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Abstract. Understanding the inner structure of seismogenic
faults and their ability to reactivate is particularly important
in investigating the continental intraplate seismicity regime.
In our study we address this problem using analysis of lo-
cal seismic events and ambient seismic noise recorded by
the temporary DAFNE array in the northern Fennoscandian
Shield. The main purpose of the DAFNE/FINLAND passive
seismic array experiment was to characterize the present-
day seismicity of the Suasselkd postglacial fault (SPGF),
which was proposed as one potential target for the DAFNE
(Drilling Active Faults in Northern Europe) project. The
DAFNE/FINLAND array comprised an area of about 20 to
100 km and consisted of eight short-period and four broad-
band three-component autonomous seismic stations installed
in the close vicinity of the fault area. The array recorded
continuous seismic data during September 2011-May 2013.
Recordings of the array have being analysed in order to iden-
tify and locate natural earthquakes from the fault area and to
discriminate them from the blasts in the Kittild gold mine. As
a result, we found a number of natural seismic events origi-
nating from the fault area, which proves that the fault is still
seismically active. In order to study the inner structure of
the SPGF we use cross-correlation of ambient seismic noise
recorded by the array. Analysis of azimuthal distribution of
noise sources demonstrated that during the time interval un-
der consideration the distribution of noise sources is close to
the uniform one. The continuous data were processed in sev-
eral steps including single-station data analysis, instrument
response removal and time-domain stacking. The data were

used to estimate empirical Green’s functions between pairs
of stations in the frequency band of 0.1-1 Hz and to calcu-
late corresponding surface wave dispersion curves. The S-
wave velocity models were obtained as a result of dispersion
curve inversion. The results suggest that the area of the SPGF
corresponds to a narrow region of low S-wave velocities sur-
rounded by rocks with high S-wave velocities. We interpret
this low-velocity region as a non-healed mechanically weak
fault damage zone (FDZ) formed due to the last major earth-
quake that occurred after the last glaciation.

1 Introduction

In studying of mechanisms of large earthquakes investiga-
tions of seismogenic fault structure and properties are of par-
ticular importance. One group of seismological studies con-
centrates on mapping the seismic source using recordings
of seismic events. This includes mapping of the fault plane
using distribution of hypocentres of earthquakes originating
from the fault and also calculating orientation and dip of fault
planes from seismograms of earthquakes (fault plane solu-
tions, centroid moment tensor solutions). Another group of
methods investigates the inner structure of fault zones us-
ing structural geology, palaeoseismology, seismic reflection
and refraction experiments and geodetic measurements. The
studies of the second group show that the inner structure of
seismogenic faults is complex (Davis and Reynolds, 1996)
and the main slip planes are surrounded by so-called fault
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Figure 1. Position of the DAFNE temporary array on the geograph-
ical map.

damage zones (FDZs) which arise along the fault as a result
of brittle deformation and cracking in rock in response to
stress (Chester and Logan, 1986; Shipton and Cowie, 2003).
Kim et al. (2004) demonstrated that damage zones show very
similar geometries across a wide range of scales and fault
types, including strike-slip, normal and thrust faults. These
fault damage zones are mechanically weaker than surround-
ing rock and they can be detected as zones of low seismic
velocities. Some recent investigations of FDZs produced by
large earthquakes have demonstrated that the width of them
can vary from several dozen metres to 1-2km (Vidale and
Li, 2003; Cochran et al., 2009). It is still debatable whether
FDZs persist over a full earthquake cycle, which may last
hundreds to thousands of years (Cochran et al., 2009) or the
FDZs are healing during the years or decades following a
main shock (Crone et al., 2003; Vidale and Li, 2003).

The question of longevity of faults is particularly im-
portant in investigating the continental intraplate seismicity
regime (Stein, 2007). It is known that most such earthquakes
can be related to detected fault zones, but continents con-
tain many such features, of which only few are active. As
suggested by Stein (2007) and McKenna et al. (2007), long-
lived, wide and mechanically weak damage zones concen-
trate intraplate strain release; hence, hypocentres of future
earthquakes would be located along these zones. However, if
the damage zones are healed after the major shock, and are
not significantly weaker than surrounding, then the intraplate
seismicity would be a transient phenomenon that migrates
among many fossil weak zones. That is why study of dam-
age zones of the faults proved to be not active during histor-
ical time may provide new information about the intraplate
seismicity phenomenon.

