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1. Background about the Pärvie area
and northern Sweden

Northern Fennoscandia is known as a seismically quiescent area with few
earthquakes greater thanMW 3 (Båth, 1973, Slunga, 1991). However, large
reverse faults are found in the area and these faults are often referred to as post-
glacial, end-glacial or glacially induced. In this thesis Iwill use the term end-
glacial and in this chapter I will introduce end-glacial faults and review the
current knowledge about them. I will also review what is observed about the
seismicity and the stress state in northern Fennoscandia from earlier studies.

1.1 End-glacial faults
Currently, the Fennoscandian faults are the only km-scale end-glacial
faults known in the world (Munier and Fenton, 2004). They were first
identified in Finland byTanner (1930) and Kujansuu (1964). Later on
similar observations of large reverse faults were made in Sweden and
also Norway (Lundqvist and Lagerbäck, 1976, Lagerbäck, 1979, Olesen,
1984, Olesen et al., 1988). In Figure 1.1, the identified end-glacial faults
in Fennoscandia are shown. So far all of the identified end-glacial faults
in the world are in stable continental regions (Munier and Fenton, 2004).
The Fennoscandian end-glacial faults are in Precambrian bedrock and
generally follow older fault zones although they sometimesdeviate from
these (Lagerbäck and Sundh, 2008). The location of the Pärvie fault together
with a simplified geological map for the area is shown in Figure1.2.

The end-glacial faults have been shown to have ruptured at theend of
the latest glaciation, about 9500 years ago (Lagerbäck and Witshard, 1983,
Lagerbäck, 1988, Olesen et al., 1988). The age determination is done from
stratigraphical investigations, dating of paleolandslides and trenching in seis-
mites. The age of the faults can also be determined from the fact that the faults
cross glaciofluvial deposits at some places and at other places is crossed by
melt water channels (Lagerbäck, 1979).

The largest known end-glacial fault is the Pärvie fault with alength of 155
km (Lagerbäck and Sundh, 2008). It is a reverse fault with dip to the east,
between 3 to 10 m of escarpment mostly in till but at several places also in
uncovered bedrock and it strikes north-north-east (Lagerbäck and Witshard,
1983). Several shorter subsidiary faults are also found east of the main fault
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Figure 1.1: Identified end-glacial faults in Fennoscandia with the Pärvie fault as the
largest one, 155 km long. Figure fromLagerbäck and Sundh(2008).

with the same strike but some of them with dip to the west, see Figure 1.3.
Around the Pärvie fault very few paleolandslides are found,in contrast to the
area further east around the Lansjärv and Suasselka faults where several hun-
dred paleolandslides (Lagerbäck and Sundh, 2008), in glacial till are found,
see Figure1.1. The difference is believed to be that the Pärvie fault was formed
during the very end of the latest glaciation when the ground still was frozen
whereas the faults further to the east ruptured shortly after the ice had melted
(Lagerbäck and Sundh, 2008).

From trenching across some of the Fennoscandian end-glacial faults, offsets
in Quaternary sediments and observations of many hundred paleolandslides
over large areas it has been concluded that the movements must have been
one-step events (Lagerbäck, 1990, Muir Wood, 1989, 1993).

The depth extent of deformation on these faults is not known and the dip
of the faults is a debated question.Muir Wood (1993) andLagerbäck(1988)
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Figure 1.2: Geological map for northern Sweden. The Pärvie fault and itssubsidiary
faults are marked with black lines. They run parallel to the boundary between the
Caledonian orogenic belt (green area) and the Fennoscandian shield (light pink area).
Map from the Geological Survey of Sweden (SGU).

argued that the faults are steeply dipping andMuir Wood (1993) that the
faults also steepen with depth. However, the only studies sofar of end-glacial
faults at greater depth than a few hundred meters areJuhlin et al.(2010) and
Juhlin and Lund(2011). The reflection seismic results presented in these ar-
ticles for the Pärvie and Burträsk fault suggest fault dips of 50−60o for the
upper 2-3 km.

Concerning the depth extent of deformation,Muir Wood (1989, 1993) and
Arvidsson(1996) proposed that at least the larger end-glacial faults have rup-
tured the entire crust. From this assumption and that the Pärvie fault ruptured
all at once in a singular event, the seismic moment of that event can be es-
timated.Muir Wood (1989) estimated the magnitude to beMW = 7.9 after
calculation of the seismic moment andArvidsson(1996) made the estimation
of MW = 8.2±0.2. The difference in their estimates mainly originates from
different fault width assumptions in their calculations.
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Figure 1.3: (a) Detailed figure of the surface trace of the Pärvie fault system. The
main fault runs 155 km from SW to NE with a number of subsidiaryfaults to the east
of it. The dip of the subsidiary faults are both to the east, asthe main fault, and in
the opposite direction. (b) Photo of the Pärvie fault at Tjuonajokk in the south-central
part. Photo by Lund, B.

1.1.1 Current earthquake activity
There is, for Sweden, a high rate of seismicity around the end-glacial faults.
Macroseismic data exist from the 14th century onwards, and starting 100 years
ago, are complemented with seismographic data, Figure1.4. Several cam-
paigns have been carried out in northern Fennoscandia and today there is a
permanent seismic network covering all of Sweden. Most earthquakes in the
area are so small that instruments are needed to observe them. However, 9
earthquakes of magnitude around 4 have been recorded since the start of the
catalog ofFENCAT (2011), and a clear correlation with mapped end-glacial
faults can be seen, Figure1.4. Arvidsson(1996) estimates that about 50%
of the recorded seismicity in northern Sweden from 1963 to 1993 is associ-
ated with the end-glacial faults. In Norway, several studies exist where mi-
croearthquake activity is seen to correlate with identifiedend-glacial faults
in northern Norway (e.g.Olesen et al.(1988), Bungum and Lindholm(1997),
Dehls et al.(2000)).

