 and 41) had higher noise level or 

weaker signal, which interfered with κ-calculations. Excluding the surface stations 

from the average, geometric mean, median, maximum and minimum calculations 

lowered κ-values slightly (Table 4).  

 

 

Table 4. Average (arithmetic mean), geometric mean and median 
of the κ-values calculated from each component (horizontals X and 
Y, vertical Z) of underground stations (131, 142, 171 and 221). 
Values that were more than two standard deviations away from the 
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mean or were visually found to be unreliable were not used in these 
calculations. MAX and MIN are maximum and minimum values.  

Underground sensors K0 X K0 Y K0 Z 

Average 0.003238 0.003343 0.003221 

Geometric mean 0.002410 0.002493 0.002246 

Median 0.002719 0.002646 0.002234 

MAX 0.010500 0.010744 0.012938 

MIN 0.000021 0.000050 0.000228 

 

Station specific values for kappa had some variation. These values are shown in 

Appendices 1-7. Average, geometric mean, median, standard deviation and error 

was calculated for all stations (Tables 5-11). Most of the κ-values were obtained 

from the recordings of four stations: 131, 142, 171 and 221 (Tables 8-11). One 

reason for this is probably, because those stations are located underground and had 

shortest event-to-station distance. These stations also showed smallest standard 

error and the average values of each events had less spread than with the surface 

stations (Fig. 13).  
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Figure 13. Average (arithmetic mean) value and standard error of kappa for each 
event. Values that were more than two standard deviations away from the mean or 
were visually found to be unreliable were not used in these calculations. This can be 
seen in events 1, 2, 26 and 32 as they have no values in the figure. 
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Sensor 21 (Table 5) was located on the surface and rather far away from the events. 

This resulted in very weak signal or high noise level in the recordings, which lead 

to very few κ-calculations (Appendix 1). Average, geometric mean and median 

values of the station are calculated from only very few values and there is a 

possibility that they do not represent the local conditions. 

 

Table 5. Sensor 21 κ-values. Values marked (All) contain values 
that were more than two standard deviations from the mean or 
values that were deemed unreliable during visual observation of 
the event. Hyphen (-) mark values that could not be calculated 
due to the lack of events.  

Sensor 21 K0 X K0 Y K0 Z 

Average (All) 0.013949 - 0.000548 

Geometric mean (All) 0.011634 - 0.000548 

Median (All) 0.013949 - 0.000548 

STD Deviation (All) 0.007696 - 0 

STD Error (All) 0.005442 - 0 

Average 0.021645 - 0.000548 

Geometric mean 0.021645 - 0.000548 

Median 0.021645 - 0.000548 

 

 

Sensor 31 (Table 6) was a surface station and recorded fewer number of events than 

the underground stations. Still, it had the most recordings of all surface stations and 

the values could represent local bedrock conditions.  

 

Table 6. Sensor 31 κ-values. Values marked (All) contain values 
that were more than two standard deviations from the mean or 
values that were deemed unreliable during visual observation of 
the event. 

Sensor 31 K0 X K0 Y K0 Z 

Average (All) 0.009451 0.009103 0.016127 

Geometric mean (All) 0.007004 0.006056 0.008787 

Median (All) 0.008901 0.007580 0.014271 

STD Deviation (All) 0.006836 0.006709 0.014252 

STD Error (All) 0.001611 0.001677 0.004114 

Average 0.007533 0.007108 0.012089 

Geometric mean 0.006762 0.005802 0.006966 

Median 0.008163 0.006946 0.013599 
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Sensor 41 (Table 7) recorded many events (Appendix 3), but the quality of the 

recordings was not good enough to calculate kappa when using signal-to-noise ratio 

of 3 as a cut-off point. 

 

Table 7. Sensor 41 κ-values. Values marked (All) contain values 
that were more than two standard deviations from the mean or 
values that were deemed unreliable during visual observation of 
the event. Hyphen (-) mark values that could not be calculated 
due to the lack of events. Sensor 41 detected multiple events, 
but only one could be used to calculate kappa. 

Sensor 41 K0 X K0 Y K0 Z 

Average (All) 0.003466 0.000893 0.00179 

Geometric mean (All) 0.003466 0.000893 0.00179 

Median (All) 0.003466 0.000893 0.00179 

STD Deviation (All) - - - 

STD Error (All) - - - 

Average 0.003466 0.000893 0.00179 

Geometric mean 0.003466 0.000893 0.00179 

Median 0.003466 0.000893 0.00179 

 

Sensor 131 (Table 8) was located underground and had recordings of all events. 

Some of the recordings could not be used with signal-to-noise ratio of 3. 

 

Table 8. Sensor 131 κ-values. Values marked (All) contain 
values that were more than two standard deviations from the 
mean or values that were deemed unreliable during visual 
observation of the event.  