In our study we address the problem using an exam-
ple of the Suasselkd postglacial fault located in northern
Fennoscandia (Fig. 2). Postglacial (PG) faults there were
formed during the last stages of the Weichselian glaciation
(ca. 9000-15 000 years BP), when reduced ice load and re-
laxation of accumulated tectonic stress resulted in rapid up-
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Figure 2. Position of DAFNE temporary array (blue triangles) on
the aeromagnetic field map of Finland. Epicentres of local earth-
quakes detected by regional seismic networks in Fennoscandia prior
to DAFNE/FINLAND experiment are shown by circles with size
proportional to the magnitude of the event. Postglacial faults in the
area are shown by red lines. The coordinate system is the Finnish
National Coordinate System (KKJ).

lift in Fennoscandia and large-magnitude earthquakes with
M, of 7-8.2 (Wu et al., 1999; Olesen et al., 2004; Kukko-
nen et al., 2010). The length of the PGFs may vary from 2 to
150 km and the maximum height of the fault scarps from 1 to
12 m, and up to 30 m in the extreme cases (see compilation in
Olesen et al., 2004). However, postglacial faulting is not con-
fined to northern Fennoscandia, but has also been reported
in northernmost Germany (Brandes et al., 2012) and central
parts of Sweden and Finland (Malehmir et al., 2016; Mikko
etal., 2015; Palmu et al., 2015; Juhlin and Lund, 2011; Juhlin
et al., 2010).

The Suasselkd postglacial fault (SPGF) of total length
of 48km is the longest PGF in Finland with a strike of
35-50° and scarp of 0-3 m. Geomorphological studies re-
vealed multiple and differently oriented surface signatures
of the SPGF (Fig. 2). The fault zone has been studied us-
ing magnetic and electromagnetic measurements by Paana-
nen (1987) and Kuivamiki et al. (1998), who suggested that
the fault dips southeastward. The sense of motion was thrust-
ing from southeast. The origin of the structure is probably
much older than postglacial as suggested by the coincidence
of the fault scarp with magnetic anomalies of the Palacopro-
terozoic bedrock. The southeastern part of the fault is located
in pre-existing fracture zone in the southeast, whereas exis-
tence of the oldest structure in the northwest remains uncer-
tain. Based on the radiocarbon-dated buried organic materi-
als, the time frame of fault activity ranges from 9730 to 5055
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Figure 3. Epicentres of local earthquakes (magenta stars) identi-
fied from recordings of the DAFNE/FINLAND temporary during
September 2011-May 2012 shown on the aeromagnetic map of Fin-
land. Epicentres of local earthquakes detected by regional seismic
networks in Fennoscandia during September 2011-May 2012 are
shown with green dots. Red lines indicate postglacial faults in the
area. Right corner inset shows depth distribution of the events orig-
inating from the SPGF area. Precision of hypocentre coordinate de-
termination is of the order of 2—5km. The average error of depth
determination is about 3—4 km.

cal. years BP (Sutinen et al., 2014). The reprocessed seismic
data along several reflection profiles crossing the fault area
(Ahmadi et al., 2015) demonstrated the complex structure of
the fault area down to a depth of 2-3 km, with two sets of
segmented and discontinuous dipping reflectors.

In our study we investigate the inner structure of the SPGF
using distribution of hypocentres of local seismic events and
analysis of ambient seismic noise, recorded by the tempo-
rary DAFNE array. The ambient seismic noise analysis has
been used recently by Hillers et al. (2014) in order to inves-
tigate the inner structure and properties of Calico Fault Zone
in eastern California. Zigone et al. (2015) applied ambient
seismic noise tomography in order to study the Southern Cal-
ifornia Plate Boundary Region.

2 Data

The main objective of the DAFNE/FINLAND seismic pas-
sive experiment was to answer two major questions: (a) is the
Suasselkd postglacial fault (SPGF) still seismically active,
and (b) if it is active, what is the geometry of its seismogenic
zone and the depth to it? The project was initiated by several
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organizations in Finland (Geological Survey of Finland, So-
dankyld Geophysical Observatory of the University of Oulu
and Institute of Seismology of the University of Helsinki).
The main purpose of the field experiment was to install an
array of autonomous seismic stations in the target area of the
SPGF in order to collect continuous seismic data for the pe-
riod of September 2011-May 2013.

Selection of the DAFNE sites was done in August 2011.
Four sites with the permanent electric power supply were
found in the vicinity of the target area (SPGF). The other
eight sites were selected taking into consideration surface
position of the fault and the possible dip of the fault to the
southeast. In the first part of September 2011 the sites were
prepared for installation and autonomous seismic recording
instruments were installed to the sites during the second part
of September 2011. Coordinates of all stations of the DAFNE
array and description of the instrumentation, used in the ex-
periment, are given in Table 1. The instruments were pro-
vided by the Institute of Seismology of the University of
Helsinki and by the Sodankyld Geophysical Observatory. Lo-
cation of stations of the DAFNE array is shown in Fig. 1.