Studies in Canada by e.g.Ma et al.(2007) andMa et al.(2008) show that
while there is some general geographic correlation betweenpost-glacial uplift
and seismicity, it does not appear that all seismicity can beattributed to uplift
and in contrast to Fennoscandia there are no large end-glacial faults identified.
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Figure 1.4: Observed earthquakes from the 14th century onward fromFENCAT
(2011) and from the SNSN between 2000 and 2011. The epicentral location of the
earthquakes are indicated with red dots. End-glacial faults are (1) the Pärvie fault, (2)
the Merasjärvi fault (3) the Lainio-Suijavaara fault, (4) the Stuoragurra fault, (5) the
Suasselka fault, (6) the Pasmajärvi/Venejärvi fault, (7) the Lansjärv fault and (8) the
Burträsk fault. Blue squares are permanent Swedish seismicstations.
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1.2 The state of stress in northern Scandinavia
The state of stress in the crust can be inferred from e.g. in-situ stress measure-
ments in boreholes, from stress tensor inversion of earthquake focal mecha-
nisms or young geologic data. For northern Scandinavia the majority of stress
data comes from focal mechanisms or overcoring, (WSM, 2008). There was
a drilling project in the Lansjärv end-glacial fault in 1988 with the aim of
drilling through the fault zone. The borehole reached a depthof 500 m and
stress results between 300 and 500 m depth showed a rotation of the maxi-
mum horizontal stress from NW-SE to ENE-WSW, (Bjarnason et al., 1989).
Due to the closeness of the borehole to the fault zone these horizontal stress
directions probably do not reflect the regional principal stress directions.

The World Stress Map (WSM) project started 1986 and is a collaboration
between academia, industry and government. The project compiles global in-
formation of present-day stress data to an open database. Earthquake focal
mechanisms, in-situ stress measurements and young geologic data are used
as sources of stress information in the project, (WSM, 2008). In Figure1.5
the available stress information for Scandinavia is shown.The majority of the
indicators show NW-SE or W-E directions of stress.

Several studies of earthquake focal mechanisms in northernScandinavia
estimate that the dominant stress field today agrees with thedirection
of ridge-push from the Mid-Atlantic ridge, (e.g.Slunga (1989, 1991),
Bungum and Lindholm (1997), Lindholm et al. (2000), Bungum et al.
(2010)). However, many of the studies cover all of Norway, Sweden or
Scandinavia and e.g.Hicks et al.(2000) andBungum et al.(2005) conclude
that maybe the post-glacial rebound has a larger role in the state of stress in
the north than in the south. Maybe, the answer is a mixture of the two driving
forces asBungum et al.(2010) conclude in their study:post-glacial rebound
is still a contributing source of stress for the seismicity of Norway, especially
for northern Norway, but that the dominant forces are those related to plate
tectonics and to lateral variations in lithospheric structure at different
wavelengths.
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2. The end-glacial fault project

In 2007, a project was started in Uppsala with the aim of mapping the geom-
etry and seismic activity of end-glacial faults in northernSweden in order to
increase our understanding of these structures. This project is called the Pärvie
project in this thesis and it spanned over the years 2007-2010. Some central
aims of the project are to answer the intriguing questions:

• What is the deep structure of the faults?
• What is the stress state today and what stress state triggered the mo-

tion?
In the Pärvie project, two different types of data sets were acquired. One

set consisted of two reflection seismic profiles. One crossesthe main Pärvie
fault and the shorter subsidiary faults to the east of it, andthe other crosses
the Burträsk end-glacial fault. The other data set contains three years of inten-
sive recordings of microearthquake activity in the Pärvie region. This thesis
focuses on the earthquake data but a brief background of the reflection seismic
data will also be given, see Section2.2.

2.1 Earthquake data
The recording of earthquakes in the Pärvie projected used a mixture of perma-
nent stations already in the region and temporary stations installed specifically
for this project.

The Swedish National Seismic Network (SNSN) maintains and analyzes
the data from the permanent seismological network in Sweden. Today 63
broadband stations are in operation spread over the whole ofSweden. Dur-
ing the years 2003 and 2004 the network was extended with six stations into
the northern most part of Sweden, see Figure2.1. The stations in the SNSN
have their power supply from the electricity grid and are installed in low noise
vaults well away from cultural disturbances. The data is bothsent in real time
via mobile link to Uppsala and stored locally on a computer ateach station.

During summer 2007 a temporary network with seven broadband
stations was installed around the Pärvie fault to improve the detection of
microearthquakes in the area, as part of the Pärvie project,Figure 2.1. In
2009 an additional temporary station was installed on top ofa cluster of
events in the center of the Pärvie main fault. The temporary stations were
removed in the autumn of 2010.
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Figure 2.1: Blue triangles are temporary seismic stations in the Pärvieproject, squares
are permanent SNSN stations and the diamond is a Finnish seismic station used in the
project. The three black circles with a dot in the center indicate where the three large
mines in the area are located. Identified end-glacial faultsare indicated with thick
black lines.

Table 2.1:Information about the temporal stations used in the Pärvie project.

Station lat lon Start date End date up-time [%] modem

all 67.104 19.530 2007-07-07 2010-08-28 66 x

die 67.626 19.559 2007-07-19 2010-08-26 59 -

hol 67.857 19.831 2007-07-13 2010-08-24 80 x

kor 68.222 20.159 2007-07-14 2010-08-25 99 x

pul 68.464 21.005 2007-09-02 2010-08-31 71 -

ruo 67.797 19.520 2009-10-07 2010-08-27 75 x

tju 67.656 18.991 2007-07-17 2010-08-27 63 x/-

tor 68.217 19.638 2007-09-04 2010-08-25 74 x
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The temporary stations were installed on bedrock in about 0.5m deep holes
far from human activity. Guralp CMG-3ESP compact sensors, 60s - 100Hz
were deployed together with separate digitizers. The data were saved to disc
locally, and where mobile connection was available, the data were also trans-
ferred via mobile link direct to Uppsala (5 of 8 stations). Thedigitizer and
modem were placed in a water proof and insulated box separatefrom the seis-
mometer vault. A second similar box contained five gel-batteries that supplied
the station with energy. The batteries were charged with solar and wind power.
The solar panels and the windmill were mounted on a 4 m high mastabout
10-15 m away from the seismometer. Figure2.2shows the appearance of one
of the temporary stations. Two of the eight temporary stations used electrical
power from a nearby (500-600 m distance) telephone mast instead of solar
panels and a windmill.