Sensor 131 K0 X K0 Y K0 Z 

Average (All) 0.004737 0.004668 0.003066 

Geometric mean (All) 0.003630 0.003864 0.002061 

Median (All) 0.004258 0.003635 0.002051 

STD Deviation (All) 0.003064 0.003606 0.004374 

STD Error (All) 0.000518 0.000563 0.000773 

Average 0.004135 0.003950 0.002519 

Geometric mean 0.003263 0.003163 0.001964 

Median 0.003740 0.003027 0.002428 

 

 

Sensor 142 (Table 9) was located underground and had recordings of all the events. 

Some of the recordings could not be used with signal-to-noise ratio of 3. 
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Table 9. Sensor 142 κ-values. Values marked (All) contain 
values that were more than two standard deviations from the 
mean or values that were deemed unreliable during visual 
observation of the event.  

Sensor 142 K0 X K0 Y K0 Z 

Average (All) 0.003677 0.005205 0.006297 

Geometric mean (All) 0.002503 0.003005 0.005446 

Median (All) 0.002719 0.00408 0.006552 

STD Deviation (All) 0.002801 0.003803 0.004348 

STD Error (All) 0.000449 0.000652 0.000725 

Average 0.003036 0.003766 0.004737 

Geometric mean 0.002214 0.002646 0.003261 

Median 0.002501 0.002699 0.003223 

 

 

Sensor 171 (Table 10) was located underground and had recordings of most of the 

events. Some of the recordings could not be used with signal-to-noise ratio of 3. 

 

Table 10. Sensor 171 κ-values. Values marked (All) contain 
values that were more than two standard deviations from the 
mean or values that were deemed unreliable during visual 
observation of the event. 

Sensor 171 K0 X K0 Y K0 Z 

Average (All) 0.003691 0.004915 0.003759 

Geometric mean (All) 0.002826 0.003365 0.002655 

Median (All) 0.002725 0.002952 0.002301 

STD Deviation (All) 0.002688 0.005094 0.003661 

STD Error (All) 0.000442 0.001040 0.000680 

Average 0.003542 0.003633 0.002909 

Geometric mean 0.002736 0.002883 0.002333 

Median 0.002691 0.002893 0.002280 
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Sensor 221 (Table 11) was located underground and had recordings of most of the 

events. Some of the recordings could not be used with signal-to-noise ratio of 3. 

 

Table 11. Sensor 221 κ-values. Values marked (All) contain 
values that were more than two standard deviations from the 
mean or values that were deemed unreliable during visual 
observation of the event.  

Sensor 221 K0 X K0 Y K0 Z 

Average (All) 0.002567 0.002649 0.003207 

Geometric mean (All) 0.001875 0.001873 0.001945 

 Median (All) 0.001784 0.001713 0.001620 

STD Deviation (All) 0.002192 0.002751 0.003615 

STD Error (All) 0.000351 0.000458 0.000579 

Average 0.002085 0.002083 0.002417 

Geometric mean 0.001658 0.001680 0.001667 

Median 0.001516 0.001667 0.001575 

 

 

The injection related microearthquakes (Table 1) gave smaller κ-values on average 

than the blasting related (Fig. 14). For some reason sensor 171 had significantly 

lower signal strength than in blasting related earthquakes and no kappa could be 

calculated with SNR = 3. Same applied for the surface sensor 31.  
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Figure 14. Three of the injection related microearthquakes in ONKALO, spent nuclear fuel repository 
(Events 49-51). Sensors used in κ-calculation are bolded. Direction of the picture is to north, with 
slight dip to better visualize the location of the microearthquakes in relation to the sensors. 
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Displacement kappa could not be calculated for the events, because the attenuation 

of the waveform did not happen outside of the corner frequency limit in the low 

frequency part of the spectra, or the noise level was high in relation to the signal 

(Fig. 15). Cause of this behavior was unknown, but it was repeated in almost every 

event and reliable amount of displacement κ-values could not be calculated. 

Therefore, only κ-values from high frequency part of the spectra are presented in 

the result-section.  

 

 
Figure 15. Event 7 X-component spectra. Displacement-kappa calculations could not be done, 
because noise level below the corner frequency was so high in relation to the signal.  

 

 

5.2 Blasting 

 

Values of κ were calculated also from five different blasts from 2018 (Table 12; 

Appendix 8). The number of blasts used was not nearly as high as the amount of 

microearthquakes – the focus of the study was on the kappa of microearthquakes, 

but it was thought that adding a few calculations from blasting could give some 

additional information. These blasts were single blasts in order to avoid mixing of 

different blasts that might occur in a blast series typically used in excavation works. 

This would not have been a problem for the pre-event noise, but to it could have 

made cutting the S-wave window problematic. Corner frequency was also 
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calculated automatically by the IMS software and the values were not checked by 

an analyst, unlike with the microearthquakes with more manual approach by Kaisko 

and Malm (2019). 