During the data acquisition period, all the stations were
regularly (once per 2 months on average) served by two
staff members of the Sodankyld Geophysical Observatory.
The regular service included changing of batteries and me-
dia and basic data quality control. Raw continuous data files
from temporary stations of the DAFNE array were copied
to the data server of the SGO in their original formats. The
main steps for data pre-processing included applying time
corrections, conversion to the miniSEED format and merging
the data files into miniSEED files of 24 h length using IRIS
PASSCAL software for processing and visualization of seis-
mological data (http://www.iris.edu/manuals/SEEDManual _
V2.4.pdf). Analysis of continuity of the data and estimation
of noise level at the sites was performed after each field trip.
Generally, the noise level was higher during daytime, and
seismograms, recorded during the daytime, were seriously
contaminated by signals from production blasts in numerous
mines in northern Sweden, Finland and Russia. Major prob-
lems were detected at stations DF10 and DF07, where the
high noise level was due to technical problems with sensors
and cables.

3 Detection and location of seismic events

At the beginning of the data analysis, we compiled a prelim-
inary list of local seismic events using monthly seismic bul-
letins, published by the Institute of Seismology of the Uni-
versity of Helsinki (FENCAT: http://www.seismo.helsinki.
fi/fenglish/bulletins/index.html). The criteria for events se-
lection were coordinates of epicentres (from 67.5 to 69° N
and from 23 to 28° E) and the time frame corresponding to
the DAFNE data acquisition period. The epicentres of these
events are shown in Fig. 3. As can be seen, regional perma-

Solid Earth, 8, 531-544, 2017


http://www.iris.edu/manuals/SEEDManual_V2.4.pdf
http://www.iris.edu/manuals/SEEDManual_V2.4.pdf
http://www.seismo.helsinki.fi/english/bulletins/index.html
http://www.seismo.helsinki.fi/english/bulletins/index.html

534

N. Afonin et al.: Structure of the Suasselké postglacial fault

Table 1. Information about seismic stations of the DAFNE/FINLAND temporary array.

Coordinates ‘

Operation started

Name Location Lat. Long. Height | Day Month Year Hour Min. Group Sensor Logger Sampling
(m) type rate (sps)
DFO1  Rautuskyld 67.8758  25.0514 241 13 9 2011 7 17 Oulu Trillium PR6-24 100
compact
DF02 Lehto 67.8566  25.3862 227 23 9 2011 13 50  Oulu Trillium Reftek 100
compact 130
DF03  Kapsajoki 67.9403  25.1931 244 16 9 2011 14 7 Helsinki+ Lennartz Reftek 100
Oulu 3-D lite 130
DF04  Kiimalaki 97.9886  25.1042 274 16 9 2011 15 22 Oulu Mark L4a  Reftek 100
130
DF05  Outa-Perttunen 68.0715  25.4131 302 15 9 2011 12 30 Oulu Mark L4a  Reftek 100
130
DF06  Mietrikkilehto 68.1015  25.6388 314 15 9 2011 9 47  Helsinki Lennartz Reftek 100
3-D lite 130
DF07  Suasselkd 68.0262  25.4365 286 16 9 2011 6 34 Helsinki Lennartz Reftek 100
3-D lite 130
DF08  Arabiankangas 68.0395  25.6588 326 15 9 2011 7 51  Helsinki Lennartz ~ Reftek 100
3-D lite 130
DF09  Salo 67.9091  25.0926 227 14 9 2011 7 10 Oulu Trillium PR6-24 100
compact
DF10  Tepsinjankka 67.9595  25.5397 271 15 9 2011 14 40  Helsinki Lennartz ~ Reftek 100
3-D lite 130
DF11  Rajalompolontie 68.0110 25.7622 340 17 9 2011 7 21 Helsinki Lennartz ~ Reftek 100
3-D lite 130
DF12  Pokka 68.1596  25.7760 282 13 9 2011 14 36  Oulu Trillium SeisCom 100
compact P
nent seismic networks detected no natural events from the (@)
SPGF area. This can be partly explained by large distances 3: DF03 Z ~remee— iVl
. e . 2:DFO3N o
between the fault and existing permanent seismic stations. TEes R
The second problem for detection of natural seismic events in o — T ozatsn. | | ozmon -
northern Finland is a huge number of production and devel- (b)

opment blasts originating from numerous underground and
open pit mines. The DAFNE/FINLAND array recorded up
to 100 of such blasts per day from northern Sweden, Russia
and Finland. Due to this, it was not possible to use a rou-
tine LTA/STA analysis for automatic event detection. There-
fore, the manual data analysis was used. The continuous data
were accessed and reviewed with the Seismic Handler Motif
(SHM) program package (http://www.seismic-handler.org/
portal).