The stations had to resist the very harsh weather conditions of northern
Sweden. Winter, which starts in October and ends seven months later, may
bring temperatures below -40◦ (SMHI, 2011). In this area, the polar night (the
sun never reaches above the horizon) starts around the 10th of December and
continues for about 25 days. Hence, the temporary stations were exposed to
problems with power failure during calm periods in the winter when there
is no sun at all. As compensation, the spring and autumn usually are windy
mostly from the west and the summer contains about 50 days with midnight
sun (the sun never sets). During these periods the stations had no problem at
all with power supply.

However, the main reason for data losses was technical problems with the
digitizer. During the first year of recording there were severe problems with
saving data to disk from the digitizer. This was caused by firmware limitations
that were not detected before almost a year of the project hadgone by.

The temporary stations had a mean up-time of 75%, with worst and best
cases of 60 and 99% up-time, respectively. Table2.1gives an overview of up-
time for each station. Figure2.3shows the number of operational stations per
day for the whole period of the Pärvie project.

During spring and autumn each year all stations were visitedand serviced,
data disks were brought to Uppsala and insulation was removed or added.
When needed, the stations were also visited at other times ofthe year. All
together I spent 117 days (almost 4 months) in the field over the three years
of the project to support the stations.

2.2 Reflection seismic study
During summer 2007 a reflection seismic survey was performedacross the
central part of the Pärvie fault system and one year later a similar survey
was made at the Burträsk end-glacial fault. The two locationsfor the seismic
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(a)

(b) (c)

(d)

Figure 2.2: (a) Station kor, north of Torneträsk. The black circular boxcontains the
seismometer, the large metallic box contains batteries andthe small metallic box the
digitizer and modem. The windmill and solar panel are mounted on the mast together
with GPS and GSM antennae. (b) View into the small metal box where the digitizer
and modem are stored. (c) The seismometer is placed on bedrock and sheltered from
large temperature variations by insulation. (d) Five gel batteries store the energy ob-
tained from the sun and the wind.
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Figure 2.3:Number of operational stations during the project time fromthe summer
2007 to early autumn 2010.

surveys were chosen since they are the two most seismically active end-glacial
areas in Sweden and in the world, see Figure1.4.

The seismic studies were intended to to image the uppermost 5 km of the
crust to give information on the dip and appearance of faultsin the two re-
gions. The source used in both Pärvie and Burträsk was an hydraulic hammer,
VIBSIST (Cosma and Enescu, 2001). The hammer was mounted on a large
tractor and at each shot point the hammer hit the ground repeatedly with in-
creasing frequency. All shot (and receiver) points were along existing roads
since the source could not drive in trackless terrain. This limited possible ge-
ometries of shot and receiver points. The profiles were 23 and 22 km long for
the Pärvie and the Burträsk area, respectively, and ran perpendicular to the
mapped end-glacial faults. See Figure2.4for the locations of the two profiles.

(a) (b)

Figure 2.4:The yellow line indicates where the seismic profile was acquired in the
Pärvie area (a) and in the Burträsk area (b). Modified afterJuhlin et al.(2010) and
Juhlin and Lund(2011), respectively.
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The results after processing of the data showed that the end-glacial faults
that have been mapped on the surface could be traced down to 2-3 km for
the Pärvie area and about 1 km in the Burträsk area (Juhlin et al., 2010,
Juhlin and Lund, 2011). In Burträsk a very clear reflection that does not
coincide with any mapped fault could be seen down to about 3 kmdepth. The
data does not exclude the possibility that the reflections continue to greater
depth because, 3 km was the deepest that any reflection could be traced in
the data, either because the energy from the source did not penetrate deeper
or because the impedance contrast decreased with depth. Figure2.5 shows a
stacked section and a depth converted migrated section along the Pärvie and
Burträsk profiles.

Along the Pärvie profile four clear reflections were visible along the profile.
Three of them coincide with the three known and mapped end-glacial faults
along the profile and a fourth reflection uncorrelated to any surface expression
where it is unknown whether it has been active in end-glacialtime. The main
Pärvie fault could be traced down to 2 km depth with a dip of 50◦ to the east.
The second and third reflections relate to the two mapped subsidiary faults to
the east of the main fault. They could be traced to 1 km depth with a dip of
75◦ to the east and to 3 km depth with a dip of 60◦ to the west, respectively.
The fourth reflection also dips to the west.

The results from the Burträsk profile show a reflection that relates to the
Burträsk fault that could be traced down to about 1 km depth with a dip of
55◦ to the southeast. It is not known whether the second clear reflection in the
Burträsk data is related to any end-glacial movements.

For more details about data acquisition, processing and results, see
Juhlin et al.(2010) andJuhlin and Lund(2011).
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(a)

(b)

Figure 2.5: Stacked section and depth converted and migrated section for the Pärvie
profile (a) and the Burträsk profile (b). Figures fromJuhlin and Lund(2011) and
Juhlin et al.(2010), respectively.
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3. Data processing

The data from the temporary stations in the Pärvie project were merged with
data from the permanent stations of the SNSN. Thereafter, this merged data
set was processed in the SIL system that is described in detail in this chapter.
The processing was done mainly in the same way as for the data routinely pro-
cessed by the SNSN, with the exception that for the SNSN data the processing
is done daily while for the Pärvie data set the processing wasdone for about
1/2-1 years of data at a time. Details of the processing stepsare described
below in Section3.1. The routine SNSN processing does not include wave-
form correlation for event detection. In order to increase the number of events
detected, a suitable cross correlation scheme was designedand implemented,
Section3.2.