 

Table 12. The blasts that were used to calculate κ-values.  

Event number Depth ML MW 

1 -430.5 -0.3 -0.1 

2 -437.4 -0.3 -0.2 

3 -439.7 -0.3 0.0 

4 -446.8 -0.4 -0.1 

5 -435.4 -0.2 0.1 

 

The average, geometric mean and median values of the blasts were slightly smaller 

than those of the microearthquakes used in this study (Table 13). Microearthquakes 

had average κ-values of all components around 0.0022 to 0.0037, while blasting 

related κ was around 0.0016. Due to the small number of blasts used, some outliers 

could have caused errors in the results. For more robust estimates, a study to 

concentrate on the blast-kappa should be done separately. 

 

 

Table 13. Average (arithmetic mean), geometric mean and median values 
for blasting related κ. Standard deviation and error are also shown. 

All sensors K0 X K0 Y K0 Z 

Average 0.001640 0.001374 0.001171 

Geometric mean 0.001097 0.001105 0.000821 

Median 0.001052 0.001064 0.000693 

STD Deviation 0.002078 0.001098 0.001536 

STD Error 0.000490 0.000275 0.000397 

 

Surface sensors (21, 31 and 41) used in blasting-κ-calculations had weak signal 

strength in relation to the noise level. This resulted in very few κ-calculations from 

the recordings of the surface stations (Table 14). Values were slightly higher than 

the values calculated from the underground stations and generally closer to the κ-

values of the microearthquakes.  
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Table 14. Κ-values calculated from blasts recorded by the surface 
sensors. Values marked with a hyphen (-) could not be calculated 
due to weak signal strength or high noise levels. 

Sensor 21 K0 X K0 Y K0 Z 

1 0.003371 0.003944 - 

2 - - - 

3 - - - 

4 - - - 

5 - - - 

Average 0.003371 0.003944 - 

Geometric mean 0.003371 0.003944 - 

Median 0.003371 0.003944 - 

STD Deviation 0.000000 0.000000 - 

STD Error 0.000000 0.000000 - 

Sensor 31 K0 X K0 Y K0 Z 

1 0.002564 0.004325 0.006803 

2 - - - 

3 - - - 

4 - - - 

5 - - - 

Average 0.002564 0.004325 0.006803 

Geometric mean 0.002564 0.004325 0.006803 

Median 0.002564 0.004325 0.006803 

STD Deviation 0.000000 0.000000 0.000000 

STD Error 0.000000 0.000000 0.000000 

Sensor 41 K0 X K0 Y K0 Z 

1 0.009650 - - 

2 - - - 

3 - - - 

4 - - - 

5 - - - 

Average 0.009650 - - 

Geometric mean 0.009650 - - 

Median 0.009650 - - 

STD Deviation 0.000000 - - 

STD Error 0.000000 - - 

 

Underground stations showed slightly smaller κ-values than the ones calculated 

from the microearthquakes (Table 15). The high corner frequency also caused 

problems with the SNR = 3. The signal crossed the signal-SNR=3 boundary almost 

immediately and the best-fit line could not be fitted on the spectra. The amount of 

datapoints between the fc*1.5 and SNR = 3 was so low that that the best-of-fit line 

would have been unreliable. Station 221 had a different problem – the signal 

strength was extremely good, even in the high frequencies and did not reach SNR 

= 3 even at 3000 Hz and the usable frequency band recordings did not exceed this 

frequency.   
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Table 15. Κ-values calculated from blasts recorded by the 
underground sensors. Values marked with a hyphen (-) could not 
be calculated due to weak signal strength or high noise levels. 

Sensor 131 K0 X K0 Y K0 Z 

1 0.001295 0.001202 0.001204 

2 0.001435 0.001620 0.001457 

3 - - - 

4 0.001046 0.001198 0.001047 
5 0.001525 0.001424 0.001022 

Average 0.001325 0.001361 0.001182 

Geometric mean 0.001312 0.001350 0.001170 

Median 0.001365 0.001313 0.001126 

STD Deviation 0.000181 0.000175 0.000173 

STD Error 0.000090 0.000088 0.000087 

Sensor 142 K0 X K0 Y K0 Z 

1 0.001006 0.001056 0.000966 

2 - - - 

3 0.000566 0.000504 0.000304 
4 0.001059 0.001536 0.000827 
5 0.001322 0.001072 0.000693 