As a first step, we analysed all the continuous data for the
period of September 2011-October 2011 and relocated all
local events seen in the DAFNE data. Then, we compiled
a dataset of waveforms of explosions from the mines out-
side the target area and detected typical blasting time inter-
vals for these mines. This dataset was used to exclude such
events from further analysis. This was a necessary data pro-
cessing step, because about 30-50 % of all such explosions
are not included in the FENCAT bulletin and other regional
bulletins.

The continuous data were filtered using the Butterworth
third-order 2-40 Hz band pass filter and waveforms were
analysed using SMH software. In total, 1188 events in
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Figure 4. (a) An example of waveforms of production blast in Kit-
tild Mine recorded by DFO03 station. (b) An example of a spectro-
gram of the same event.

September 2011-October 2011 were analysed and relocated
using the DAFNE array data.

For relocation we used the LocSAT seismic event location
program (Bratt, 1988) and manually picked first arrivals of
P and S waves. The first arrivals of P waves were picked on
Z component of the data filtered by the Butterworth third-

www.solid-earth.net/8/531/2017/
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Figure 5. (a) Waveforms of a local earthquake on 22 April 2012,
07:25:41 UT, at 67.8° N, 24.76° E, depth 5.8 km recorded by DFO1
station. (b) The spectrogram of the same event.

order 2—40 Hz band pass filter. The first arrivals of S waves
were picked either on horizontal E or N component filtered
by the Butterworth third-order 2—-6 Hz band pass filter, de-
pending on the number of traces in which the same signal
was seen.

The distance between epicentre and stations of the array is
less than 60 km for events, originating from the target area.
In this case, the first arrivals of P and S wave correspond
to direct Pg and Sg waves, refracting in the upper crust and
the LocSAT procedure provides hypocentre coordinates with
precision satisfactory for event detection.

In order to test the precision of the location procedure,
we used blasts originating from the Kittild gold mine. These
blasts occurred inside known blasting time windows and
have similar waveforms. Information about time windows for
production and development blasting time was kindly pro-
vided by Engineering Superintendent André van Wagenin-
gen (personal communication, 2012) of Agnico-Eagle Kittild
Mine.

The hypocentres of selected blasts, obtained after relo-
cation, were concentrated inside the mining area, which is
about 5km long and 2km wide (www.agnicoeagle.com),
with depths varying from 0O to 1 km. This location precision
is satisfactory for proper detection of events originating from
the fault area. As a result of this preliminary analysis, we
distinguished two types of events, originating from our tar-
get area, but having different waveforms:

1. blasts originating from the Kittild mine (Fig. 4);

2. events originating from the SPGF area and its surround-
ing, which could be of natural origin (Fig. 5).
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Table 2. List of seismic events in the area of Suasselkd postglacial
fault detected by the DAFNE seismic array.

Year Month Day Hour Min Sec Lat Long Depth
(deg.) (deg.) (km)

2011 9 28 22 8 59 6785 24.86 12.5
2011 10 8 22 26 13 6731 24.67 52
2011 11 17 1 18 10 68.01 25.5 0
2011 11 17 1 18 10 68.01 25.51 4.3
2011 12 3 18 5 52 6845 2341 1
2011 12 7 22 36 16 6794 2551 6.3
2011 12 9 3 47 51 6847 2592 7.5
2011 12 10 5 47 18  68.26 23.6 3.1
2011 12 12 12 50 23 67.85 2521 52
2011 12 24 4 52 44 6725 2559 4.9
2011 12 24 19 42 1 6844 2582 75
2011 12 31 3 24 27  67.79 2458 0
2012 1 7 7 25 40 67.79 25.07 6.2
2012 1 12 0 15 19 6755 24.12 8.6
2012 1 17 3 22 39 68.12 2421 17
2012 1 18 21 44 15 68.14 2593 6.5
2012 1 20 5 36 31 68.14 259 7.3
2012 1 23 16 36 47 67.1 2572 6.5
2012 1 23 23 24 23 67.81 25.08 6.8
2012 2 11 18 44 4 6799 2557 0
2012 2 18 0 33 4 68.14 2593 0
2012 2 19 1 24 20 67.77 24.68 8.5
2012 3 4 14 22 44 6792 25.4 0
2012 3 4 23 27 31 67.92 25.4 0
2012 3 19 23 49 17 6823 2393 2.5
2012 4 9 1 3 41 68.19 24.15 14.2
2012 4 15 15 39 29 6747 2446 4.6
2012 4 17 16 0 19 68.19 26.14 1.3
2012 4 18 20 47 32 67.71 2743 9.5
2012 4 20 11 28 9 68.09 2575 0.2
2012 4 22 7 25 41 67.8 2477 5.8
2012 4 24 8 58 5 68.16 23.19 7.8
2012 4 26 16 38 51 67.68 24.01 2.4
2012 4 30 4 15 1 6895 2357 0
2012 5 1 9 29 39 6791 25.4 0
2012 5 8 22 38 34 6744 2427 11.1
2012 5 14 22 10 11 67.28 25.8 7.1
2012 5 16 10 55 31 6739 2592 0
2012 5 21 14 16 24 68.5 2578 2.1
2012 5 25 18 27 58 67.67 27.68 4.7