3.1 The SIL system
The SIL (South Iceland Lowland) seismological data acquisition system was
first implemented on Iceland in 1990 with the aim of developing an automatic
system to detect and analyze earthquakes (Stefánsson et al., 1993). In 2000
the SIL system was also introduced in Sweden. The process actually started
already in 1980 as the Council of Europe set up a working group to prepare for
an earthquake prediction program. Based on this initiative, the Nordic coun-
tries started a project on earthquake prediction research in 1988 with focus on
southern Iceland. The project was called the SIL-project.

When the SIL system was first developed real-time communication was
highly limited. Therefore, the system was designed to perform the detection
of phases at each site. Thereafter, logs with information of detected phases
were sent to the main seismological center where all logs from different sites
where analyzed together for event detection. Today, this configuration of the
system is still in use although real-time communication is now very good both
in Iceland and Sweden. Therefore continuous data is now also sent in real-
time from all stations to the seismological center in Uppsala and Reykjavik,
respectively.
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3.1.1 Details of the SIL seismological data acquisition system
Figure3.1 gives an overview of the different parts and steps in the datapro-
cessing of the SIL system. The system is designed in two parts;single-station
phase detection and multi-station event selection (Bödvarsson et al., 1996,
1999, Bödvarsson and Lund, 2003).

Figure 3.1: Flow chart of the SIL system process.

The single-station phase detection is performed at each siteindividually.
A phase detection is defined based on comparison of the power in two ad-
jacent time windows of equal length of the seismic recordingon each of the
three components (vertical, north-south and east-west). Detections are saved
to phase logsthat are later on sent to the main seismological center. The phase
logs contain information such as onset time, duration, typeof phase (P or S),
maximum amplitude, P-wave back-azimuth etc.

At the center, the processing continues with multi-stationevent selection
that starts with merging all the phase logs from each site. Themerged list of
phase logs is then searched for two or more phases that are detected within
a time window defined such that these phases may relate to the same event.
These phases correspond to a candidate event and are further processed under
this assumption. First, an initial location is estimated from onset times of all
available P and S phases and azimuth of P phases. Thereafter, the location and
phase association is iteratively re-estimated (Slunga, 1980). The final result is
a list of located seismic events where the events are assigned a quality mea-
sure. The higher the measure of quality is, the higher should the probability
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be that the event is a true seismic event. The quality measure ranges from 0 to
90.

The event list output from the automatic processing needs to be analyzed
manually to sort noise from real events and classify different types of events
e.g. local earthquakes, mine blasts, explosions, teleseisms etc. This is done
with the softwarelokimp.

The location process used the standard SNSN 1D velocity model. It is a
gradient model and the P-wave model is shown in Table3.1. The S-wave
model is obtained by scaling the P-wave model with avp/vs ratio of 1.73.

Table 3.1:Velocity model used in the location process in the SIL system.

Depth [km] Velocity [km/s]

0.00 4.00

1.00 5.50

2.00 6.05

18.00 6.30

20.00 6.40

36.00 6.50

40.00 7.10

42.00 8.18

72.00 8.40

140.0 8.70

Included in the analysis of earthquakes in the SIL system is also a calcula-
tion of fault plane solutions. Spectral analysis is performed on the direct P and
S phases. The fault plane is then determined by searching through the param-
eter space for best fitting strike, dip and rake, assuming theP and S radiation
patterns for a point double-couple source. The best fitting strike, dip and rake
are found when the difference between observed and predicted spectral am-
plitudes is a minimum (Slunga, 1981, Rögnvaldsson and Slunga, 1993), see
Section4.4.2.

3.2 Waveform correlation
As a complement to the routine automatic detection and location system, the
Pärvie data was also analyzed with a waveform correlation method. The anal-
ysis was primarily performed to identify events because there were problems
during the automatic phase and event detection. Higher noise levels at the tem-
porary stations, than at the SNSN stations, and reduced numbers of operational
stations due to firmware problems and power failure caused the automatic de-
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tection to output more events than it was possible to manually analyze. There-
fore, only events with a quality measure higher than 50 were analyzed manu-
ally.

The technique of waveform correlation is powerful and can be used both
to identify events and to improve the accuracy of the relative timing of phase
arrivals. There are many different ways of performing such correlation; time-
domain, frequency domain, envelope correlation, complex trace correlation
etc. However, the main idea for any type of correlation is that one data series
is compared to another data series and the output from the comparison will be
a correlation coefficient. A normalized correlation coefficient is a measure of
the similarity between the two series and can hold a value between -1 and 1.
The value 1 means that the two series are identical and decreasing magnitude
of the correlation coefficient means less similarity between the two series. The
value -1 means that the series are identical but with reversed polarity.

3.2.1 Waveform correlation to identify events
We developed an event-based correlation code in the time domain to identify
undetected events in the data.

The correlation is performed at one station and for one given template event
at a time. The template event is then compared to all existing continuous data
for the chosen station for a chosen time interval. Required (bold) and the most
important optional input parameters to the code are shown inthe list below.

Input parameters to the correlation code used to find new events in the Pärvie
data

• Start time of continuous data, yyyymmdd-hhmmss
• End time of continuous data, yyyymmdd-hhmmss
• Station
• Pick-time of P phase for template event, yyyymmdd-hhnnss.dd
• Length of P template, ss.dd
• Time to add between the start of the correlation window and the

P pick-time, ss.dd
• Pick-time of S phase for template event, yyyymmdd-hhnnss.dd
• Length of S template, ss.dd
• Time to add between the start of the correlation window and the

S pick-time, ss.dd
Either one or both of P and S phases must be selected

• Time between P and S for joint correlation, ss.dd. Only if both P
and S pick-times are given.