Average 0.000988 0.001042 0.000698 

Geometric mean 0.000945 0.000967 0.000641 

Median 0.001032 0.001064 0.000760 

STD Deviation 0.000272 0.000366 0.000247 

STD Error 0.000136 0.000183 0.000123 

Sensor 171 K0 X K0 Y K0 Z 

1 0.000679 0.000613 0.000497 

2 0.000584 0.000611 0.000542 
3 - - - 

4 0.001233 0.000759 0.000688 
5 0.000790 0.000701 0.000544 

Average 0.000821 0.000671 0.000568 

Geometric mean 0.000788 0.000668 0.000563 

Median 0.000734 0.000657 0.000543 

STD Deviation 0.000248 0.000062 0.000072 

STD Error 0.000124 0.000031 0.000036 

Sensor 221 K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.000592 0.000749 0.000488 
4 0.000624 0.000663 0.000487 
5 0.000188 - - 

Average 0.000468 0.000706 0.000487 

Geometric mean 0.000411 0.000705 0.000487 

Median 0.000592 0.000706 0.000487 

STD Deviation 0.000198 0.000043 0.000000 

STD Error 0.000114 0.000030 0.000000 
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6 Discussion 

 

 

The κ0 parameter values in Olkiluoto are small. They are quite close to the values 

found in Eastern North America – a stable continental region and a hard rock site – 

average values in Olkiluoto were around 0.002 to 0.004 and values measured in 

Eastern North America are around 0.006 (e.g., Douglas et al., 2010). Bedrock in 

Finland is also characterized by hard to very hard rocks (Hölttä & Heilimo, 2017).  

 

The small κ means that the attenuation of the seismic waves is mainly dominated 

by geometric spreading. As kappa measures how the local geology affects the high 

frequency attenuation, the low kappa means that the local geology has very little 

effect.  

 

Unfortunately, displacement kappa could not be calculated from the data, because 

the noise levels in the high frequencies exceeded the SNR = 3. One solution for this 

would be lowering of the “standards” – calculating κ-values from signal that is 

above SNR = 2, for example.  In theory, this should not influence the results, but 

the reliability of them would suffer. There have been recent studies on how to 

improve the usability of noisy signals for κ calculations by stochastic modeling of 

the noise (e.g., Pikoulis el al., 2020). These methods could provide better tools for 

κ calculations in noisy sites in the future.  

 

κ -parameters can be used in stochastic simulations and host-to-target adjustments 

of GMPEs. Many of the latter are Vs-kappa corrections (e.g., Biro & Renault, 2012) 

and show that different κ-values influence hazard sensitivity (Fig. 16). This kind of 

a change in hazard could be seen in Olkiluoto, at least for these parameters: smaller 
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kappa and higher Vs. These changes in hazards could be increased by changing Vs-

values, which is also high in Finland. 

 

 

Figure 16. Example of hazard sensitivity to different target κ-values. Host Kappa is fixed at 0.04 
and with Vs of 800 m/s and target Kappa varies between 0.006 and 0.04 with Vs of 2000 m/s. 
Modified from Biro & Renault (2012). 



43 

 

 

 

 

Fig. 17 shows component specific κ-values vs. event magnitude. Site or even sensor 

specific κ-values should stay relatively same regardless of the magnitude of the 

event, but some scattering was still observed. Most of the κ-values were around 

0.002. Scattering also varied per sensor and per component, but sensor 221 gave 

the least varied κ-values, even if the scattering was slightly higher with the Z-

component. Using site-specific geological maps and accurate blasting locations it 

could be researched if they contribute to the spread of the κ-values per sensors. 

Figures contain values that are within two standard deviation of the mean. Increase 

of κ-estimates with magnitude, as suggested by Purvance and Anderson (2003) 

could not be detected. 10-1 
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Figure 17. Κ-values calculated from all of the three different components X, Y and Z (A, B and C 
respectively) of the underground sensors versus local magnitude of the events.  
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The average κ per event varied with the stations (Fig. 13; Chapter 5.1). The κ had 

more spread and higher values with the surface sensors (Sensors 21, 31 and 41). 

Surface sensor 31 had the largest number of calculated κ-values from surface 

stations, but also showed the largest standard error. Larger κ-values of the surface 

sensors might be caused by the greater station-to-event distance – path and the 

media that the seismic wave travels trough has more time to affect the behavior of 

the wave. Normally these would be corrected when calculating regional kappa κR 

(Ktenidou et al., 2014). In this study the focus was on the site-specific kappa (κ0) 

and these corrections were not warranted for such small station-to-event distances 

(Ktenidou et al., 2014). It can be speculated that the low magnitude of the events 

used in this study could have warranted to use some corrections for the surface 

stations. 

 

The values of κ calculated from blasts were slightly lower (by ~0.001) than those 

calculated from microearthquakes. The small number of events and recordings used 

to calculate blasting-κ-values also leave the results prone to error. If more robust 

estimates or information from blasting related kappa is done, the number of events 

should be significantly larger.  