The waveforms of these events were used in further manual
analysis of continuous data for the period until 31 May 2012.
Totally, the DAFNE network recorded 10230 local events
during September 2011-May 2012. From this amount, we
selected 40 events with the waveforms similar to those of
the group 2 and located them, using manually picked first
arrivals of P and S waves and the LocSAT software. Addi-
tional control on discriminating natural events from blasts
in Kittild gold mine was performed using analysis of wave-
forms spectra (Glitterman and van Eck, 1993; Glitterman and
Shapira, 1998). Coordinates of hypocentres of events, identi-
fied as natural ones, are presented in Table 2 and their epicen-
tres are shown in Fig. 3. In our study precision of hypocen-
tre coordinate determination by LocSat is usually of the or-
der of 2-5km and the depth of hypocentres of local earth-
quakes varies from about 2 to 15km, with an average error
of about 3—4 km. Hypocentres of events, originating from the
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Figure 6. Examples of typical ambient noise spectrograms estimated for the low-frequency band (0.1-3 Hz). (a) During weekend and

(b) during the working week.

SPGF, have depths up to 8.5 km. As can be seen, epicentres
of many local earthquakes recorded by DAFNE/FINLAND
array show good spatial coincidence with the Suasselka post-
glacial fault. This indicates that the fault zone is still seismi-
cally active. Generally, the epicentres are shifted to the south-
east from the surface position of the fault. This agrees with
the previous studies by Paananen (1987) and Kuivaméki et
al. (1998), who suggested that the fault dips southeast.

4 Ambient noise analysis

Analysis of empirical Green’s functions (EGFs), estimated
from ambient seismic noise, has been widely used in order
to study seismic velocities in the subsurface (see Shapiro and
Campillo, 2004; Shapiro et al., 2005; Campillo, 2006). Poli
et al. (2012a, b, 2013) applied analysis of EGFs to retrieve
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body waves reflected from the Moho and upper mantle dis-
continuities and to estimate the 3-D S-wave velocity of the
upper crust of northern Finland. In our study we apply the
procedure described in Poli et al. (2012b, 2013) in order to
estimate EGFs from continuous recordings of vertical com-
ponent of all stations of the DAFNE array. The functions are
then used in order to estimate seismic velocities in the upper-
most crust of the SPGF area.

4.1 Analysis of spectrograms of the ambient noise

Some stations of the DAFNE temporary network were in-
stalled in the sites with a high level of anthropogenic noise
(for example, station DF02 was installed near the Kittild
Gold mine; Fig. 1). Such noise is not propagating to large
distances from the noise source, and this may cause a de-
cline in the quality of EGFs. For identification of anthro-
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Figure 7. Examples of typical ambient noise spectrograms estimated for the high frequency band (3-50 Hz). (a) During the weekend and

(b) during the working week.

pogenic noise on seismograms and selection of frequency
band for filtering of the input data before cross-correlation,
we used analysis of spectrograms. These spectrograms were
estimated from continuous data recorded by stations closest
to the mine (DF01, DF02, and DF09) and by the most distant
station from the mine (DF12). We studied high-frequency
and low-frequency parts of spectrograms separately and also
compared the spectrograms calculated for weekends and for
the working week. The examples are shown in Fig. 6a and b,
respectively. As can be seen, all the spectrograms are identi-
cal in the frequency band of 0.1-3 Hz and characteristics of
the noise in this frequency band do not depend on day of the
week and location of stations with respect to the mine.

If the high frequencies are considered, one can see sta-
ble noise in the frequency band of ~ 13—-14 Hz for workday
(Fig. 7b). This noise was recorded by stations in the vicinity
of the mine (DFO01, DF02, DF09), but it was not registered by
the station most distant from the mine (DF12). Therefore, it
is anthropogenic noise from the mine. It is worth noting that
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Figure 8. Azimuthal distribution of ambient noise sources during
time periods from 1 January to 30 April 2012 and from 10 to 31
December 2012 estimated by beam forming in the time domain.
Numbers on the abscissa axis correspond to the relative day num-
bers (see the text for additional explanation).

station DF12 was installed near the river, and thus the stable
amplitude maximum at a frequency of about 42 Hz is most
probably the noise of the river (Fig. 6b).