• Corner frequency in Hz for low, high or bandpass filter. If none is
given the correlation is performed with unfiltered data.
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• Correlation coefficient threshold for P. Only correlationswith a cor-
relation coefficient higher than this value will be saved. Default is
0.6

• Correlation coefficient threshold for S. Only correlationswith a cor-
relation coefficient higher than this value will be saved. Default is
0.6

• Azimuth in degrees if the data is to be rotated into radial, transverse
and vertical components instead of east, north and verticalcompo-
nents.

If desired, only the P pick-time can be given together with a longer template
length that will contain both the P and S phase arrivals. In this way one can
perform the correlation for both the P and S phases together.However, after
testing it was found advantageous to perform the correlation separately for P
and S phases and thereafter compare the P and S correlation results in time to
see if they fit together (P before S and with a time difference similar to the P-S
time for the given template).

The code starts by reading in waveform data for the P and/or S phase tem-
plates. If the data is to be filtered, the template data is firstmirrored in both
ends, filtered and thereafter cut again to avoid filtering distortion effects at the
edges. The next step is to rotate the template data if that is desired. In that
case the azimuth between station and event is given as input.The components
are rotated into one radial component that points to the station, one transver-
sal that is perpendicular to the direction between station and event and one
vertical component. If no rotation is desired the components are kept in the
directions of east, north and vertical.

The continuous data is stored in five minute files and these are read one by
one from the time given as start time to the given stop time. Ifthere are gaps
in the data, the code finds the next available data and continues there if it is
still within the desired time window. As for the template data, the continuous
data is filtered and rotated if that is given as input. Only onefive minute file
is stored in memory at a time except for the last part of a preceding file that is
saved and attached to the beginning of the following data file. The length of
the saved part is equal to the length of the longest phase template.

The correlation is done for each component. That means there are three
P phase templates, one for each component E,N,Z (or R,T,Z), that will be
correlated with the E,N,Z (or R,T,Z) component of the continuous data file
that is read into memory at the moment. If an S phase template is given, the
same thing holds for this template. The phase template startsat the beginning
of the continuous data file and thereafter steps through the file until it reaches
the end. At each step the correlation coefficient is calculated according to
Equation3.1(Numerical Recipes, 1997).
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C =
∑(a(i)b(i))− ∑a(i)∑b(i)

N
√

(∑(a(i)a(i))− ∑a(i)∑a(i)
N )(∑(b(i)b(i))− ∑b(i)∑b(i)

N )+ ε
(3.1)

wherea(i) and b(i) are the template data and part of the continuous data,
respectively, N is the length ofa(i) andb(i) andε is a very small number to
avoid division with zero.

The correlation coefficients calculated for one of the continuous data files
are then examined to find and save only those that exceed the threshold value,
for these time segments the peak value is saved. It is only required that one
of the component’s (vertical, north-south or east-west) correlation coefficient
fulfills this criteria for the correlation to be saved. See Figure3.2 for an illus-
tration of how the correlation coefficient varies as a template is moved along
continuous data.

If both P and S phase templates are used in the correlation, the saved P and
S correlation coefficients are compared in time to make a lastselection. Only
correlations where a saved P correlation comes before a saved S correlation
in time and their time difference agrees with the P-S time difference of the
template are finally saved.

3.2.1.1 Details on how the correlation was run for the Pärvie data
The correlation was run at 11 of the 15 stations used in the Pärvie project. All
the temporary stations were included and three of the permanent stations (nik,
kur and sal). The stations not included (lan, dun, mas, kif) were too far away
to be of any help for the correlation.

Templates were selected for each station. The criterion for an event to be
chosen as template was that it must have both a P and S arrival picked. There-
after, well correlating events were grouped and usually only one of the events
in each group was kept as a template. The total number of event templates
used was 829, ranging from 11 at one station up to 177 at another station.
All runs used separate P and S phase templates during the correlation. A lot
of testing was performed to investigate the effect of different filters, rotated
(R,T,Z) or unrotated (E,N,Z) components and the influence of thelength of
the templates. The optimal bandpass filter was found to be 3 to 14 Hz and
this was used for all the runs. Unrotated components were used in most runs.
There was no difference found in the output result when rotated or unrotated
components were used. The length of the P and S templates were set to 1.5-3
seconds depending on the distance from event to station. The threshold for
correlation coefficients to be saved was set to 0.5. This relatively low value
was chosen to increase the amount of output, to capture also events that do
not correlate very well. A disadvantage is more detections of spurious events.
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Figure 3.2: The dashed red line represents the template data, the blue solid line rep-
resents the continuous data. The template is moved along thecontinuous data and
at each position the correlation coefficient C is calculated. The value at each step is
shown in the plots with perfect correlation in the plot in themiddle where C=1.
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Figure 3.3 shows the vertical and north components of a template event
used at station kor together with some of the identified events found with this
template.
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(a)

(b)

Figure 3.3: Waveforms for an event that was used as template during waveform cor-
relation and some of the identified events with this templateevent. The top traces in
(a) and (b) show the template event and the others traces are examples of identified
events from waveform correlation. In (a) are the Z-components at station kor shown
and in (b) the N-components. The data are bandpass filtered from 3 to 14 Hz.
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4. Data analysis

The earthquake catalog created during the data processing with the SIL sys-
tem and waveform correlation was further analyzed with a setof different
techniques. This aimed to improve the accuracy of the locations as well as get
deeper understanding of the events from fault plane solutions and stress tensor
inversion.

4.1 3D local earthquake tomography
The first step in the extended analysis of the Pärvie data was tofind an im-
proved velocity model for the area. For this purpose the travel time tomogra-
phy algorithmPStomo_eqwas used (Tryggvason et al., 2002).