 

Seismic hazard assessments for Olkiluoto could be adjusted by slightly modifying 

κ-values in GMPEs from one stable continental regions e.g., NGA-East (Goulet et 

al., 2014; Goulet et al., 2018) to values seen in Finland. Further research on GMPEs 

modifying both κ-values and S-wave velocities could provide insight on the 

sensitivity of the seismic hazard studies conducted in Finland and provide more 

accurate estimates on local seismic hazards. As the island of Olkiluoto does not 

stand out in Finland when considering seismic velocities or rock quality (i.e., very 

hard rock) these values could be used to adjust GMPEs also somewhere else in 

Finland, where local seismic monitoring network is not available. It would also be 

interesting to calculate more regional κ-values using the events recorded by Institute 

of Seismology, University of Helsinki to get a more general view of Finland and its 

kappa.  
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Other interesting study area would be the rapakivi-granite area, known as Viborg 

batholite in South Eastern Finland. There have been multiple small earthquake 

swarms quite close to the surface near the city of Kouvola over the years (Smedberg 

et al., 2012), so there could be sufficient data for kappa analysis in rapakivi areas.  

 

κ-values were mostly calculated from high to very high frequency range, from 100 

to 300 Hz. If the high frequencies are more prevalent in Finnish earthquakes, it 

would be benefitting to study the equipment and material used in NPP’s to assess 

the possible hazard caused by the high frequency vibrations. For this, regional 

earthquakes should also be studied, to analyse if they also cause a lot of vibrations 

in the high frequencies. In order to study regional earthquakes, the data collected 

by Finnish National Seismic Network (Fig. 18; Institute of Seismology, 1980) or 

even Swedish National Seismic Network (SNSN, 1904) could be used as both of 

those networks detect seismic events that happen in Gulf of Bothnia - an area which 

can also be monitored with Posiva’s seismic monitoring network. 
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Figure 18. Finnish National Seismic Network (FNSN). Location of the seismic monitoring 
stations marked with red triangle, Olkiluoto NPP site as a black circle. Picture from 
International Federation of Digital Seismograph Network website (Institute of 
Seismology, University of Helsinki, 1980) 

 

It would also be interesting to study the principles of kappa-parameter further. How 

would it behave in (theoretically) fully elastic and homogenous material. This 

would of course need simulated approaches, as no such material exists. This 

research would show the theoretical minimum of the kappa parameter, where all 

the attenuation is caused by the geometric spreading. 
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Local dampening and amplification could be studied in Olkiluoto, for better 

understanding of the site-specific variations in attenuation. For example horizontal-

over-vertical-aspect-ratio, similar to e.g., Ktenidou et al. (2015),  could be 

computed for Olkiluoto. The understanding of local amplification, dampening, 

attenuation and geological studies from previous research could be used to gain 

even better understanding of the seismic hazard in Olkiluoto NPP site.   
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7 Conclusions 

 

The κ0 value that was calculated from microearthquakes in Olkiluoto was low, with 

an average of 0.0037. This is somewhat lower than in Eastern North America’s 

0.006 (e.g., Douglas et al., 2010), but within the same order of magnitude. Reason 

for this low kappa value is found in the properties of the Finnish bedrock. The rock 

parameters that contribute to the attenuation of the seismic wave and especially the 

attenuation of the high frequencies (e.g., high porosity, low density) are such that 

little attenuation takes place, other than caused by geometric spreading.  

 

It would be interesting to continue studying the effects of kappa parameter in 

seismic hazard in Finland, as per Biro and Renault (2012) show that variations in 

kappa-parameter in host-to-target conversions influence seismic hazard. Other 

factors, like S-wave velocity in upper parts of the bedrock for example, also play a 

role in the seismic hazard analysis. This velocity is also very high in Finland, mainly 

due to the same reasons – very hard rock.  

 

Finnish NPP are built directly on the bedrock and as a result there is no soil layers 

to increase the attenuation of the possible seismic waves that affect the sites. As the 

results of this study shows, the Finnish bedrock retains the high frequencies well, 

but further research to better understand the frequency content of earthquakes 

would be useful in order to better asses the seismic hazards.  

 

New insight could be gained if a host-to-target adjustment would be made for and 

existing GMPE (e.g., NGA-East by Goulet et al., 2018). As the kappa parameter is 

not the only parameter that affects the hazard, the velocity of S-wave in the 

uppermost 30 m part of the bedrock (Vs) is also one of the factors. 
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10 Appendices 

 

Appendices 1-7 show the κ-values of microearthquakes and appendices 8-9 the κ-

values of blasts per sensor and per event. Κ-values calculated for each of the three 

different component, two horizontal (X & Y) and one vertical (Z). Events 27 and 

49-51 are injection related earthquakes, while others are most likely related to the 

blasting in ONKALO. Yellow cells represent values that were found unreliable in 

visual inspection of the spectra (e.g., the amount of datapoints for fitting a best-fit 

line between the corner-frequency*1.5 and highest usable frequency was so low, 

that the best-fit line was unreliable). Red cells have values that are more than two 

standard deviation away from the mean and are not used in most of the calculations 