Thus, we applied filtering in the band of 0.1-1 Hz for all
input seismograms before computation of EGFs.
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Figure 9. Results of horizontal-to-vertical (H/V) analysis for selected stations of the DAFNE array. The resonance frequency is marked by

the grey bar, with width corresponding to error bar.

4.2 Analysis of azimuthal distribution of noise sources

Analysis of azimuthal distribution of ambient noise sources
during the data acquisition period is an important part of
data preparation for EGFs calculation, as the algorithm of
their calculation is strongly dependent on directivity of noise
sources. The algorithm is simpler if the noise sources have
uniform azimuthal distribution. There are some methods of
calculation of azimuthal distribution, such as f-k analysis
(Neiddell and Taner, 1971; Douze and Laster, 1979) and
beam forming (see Rost and Thomas, 2002; Schweizer et al.,
2012). The configuration of the DAFNE array unfortunately
does not allow for use of f-k analysis. That is why we anal-
ysed the azimuthal noise distribution using beam forming in
the time domain. For this we calculated about 5000 EGFs
between station DF09 and every other station of the DAFNE
array. Six segments per day with a duration of 1 h were se-
lected for each day from 1 January to 30 April 2012 and from
10 to 31. December 2012. During these time periods all the
stations of the array were recording data. Surface wave parts
of Green’s functions were calculated from selected segments,
which were band-pass-filtered in the band of 0.1-1 Hz. The
result is shown in Fig. 8.

As one can see, during January and February 2012 (days
0-50) the ambient noise was recorded from various direc-
tions, with prevailing azimuth of 0-200°. From 1 March
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2012 onwards the prevailing azimuths are of approximately
100 and 350-360°, and this tendency is slightly changing
during March (days approximately 50-80) and April (days
approximately 80-110). In December the prevailing az-
imuths are approximately 100-210°. The observed changes
in azimuthal distribution of noise sources may be caused by
reduction of marine microseisms during winter months be-
cause the range of 300-360° corresponds to azimuths to the
seashore in the north. This distribution is necessary to take
into account when interpreting EGF.

4.3 Horizontal-to-vertical (H/V) analysis of the
ambient noise

The bedrock in our study area is covered by a thin (up to
several dozen metres) layer of Quaternary deposits devel-
oped during the late Weichselian glaciation. In our study,
we applied H/V analysis of ambient noise (Nakamura, 1989;
SESAME H/V User Guidelines, 2005) in order to estimate
thickness of the sedimentary layer. It was necessary to do
this prior to calculation of velocity models using inversion of
EGFs because low velocities in this layer can affect inversion
results.

We applied the H/V analysis procedure implemented
into Geopsy software (Www.geopsy.org) to ambient seismic
noise, recorded by selected DAFNE stations during winter
and summer months. We used time segments selected from
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Figure 10. (a) Empirical Green’s functions calculated between sta-
tion DFO1 and all other stations of the DAFNE array. (b) EGF cal-
culated for stations with the largest interstation distance (DF01 and
DF12). (¢) EGF calculated for stations with the smallest interstation
distance (DFO1 and DF09).
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Figure 11. Example of dispersion curves corresponding to the fun-
damental and first-order higher mode of Rayleigh wave estimated
from EGFs. The dashed line denotes the fundamental mode and the
solid line denotes the first higher mode.

parts of recordings without anthropogenic noise with dura-
tion of 30 min. Results obtained for winter and summer time
were identical. Fig. 9 demonstrates an example of the result
of H/V analysis for some selected stations.

As can be seen from Fig. 9, the resonance frequency is be-
tween 20 and 40 Hz for all the data considered. From petro-
logical data for sedimentary rocks (Gebrande et al., 1982;
Kaikkonen, 2007), the S-wave velocities are about 250—
350 ms~! and P-wave velocities are about 500-700 ms~! in
our study area. Therefore, the maximum thickness of the sed-
imentary layer in the study area can be estimated as 5 m.
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Figure 12. A set of dispersion curves estimated from all EGFs of
DAFNE array (blue dots) that demonstrates their bimodal distribu-
tion. Averaged dispersion curves calculated for two groups of seis-
mic station pairs (see explanation for Group 1 and Group 2 in the
text) are shown by dashed line (Group 1) and solid line (Group 2).

5 Calculating empirical Green’s functions and
dispersion curves

For evaluation of EGFs we applied pre-processing procedure
that includes pre-filtering in the frequency band of 0.1-1 Hz;
deconvolution of instrument responses; and removing record
parts with earthquakes, quarry blasts and explosions, and a
high signal-to-noise ratio. After that, we calculated cross-
correlation functions between all pairs of the DAFNE sta-
tions. Whitening was not applied. Figure 10a, b and ¢ show
Green’s functions calculated between station DFO1 and all
other stations of the DAFNE array.