PStomo_eqis a 3D tomography algorithm that uses both P- and S-wave
travel times at the same time and can be used for either local earthquake or
controlled source problems, or both at the same time (Tryggvason, 2009). The
code solves for the 3D P- and S-wave velocity structure, hypocentral parame-
ters and static corrections simultaneously. Arrival time calculations are made
with a finite difference scheme that computes the time fields from a source or
station to all cells in the model (Podvin and Lecomte, 1991). The time fields
are then used to calculate travel times. Raytracing is done perpendicular to
the isochrons in accordance withVidale (1988) andHole (1992). A conjugate
gradient solverLSQRis used for the inversion (Paige and Saunders, 1982).

4.1.1 HowPStomo_eqwas run for the Pärvie data
Before the tomography was performed, all events in the Pärvie catalog were
globally relocated using the location algorithmLoctime, a global event lo-
cation algorithm using the timefields computed in arbitrary3D models from
PStomo_eq. The algorithm is built on the same principle as the NonLinLoc al-
gorithm ofLomax et al.(2000). The velocity model used was the standard 1D
P-wave SNSN model with adjustment of the near surface velocities accord-
ing to seismic reflection results from the Pärvie area (Juhlin et al., 2010). The
SNSN model also had to be transformed from a gradient model toa constant
layer model. A 1D S-wave velocity starting model was produced by scaling
of the P-wave model with avp/vs ratio of 1.73. Figure4.1 shows the P- and
S-wave starting models used.
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For the tomography runs, a limited and carefully selected data set was
used to avoid uncertainties in the velocity model caused by poorly determined
events. Only events with more than 10 observed phases and an azimuthal gap
of less than 180◦ were selected. This gave a large reduction of the original
catalog as only about 25% of the events met these criteria. Thetomography
was run numerous times with different parameter setups to test the influence
of starting model, smoothing, smoothing ofvp/vs ratio and cell sizes in the
model. Also less strict event selection criteria were tested.

The final minimum model, in terms of smallest P- and S-wave travel time
RMS-misfit, showed some but minor 3D variations. Therefore, a1D approxi-
mation of the 3D result was accepted and used in later analysis of depth phases
and relative relocation of the data, see Section4.2 and4.3, respectively. The
3D P- and S-wave velocities varied smoothly in the region andshowed lateral
variations that were less than about 6 %, Figure4.2. The vp/vs ratio varied
only up to 3 %, Figure4.2. The smoothing was lowered with increasing itera-
tion number to a low degree. The smoothing of thevp/vs ratio was low in all
iterations and left free in the final three iterations. The RMSmisfit for P-wave
travel times was 0.085 s. and for the S-wave travel times 0.090 s.
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Figure 4.1: The starting model used inPStomo_eq(dashed blue) was a modifica-
tion of the original 1D SNSN velocity model (green) in the upper kilometers from
reflection seismic results for the area.

The minimum 3D velocity model was used to relocate a larger setof events
that later on formed the final earthquake catalog for the Pärvie data together
with the non-relocated events from the routine SIL system analysis and relo-
cations of a tight cluster withHypoDD, see Section4.3. A threshold of four
picked phases (P and/or S) was used to select events for relocation. Because
of the small magnitude of the Pärvie events and the distribution of events and
stations over a large area, many of the events are not recorded on more than
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Figure 4.2: Results fromPStomo_eqfor the final minimum 3D-model at two different
depths.
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a few stations. Therefore, only about 70% of the events passedthe selection
criteria of four picked phases.

4.2 Depth phases
The hypocentral parameter with the largest uncertainty is the depth of an earth-
quake. Depth phases such as pP, sP ,pPmP or sPmP can be of greathelp in
constraining event depth, if these can be identified in the seismogram. These
phases are not routinely picked in the SIL system. Unfortunately, most of the
earthquakes are very small in magnitude and therefore carryvery little energy
in the reflected phases. Thus, at distances where clear surface or Moho reflec-
tions often are visible in seismograms, these phases are hidden in the noise.
However, a review of the Pärvie data returned six events where more phases
than the first arriving P and S phases were visible.

Figure 4.3: Sketch of different types of depth phases. From top to bottom; sPg, sPmP
and sPn. Figure modified fromMa and Eaton(2011).

For sufficiently energetic events,Uski et al.(2003) found that depth phases
such as sPg, are clearly visible at distances around 80-90 kmaway from the
source in Fennoscandia. Clear Moho reflections usually firstappear at dis-
tances larger than 100-120 km. At even larger distances, 180-200 km distance,
many phases appear within a very short time period and hence it is difficult to
separate the phases (Uski et al., 2003).
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Table 4.1:Events where reflected depth phases were visible in the seismograms. Their
location, number of stations that recorded the event and thedepth of the events as
determined with the SIL system program Lokimp, relocated with Loctime and from
depth phase analysis with srth are shown in the table.

Depth of event [km]

Event Location # sta Lokimp Loctime srth

20080423 below kor 11 12.1 16.5 6

20080920 15 km NE of kor 12 9.1 20.8 8-9

20091025 below ruo 13 10.6 16.1 12

20091205 15 km NW of lan 5 8.2 13.9 14-15

20100410 10 km N of kor 14 11.1 20.2 8-9

20100529 below ruo 15 10.7 - 10

To constrain the depth of the events in the Pärvie catalog where depth
phases were identified, these events were compared to synthetic seismograms.
The synthetic seismograms were produced using the reflectivity method,srth,
by Kind (1978, 1979). We followed the analysis ofUski et al.(2003). The ve-
locity model used was the minimum average 1D velocity model found from
the tomography, see Figure4.1. Only the Z-component was used in the depth
phase analysis because of limitations in the reflectivity codesrth.

The original depth from the SIL system routine analysis, the relocated depth
from PStomo_eqandLoctimetogether with the best-fit depth from the depth
phase modeling is shown in Table4.1.