(e.g., in average, geometric mean and median). Values with a hyphen (-) had so 

high noise level or signal so weak that κ-calculations could not be done. Values 

with x mark events that were not recorder by the station. 
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Appendix 1. Sensor 21 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 x x x 

2 x x x 

3 - - - 

4 - - - 

5 - - - 

6 - - - 

7 - - - 

8 - - - 

9 - - - 

10 x x x 

11 x x x 

12 x x x 

13 x x x 

14 - - - 

15 x x x 

16 x x x 

17 x x x 

18 x x x 

19 0.021645 - 0.000548 

20 - - - 

21 0.006254 -  

22 - - - 

23 - - - 

24 - - - 

25 - - - 

26 x x x 

27 x x x 

28 - - - 

29 - - - 

30 - - - 

31 - - - 

32 x x x 

33 - - - 

34 - - - 

35 - - - 

36 x x x 

37 x x x 

38 x x x 

39 x x x 

40 x x x 

41 - - - 

42 - - - 

43 - - - 

44 x x x 

45 - - - 

46 x x x 

47 x x x 

48 - - - 

49 x x x 

50 - - - 

51 x x x 
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Appendix 2. Sensor 31 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.003748 0.013448 0.014944 

4 0.005885 0.003563 0.005400 

5 x x x 

6 x x x 

7 0.003569 0.007580 0.017457 

8 0.011949 - - 

9 0.010735 0.006927 0.001879 

10 0.016087 0.000245 0.030620 

11 - - - 

12 - - - 

13 - 0.001083 - 

14 - - - 

15 0.004626 0.027226 - 

16 0.017277 - 0.001164 

17 - - - 

18 0.010634 0.007580 0.048680 

19 0.009078 - - 

20 0.012587 0.007787 0.013599 

21 0.002890 0.013151 0.017067 

22 0.008725 0.014193 0.033850 

23 - - - 

24  0.006946 - 

25 0.004127 0.009780 - 

26 - - - 

27 x x x 

28 - - - 

29 0.009309 - - 

30 - - - 

31 - - - 

32 - - - 

33 - - - 

34 - - - 

35 - - - 

36 - - - 

37 - - - 

38 - - - 

39 - - - 

40 - - - 

41 0.000460 0.018218 0.008138 

42 - - - 

43 - - - 

44 - - - 

45 - - - 

46 - - - 

47 0.030832 0.002384 - 

48 0.007600 0.005544 0.000722 

49 - - - 

50 - - - 

51 - - - 
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Appendix 3. Sensor 41 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 x x x 

2 x x x 

3 0.003466 0.000893 0.00179 

4 - - - 

5 - - - 

6 - - - 

7 - - - 

8 x x x 

9 - - - 

10 - - - 

11 - - - 

12 - - - 

13 - - - 

14 - - - 

15 - - - 

16 x x x 

17 x x x 

18 x x x 

19 - - - 

20 x x x 

21 - - - 

22 x x x 

23 x x x 

24 - - - 

25 - - - 

26 x x x 

27    

28 x x x 

29 - - - 

30 - - - 

31 - - - 

32 - - - 

33 x x x 

34 x x x 

35 - - - 

36 x x x 

37 x x x 

38 x x x 

39 x x x 

40 - - - 

41 - - - 

42 x x x 

43 x x x 

44 x x x 

45 x x x 

46 x x x 

47 x x x 

48 x x x 

49 x x x 

50 x x x 

51 x x x 
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Appendix 4. Sensor 131 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.003477 0.002467 0.002800 

4 0.004258 0.004206 0.004602 

5 0.000156 0.015845 0.000266 

6 0.001849 0.003638 0.002676 

7 0.002896 0.002142 0.002439 

8 0.007610 0.003894 - 

9 0.003716 0.002758 0.000753 

10 0.002823 0.001996 0.002559 

11 0.003017 0.002614 0.001132 

12 0.005749 0.007136 0.002417 

13 0.005218 0.005484 0.002671 

14 - 0.004043 0.002440 

15 0.004829 0.002438 0.001901 

16 0.006146 0.001811 0.001162 

17 0.003661 0.001327 0.002192 

18 - 0.003027 0.002450 

19 0.002522 0.002509 0.001268 

20 0.008194 0.005680 - 

21 0.006133 0.002915 0.005324 

22 - - - 

23 0.013938 0.016745 0.025064 

24 0.004434 0.000299 0.006641 

25 0.005114 0.009042 0.004568 

26 - - - 

27 0.001434 0.000608 0.001112 

28 0.003740 0.002911 0.003449 

29 - 0.002110 - 

30 0.012497 0.003230 - 

31 0.002835 0.002595 0.001349 

32 - - - 

33 0.003558 - - 

34 0.010500 0.001681 0.002051 

35 0.005162 0.005481 0.009511 

36 0.000471 0.006526 - 

37 - - - 

38 0.001650 0.003179 - 

39 - 0.004877 - 

40 0.004877 0.007380 0.000601 

41 0.003178 0.002787 0.001764 

42 0.008491 0.010653 0.002860 

43 - 0.004040 0.000436 

44 - 0.001690 - 

45 - - - 

46 0.005122 0.006486 0.004458 

47 - - - 

48 0.005600 0.007795 0.006413 

49 - - - 

50 0.000943 0.001063 0.000831 

51 - 0.009543 - 
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Appendix 5. Sensor 142 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.002063 0.001981 0.002181 