In Fig. 10 one can see that EGFs are asymmetric for pairs
of stations with small interstation distances and symmetric
for station pairs with large interstation distances. The asym-
metry can be explained by non-uniformed azimuthal distri-
bution of noise sources, different distances between stations
and selected frequency band.

For extraction of dispersion curves, we applied narrow
band pass filters with widths of 0.125Hz to surface wave
parts of all EGFs. We measured group velocities, but for the
selected frequency band they can be approximately taken as
phase velocities for dispersion curve evaluation.

Some of the station pairs of the DAFNE array have inter-
station distances less than the wavelength for some frequen-
cies. That is why the corresponding calculated velocities had
large error bars. These velocities were excluded from further
processing. Some dispersion curves contained fundamental
and the first higher mode of Rayleigh wave (Fig. 11). In our
study we did not use the first higher mode and used funda-
mental mode only.

Figure 12 shows all dispersion curves selected for the
analysis. As can be seen, the scatter of dispersion curves is
large and distribution of them is generally bimodal. Disper-
sion curves for intermediate interval with velocities between
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Figure 14. Results of inversion of averaged dispersion curves for station pairs of Group 1 (a) and Group 2 (b). The plots demonstrate the
ensemble of all velocity models that equally fit the data and prior information. The colour scale indicates the value of the misfit function.

2000 and 3000 ms~! correspond to waves propagating both
along and across the fault zone, and the number of dispersion
curves for this velocity interval is small. Because of this, in-
version results for this group of curves would be not stable.
In our study we discuss only results for which it was possible
to obtain stable and statistically significant inversion results.
We separately calculated averaged dispersion curve for EGFs
corresponding to two groups of station pairs. The first group
(referred hereafter as Group 1) is composed of the pairs in
which stations are installed on different sides of the fault or
on top of the fault, and the second group (hereafter Group 2)
is composed of the pairs of stations installed on the same side
of the fault and of the pairs with one of the stations (or both
stations) installed on the fault. Figure 12 shows comparison
of two different dispersion curves corresponding to Group 1
and Group 2.

In Fig. 12 one can see that dispersion curve for Group 1
indicates significantly smaller velocities than the dispersion
curve for Group 2. This result suggests that seismic velocities
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inside the fault zone are most probably significantly different
from those outside the fault zone. Therefore, we decided to
determine this difference using inversion of these two disper-
sion curves separately.

6 Inversion of dispersion curves

For inversion of dispersion curves we used the Geopsy soft-
ware (www.geopsy.org). The software uses the neighbour-
hood global optimization algorithm by Sambridge (1999),
modified by Wathelet (2008). As solutions of geophysical in-
verse problems are generally non-unique, the ideal solution
in this method is made of the ensemble of all models that
equally fit the data and prior information.

Table 3 presents the starting model and constraints on
model parameters we used in inversion. Parameters of the
uppermost layer of the model (V,, Vs and density) were ob-
tained from results of H/V analysis presented in our study
and parameters for the other layers were constrained using
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Table 3. Parameters of the starting velocity model for inversion of
dispersion curves.

Depth (m) Vo Vs Density

ms™hH  (ms™h)  (kgm™?)
5-15 700 350 1500
200-700 6150 3590 2030.27
800-2300 6350 3710 2096.27
15 000-20 000 6300 3650 2079.77

the P- and S-wave velocity models from previous study by
Janik et al. (2009). These models were obtained for seismic
controlled-source profiles closest to our study area.

We applied about 500 iterations for calculation of 1-D ve-
locity models with minimum misfit function value. The re-
sults of inversion for two dispersion curves corresponding to
Group 1 and Group 2 are presented in Fig. 13a and b and
Fig. 14a and b. Figure 13a and b show two ensembles of
calculated dispersion curves compared to two observed dis-
persion curves and Fig. 14a and b show two corresponding
ensembles of velocity models. The values of the misfit func-
tion for each element of solutions ensemble are denoted by
the colour scale in both figures. The error bars for the dis-
persion curve for pairs of stations outside the fault are larger
than those for the dispersion curve for pairs of stations across
the fault. This can be explained by variations in seismic ve-
locities in the near-fault zone.

Figure 14a shows that 1-D S-wave velocity model for
pairs of stations of Group 1 consists of three layers with low
velocities (about 900-400ms~!). The pronounced velocity
boundary is located at a depth of about 1000 m. For the pairs
of stations of Group 2 the 1-D velocity model consists of two
layers with generally higher velocities than in the previous
case (from 2500 to 3500 m s~ !). As the Green’s functions es-
timated by cross-correlation of recordings of two stations are
dependant on the structure between them, this result suggests
that an area exists inside the fault zone with seismic veloci-
ties significantly lower than those of the bedrock outside the
fault zone.