4.3 Relative location withHypoDD
HypoDD is a program package developed byWaldhauser and Ellsworth
(2000) that relocates earthquakes using a double-difference algorithm. The
method gives high accuracy in locations and performs best onsmaller
clusters well defined in space with good azimuthal coverage.The Pärvie data
is spread along a 155 km long zone and it is not ideal to run the whole catalog
with events directly inHypoDD. Therefore, groups of events within the
Pärvie data were selected and relocated withHypoDD. The final hypocentral
parameters fromPStomo_eqwere used as input toHypoDD.

4.3.1 The double-difference algorithm
To solve for the location of an earthquake, arrival times at different stations
are used together with a velocity structure for the medium where the seismic
waves travel. The velocity structure is assumed to be known from e.g. earlier
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Figure 4.4: Example of comparison of synthetic and real data. The real and synthetic
Z component for station ert at 216 km distance from an event located close to the
main fault of Pärvie is shown. A good agreement between synthetic and real data is
found for this event with a source depth of 8 km. The syntheticseismograms are for
different source depths, ranging from 6 km at the top to 12 km in the bottom trace.
All traces are aligned with first arriving P (Pn).
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studies and the arrival times are read off at each station with a recording for the
earthquake. Theoretically, the arrival time can be calculated as seen in Eq.4.1.

T i
k = τ i + t i

k = τ i +

∫ k

i
uds (4.1)

whereT i
k is the arrival time of eventi to stationk, τ i is the origin time of event

i, ,t i
k is the travel time of eventi to stationk, u is the slowness (the reciprocal

of velocity) andds is an element of the path between event and station.
The arrival time equation (Eq.4.1) shows the non-linear property of the

earthquake location problem. The non-linearity between travel time and lo-
cation is usually solved by using a truncated Taylor series expansion (Geiger,
1910, Lay and Wallace, 1995). After truncation the residuals of travel time are
linearly related to changes in the hypocentral parameters(x,y,z,τ). Thus, with
this approximation the solution of the problem, perturbations of the hypocen-
tral parameters:∆m = (∆x,∆y,∆z,∆τ), Eq. 4.2 is the travel time residual, is
linear for an earthquakei.

r i
k = (tobs

− tcal)i
k =

δ t i
k

δm
∆mi (4.2)

wherer i
k is the travel time residual,tobs is the observed travel time,tcal the

calculated andmi = (∆xi ,∆yi ,∆zi ,∆τ i) are the perturbations of hypocenter
and origin time of earthquakei.

In the same way is the travel time residual expressed for thejth event.

r j
k = (tobs

− tcal)
j
k =

δ t j
k

δm
∆m j (4.3)

The double-difference is now defined in Eq.4.4, by subtracting Eq.4.3from
Eq.4.2(Waldhauser and Ellsworth, 2000).

dri j
k = (t i

k− t j
k)

obs
− (t i

k− t j
k)

cal =
δ t i j

k

δm
∆mi j (4.4)

wheredri j
k is the residual between the observed and calculated differential

travel times for eventsi and j and∆mi j is the change in location and origin
time of eventsi and j relative to each other.

One advantage with the double-differences is that arrival times from a cat-
alog and/or relative times between events from cross correlation can be used
as data. A second remark to Eq.4.4 is that the equation contains eight un-
knowns;∆mi = (∆xi ,∆yi ,∆zi ,∆τ i) and∆m j = (∆x j ,∆y j ,∆zj ,∆τ j). Hence, at
least eight arrival times (P or S) are required to solve the equation.

As a final step, all double-differences at all stations can becombined into a
system of linear equations, Eq.4.5(Waldhauser and Ellsworth, 2000).
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WGm = Wd (4.5)

whereW is a diagonal weighting matrix,G is a matrix of sizeMx4N (M is the
number of double-differences and N is the number of events) with the partial
derivatives of the system,m is the model vector containing the perturbations of
the hypocentral parameters(∆x,∆y,∆z,∆τ) andd is the data vector containing
the double-difference times.

To solve the system of equations in Eq.4.5 two different approaches
are applied in HypoDD. For small and well conditioned systems,
singular value decomposition (SVD) can be used. For larger systems the
conjugate gradient algorithm LSQR byPaige and Saunders(1982) is better
(Waldhauser and Ellsworth, 2000). The LSQR algorithm is more efficient
than the SVD and can also solve ill-conditioned problems. However this is at
a cost of accuracy and that, if not done with care, ill-conditioned problems
may produce solutions that do not make sense.

4.3.2 Parameters used inHypoDD to relocate the Pärvie data
As mentioned in the introduction toHypoDD, the Pärvie data was divided
into smaller groups before the relocation process withHypoDDstarted. The
relocation was done both with catalog arrival times alone and together with
relative times from cross correlation. How the cross correlation times were
produces is described in detail in Section4.3.2.1.

BeforeHypoDD itself is run, the data needs to be preprocessed withph2dt
that is part of theHypoDD program package.Ph2dt transforms phase ar-
rival times from a catalog to difference times between pairsof earthquakes
(Waldhauser, 2001). It links events together in a chain of pairs and makes sure
that only well connected events are paired. Events considered as outliers are
removed and not passed on toHypoDD. There are several different parame-
ters forph2dtwhere the user can adjust the program to run optimally for the
specific problem in question. The user manual byWaldhauser(2001) suggests
that for small systems that the minimum number of links per saved pair is set
to one, the maximum number is equal to the number of stations and that the
maximum number of neighbors per event is equal to the number of events.
These criteria were used in all runs ofph2dt.

HypoDDcan and needs also to be adjusted by input parameters to make it
run in a desirable way. The events passed on fromph2dtto HypoDDare clus-
tered and the strength of the chain between events within onecluster is defined
by the minimum number of observations per event pair. As mentioned in Sec-
tion 4.3.1there are eight unknown for each double-difference pair. Therefore,
eight was used as a requirement on the number of observationsper event pair
for the catalog data. The strength of the chain of events in each cluster is also
affected by the maximum hypocentral separation that is allowed. This dis-
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tance can be controlled by a weighting parameter. This parameter varied for
different runs and also during one run depending on iteration number.