4 - - - 

5 0.000676 0.013189 0.017155 

6 0.003295 0.003040 0.003435 

7 0.002719 0.002658 0.005560 

8 0.007145 0.008055 0.014046 

9 0.010200 0.003857 0.001350 

10 0.001913 0.001599 0.002234 

11 0.000654 0.000855 0.000848 

12 0.001103 0.001585 0.002044 

13 0.003470 0.005531 0.010569 

14 0.003109 0.002743 0.000936 

15 0.002524 0.001459 0.001436 

16 0.002478 0.002699 0.000755 

17 - - - 

18 0.001761 0.001018 0.001826 

19 0.000978 0.000761 0.001048 

20 0.007032 0.008270 0.009197 

21 0.010009 0.010744 0.012938 

22 0.009688 - - 

23 0.009592 0.007191 0.001557 

24 0.007483 0.003631 0.006262 

25 0.002395 0.006380 0.002191 

26 - - - 

27 0.000982 0.001888 0.000228 

28 0.002040 0.002080 - 

29 0.002121 0.001756 0.002905 

30 0.002308 0.012347 0.011630 

31 - - - 

32 - - - 

33 - - - 

34 - 0.006252 0.007955 

35 0.005316 0.004080 0.003537 

36 0.004127 0.006980 0.005436 

37 - - - 

38 0.004725 0.014513 0.007730 

39 0.006112 0.009105 0.008080 

40 0.003638 - 0.010049 

41 0.003295 0.001910 0.001840 

42 0.001325 0.001610 - 

43 - 0.001982 - 

44 0.004813 - 0.003010 

45 - - - 

46 0.000873 0.000050 0.005368 

47 0.003729 - 0.006750 

48 0.005185 0.005006 0.011334 

49 0.000021 - - 

50 0.001840 - 0.002272 

51 0.000648 - 0.006552 
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Appendix 6. Sensor 171 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.009043 0.010557 0.005133 

4 0.004734 0.005280 0.003720 

5 0.000102 0.002942 0.000676 

6 0.002055 - 0.003471 

7 0.002963 0.002963 0.002301 

8 - - - 

9 0.008117 - 0.001577 

10 0.002656 - - 

11 0.000666 0.002014 0.001176 

12 0.002725 - 0.002088 

13 0.003011 - - 

14 x x x 

15 0.002442 0.023688 0.007347 

16 0.002388 0.001584 0.001962 

17 0.002296 0.001946 0.002348 

18 0.002356 0.001705 0.001086 

19 x x x 

20 0.002040 0.003828 0.001790 

21 0.007044 - - 

22 0.002267 - - 

23 0.002129 0.001711 0.002265 

24 0.001547 0.003711 0.000422 

25 0.001795 0.001495 0.001893 

26 - - - 

27 0.005781 - - 

28 0.007077 0.014337 0.003843 

29 0.006079 0.007173 0.000927 

30 0.007680 - 0.008256 

31 0.002725 0.001550 0.001675 

32 - - - 

33 0.001621 0.006456 - 

34 0.002935 - - 

35 0.008380 0.005259 0.005444 

36 0.001268 0.001073 - 

37 - - - 

38 0.004303 0.000737 0.016560 

39 0.007045 0.002843 0.005897 

40 0.001091 0.008904 0.002433 

41 x x x 

42 0.001558 - 0.002736 

43 0.002988 0.002515 0.001982 

44 - - - 

45 0.002435 - 0.002280 

46 x x x 

47 0.003268 - 0.013907 

48 0.007950 0.003678 0.003802 

49 - - - 

50 - - - 

51 - - - 
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Appendix 7. Sensor 221 κ-values. 