7 Discussion and conclusions

Two major results obtained in our study can be formulated as
follows:

1. Suasselkd postglacial fault zone is still seismically ac-
tive, as shown by distribution of hypocentres of local
earthquakes from the fault area detected by the DAFNE
array.

2. Analysis and inversion of averaged dispersion curves
obtained from EGFs for two groups of seismic stations
pairs (e.g. the pairs in which stations are located on op-
posite sides of the fault and the pairs in which stations
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are located outside the fault) revealed significant (about
1000 ms—!) difference between seismic velocities in-
side the fault zone and outside the fault zone.

Unfortunately, we not able to analyse trapped waves in
our study, unlike in the study by Allam et al. (2014). The
main reason for this was that the events considered in our
study were weak compared to those used for investigation of
trapped waves in modern active fault areas. That is why the
signal from them was seen clearly at the nearest stations only.
At remote stations the signal-to-noise ratio was poor and cor-
relation of phases corresponding to trapped waves was not
possible.

As shown in Figs. 2 and 3, regional seismic networks did
not register any earthquakes originating from the SPGF area,
neither prior to DAFNE experiment nor during the time pe-
riod considered in Sect. 3. In spite of that, we revealed a num-
ber of natural events using the data of the dense DAFNE ar-
ray installed in the vicinity of the fault. This suggests that
the magnitudes of these events are smaller than the magni-
tude detection threshold for the present configuration of per-
manent seismic stations. Analysis of the FENCAT catalogue
shows that no events originating from northern Finland with
local magnitude (M) less than 0.7 were detected during the
DAFNE data acquisition period. Hence, our study suggests
that local magnitudes of events detected in our study are less
than 0.7 and the value of 0.5 can be assumed as a conservative
estimate. The more precise magnitude estimate was difficult
to do in our study, as the events were seen on band-pass-
filtered recording only and such a filtering generally distorts
the amplitudes of seismic signal.

Concerning the low velocities inside the fault area, these
velocities cannot be explained by sediments because results
of the H/V analysis presented in Sect. 4.3 suggest that the
thickness of sediments is smaller than 5 m in our study area.
Therefore, the most plausible explanation is that the low-
velocity area is a fractured zone inside the fault that can
correspond to the fault damage zone (FDZ). The velocities
outside the fault zone are typical S-wave velocities in the fel-
sic rocks of the uppermost crystalline crust documented in a
petrophysical study of Finnish bedrock by Kern et al. (1993).
The rough estimate of the width of this zone corresponds to
a smaller wavelength in the considered frequency band of
0.1-1Hz and is about 1.5km. This is in a good agreement
with the recent results of Valoroso et al. (2013), who esti-
mated the width of the seismically active L’ Aquila fault zone
using analysis of high-precision earthquake locations span-
ning 1 year. They showed that the width of the fault zone
varies along strike from 0.3 km, where the fault exhibits the
simplest geometry and experienced peaks in the slip distri-
bution, up to 1.5 km at the fault tips, with an increase in the
geometrical complexity.

The velocity boundary at a depth of about 1200 m is
seen in both velocity models obtained from average disper-
sion curves for Group 1 and Group 2. The origin of this
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boundary is not clear, but it cannot correspond to the lower
boundary of the FDZ, as seismic velocities obtained for the
Group 1 are lower than those for the Group 2 down to the
depth of 1300 m. However, we can speculate that the lower
boundary of the fault damage zone may correspond to the
sub-horizontal area of high reflectivity revealed by Abdi et
al. (2015). The authors also demonstrated the complex struc-
ture of the fault area down to a depth of 2-3 km, with two sets
of segmented and discontinuous dipping reflectors. Slip on
small-scale fractures corresponding to these reflectors may
be the explanation of small magnitude of events detected by
our study.

In summary, our study revealed that the SPGF is still seis-
mically active and that a non-healed mechanically weak fault
damage zone (FDZ) exists in the fault area. Most probably,
the FDZ was formed after the last major earthquake that oc-
curred after the last glaciation. This suggests that the SPGF
has the potential for future reactivation. Our study also con-
firms that analysis of EGFs estimated by cross-correlation
can be an efficient tool in investigating the inner structure of
seismogenic faults.

Data availability. The data of the DAFNE project are free for sci-
entific purposes. However, at the date of this publication, they have
yet not published in public data repositories. It is foreseen that the
data will be published and distributed via EPOS (European Plate
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