Event Number K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.001595 0.001654 0.001607 

4 0.004274 0.004414 0.004165 

5 0.001331 0.001311 0.001277 

6 0.001784 0.002347 0.001543 

7 0.002411 0.002651 0.003109 

8 0.007038 0.004362 - 

9 x x x 

10 x x x 

11 0.002395 0.002397 0.000927 

12 0.003370 0.004201 0.003446 

13 0.003493 0.002646 0.002632 

14 0.002731 0.000812 0.000756 

15 0.000927 0.001368 0.001145 

16 0.000954 0.001748 0.002264 

17 0.000900 - 0.000989 

18 0.000557 0.000663 0.000737 

19 0.005103 0.004682 0.008242 

20 0.005103 0.004682 0.008242 

21 - 0.009428 0.010743 

22 - - 0.016736 

23 0.000892 0.000986 0.000936 

24 0.001437 0.001047 0.000983 

25 0.000519 0.002862 - 

26 - - - 

27 - - - 

28 0.001089 0.002149 - 

29 0.004885 0.003270 0.001726 

30 0.010420 - 0.002522 

31 0.001862 0.001265 0.001282 

32 x x x 

33 0.001095 0.000707 0.000788 

34 - - - 

35 0.003309 0.003236 0.001954 

36 0.000813 0.000596 0.000249 

37 0.001181 0.000944 0.000550 

38 0.000480 - 0.000604 

39 0.002111 - 0.001438 

40 - - 0.010590 

41 0.001249 0.001574 0.002061 

42 0.001185 0.001170 0.000817 

43 0.005133 0.002448 0.008681 

44 0.002006 0.000631 0.001264 

45 0.002586 0.015126 0.001620 

46 0.003431 0.001679 0.002763 

47 - - 0.007458 

48 0.007590 0.004206 0.005769 

49 0.000864 0.000648 0.002041 

50 0.001428 0.000728 - 

51 0.000595 0.000731 0.000422 
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Appendix 8. List of κ-values calculated from blast recordings of 
surface stations.  

Sensor 21 K0 X K0 Y K0 Z 

1 0.003371 0.003944 - 

2 - - - 

3 - - - 

4 - - - 

5 - - - 

Average 0.003371 0.003944 - 

Geometric mean 0.003371 0.003944 - 

Median 0.003371 0.003944 - 

STD Deviation 0.000000 0.000000 - 

STD Error 0.000000 0.000000 - 

Sensor 31 K0 X K0 Y K0 Z 

1 0.002564 0.004325 0.006803 

2 - - - 

3 - - - 

4 - - - 

5 - - - 

Average 0.002564 0.004325 0.006803 

Geometric mean 0.002564 0.004325 0.006803 

Median 0.002564 0.004325 0.006803 

STD Deviation 0.000000 0.000000 0.000000 

STD Error 0.000000 0.000000 0.000000 

Sensor 41 K0 X K0 Y K0 Z 

1 0.009650 - - 

2 - - - 

3 - - - 

4 - - - 

5 - - - 

Average 0.009650 - - 

Geometric mean 0.009650 - - 

Median 0.009650 - - 

STD Deviation 0.000000 - - 

STD Error 0.000000 - - 
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Appendix 9. List of κ-values calculated from blast recordings of 
underground stations. 

Sensor 131 K0 X K0 Y K0 Z 

1 0.001295 0.001202 0.001204 

2 0.001435 0.001620 0.001457 

3 - - - 

4 0.001046 0.001198 0.001047 

5 0.001525 0.001424 0.001022 

Average 0.001325 0.001361 0.001182 

Geometric mean 0.001312 0.001350 0.001170 

Median 0.001365 0.001313 0.001126 

STD Deviation 0.000181 0.000175 0.000173 

STD Error 0.000090 0.000088 0.000087 

Sensor 142 K0 X K0 Y K0 Z 

1 0.001006 0.001056 0.000966 

2 - - - 

3 0.000566 0.000504 0.000304 

4 0.001059 0.001536 0.000827 

5 0.001322 0.001072 0.000693 

Average 0.000988 0.001042 0.000698 

Geometric mean 0.000945 0.000967 0.000641 

Median 0.001032 0.001064 0.000760 

STD Deviation 0.000272 0.000366 0.000247 

STD Error 0.000136 0.000183 0.000123 

Sensor 171 K0 X K0 Y K0 Z 

1 0.000679 0.000613 0.000497 

2 0.000584 0.000611 0.000542 

3 - - - 

4 0.001233 0.000759 0.000688 

5 0.000790 0.000701 0.000544 

Average 0.000821 0.000671 0.000568 

Geometric mean 0.000788 0.000668 0.000563 

Median 0.000734 0.000657 0.000543 

STD Deviation 0.000248 0.000062 0.000072 

STD Error 0.000124 0.000031 0.000036 

Sensor 221 K0 X K0 Y K0 Z 

1 - - - 

2 - - - 

3 0.000592 0.000749 0.000488 

4 0.000624 0.000663 0.000487 

5 0.000188 - - 

Average 0.000468 0.000706 0.000487 

Geometric mean 0.000411 0.000705 0.000487 

Median 0.000592 0.000706 0.000487 

STD Deviation 0.000198 0.000043 0.000000 

STD Error 0.000114 0.000030 0.000000 

 

 