Both P and S catalog arrival times were used but they were weighted dif-
ferently. The P phases were always weighted double compared to the S phase
arrivals. For most of the runs, the cross correlation data was weighted in the
same way, double P to S weight.

When both catalog and cross correlation data were used, events with large
separation distances in the catalog data were given strong weights as well as
events with small separation distances in the cross correlation data. In this
way the catalog data takes care of the event locations on the large-scale and
the cross correlation data constrains the details of the event locations. Exam-
ples and ideas on how to weight the data duringHypoDD runs is given in
Waldhauser and Ellsworth(2000) andWaldhauser(2001).

SVD was used to solve the system of double-difference equations when
possible. However, for larger systems LSQR was used. When solving with
LSQR damping has large influence on the solution. According tothe user’s
manual byWaldhauser(2001) a suitable damping is between 1 and 100 which
should result in a condition number of the system between 40 and 80. In the
runs solved with LSQR the damping was adjusted to give a condition number
in the range of 40 to 80.

HypoDDuses a 1D constant layer P-wave velocity model that is scaledby
a vp/vs ratio to get the respective S-wave model. The model used in allruns
was a nine layer model extracted from the minimum P-wave model from the
tomography (Figure4.1). Thevp/vs ratio was set to 1.73 also according to the
tomography result discussed in Section4.1.

4.3.2.1 Relative times of events from cross correlation
As an expansion of the correlation code written to find new events in the pro-
cessing of the Pärvie data, see Section3.2.1, the code was developed to cor-
relate events relative to each other and create cross correlation input times to
HypoDD.

The event-event correlation code reads a list of events and correlates all
events that have both a P and S phase picked relative to each other. The P and
S phases are correlated separately and a short window only around the arriving
phase is used as correlation template. The code loops throughthe list of events
and uses one event at a time as correlation template. The template is compared
to all remaining events in the list and the correlation is done in the same way
as explained in Section3.2.1. The maximum correlation coefficient for each
event pair is identified together with the corresponding lagtime. The relative
event time is calculated as the difference of travel time between the two events
adjusted by the lag found from the correlation. Figure4.5shows the concept
behind cross correlating events and how the lag between two events is found.

Only phases with a correlation coefficient greater than 0.8 were saved and
used as relative times as input toHypoDD.
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Figure 4.5: At the top, the P phase of two synthetic events are shown. Theyare very
similar but differ slightly in their arrival time picking. From cross correlating the two
events the difference in the arrival time picking can be adjusted. In the bottom plot,
the cross correlation coefficient is shown with the maximum value at a lag of -0.1 s.
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4.4 Earthquake focal mechanisms
An earthquake focal mechanism describes the motion of slip during an earth-
quake and the orientation of the fault where the slip took place. The focal
mechanism solution is often presented as a "beachball", a graphical way to
represent the double-couple mechanism of the fault plane solution.

4.4.1 Background and theory about focal mechanisms
Usually seismological observations are made at distances far enough away
from the earthquake source region to only receive waves withwavelengths
greater than the dimension of the fault. In these cases the source can be treated
as a point source and the forces describing the motion can be well described
by a double-couple. A double-couple consists of two single-couples, which
are pairs of equal forces acting in opposite directions, separated in space, see
Figure 4.6. A double-couple gives no net moment because the moment in-
troduced from one single-couple on the fault is canceled by the other. The
strength of a double-couple is quantified by the scalar seismic momentM0,
defined as

M0 = µDA (4.6)

whereµ is the shear modulus,D is the average slip on the fault andA is the
fault area.

The nine single-couples shown in Figure4.6 represent the nine terms that
constitute the seismic moment tensorM . There are six single-couples that rep-
resent shearing motion (off-diagonal couples in the Figure4.6) and three that
represent volumetric changes (diagonal couples in Figure4.6). The seismic
moment tensor contains information about the earthquake source parameters
and depends on the strength of the source, the orientation ofthe fault and the
motion of slip on the fault. The seismic moment tensor can be written

Mi j = µA(Din j +D jni) (4.7)

whereDi is the average slip in thei-direction on a plane with normaln j andD j

is the average slip in thej-direction on a plane with normalni . As clearly seen
from Eq.4.7, the moment tensor is symmetric. This is due to conservation of
angular momentum (Aki and Richards, 1980). The symmetry of the moment
tensor gives the possibility of two equally valid planes with slip but the actual
earthquake only ruptured on one of the planes, the fault plane. The second
plane is called the auxiliary plane.

Like other tensors, the moment tensor can be rotated into a principal sys-
tem where all off-diagonal elements are zero. It can also be decomposed into
three eigenvectors with corresponding eigenvalues. For a double-couple mo-
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Figure 4.6: The nine generalized single-couples that constitutes the seismic moment
tensor. Modified afterAki and Richards(1980).

ment tensor, the trace will be zero and there will be one positive eigenvalue,
one negative and one that is zero. The positive eigenvalue represents a ten-
sional single-couple and the negative a compressional. The eigenvector that
corresponds to the positive eigenvalue is called the T-axis, Tensional-axis, and
along this direction the maximal tensional strain is found.Along the direction
of the eigenvector corresponding to the negative eigenvalue the maximal com-
pressional strain is found and this axis is called the P-axis, Pressure-axis. The
eigenvector corresponding to the null eigenvalue is calledthe B-axis. Often
the P- and T-axes are also used as directions of the maximum and minimum
stress axes. This is however, only true if the faulting took place in homoge-
neous rock without internal friction (McKenzie, 1969).

Eq.4.7shows the nine components of the moment tensor with the slip and
normal vectors to the two possible planes of slip as buildingblocks. The fault
normal and slip vector can be parametrized with three anglesthat define the
fault orientation and the slip on the fault. These three angles are called strikeφ ,
dip δ and rakeλ , see Figure4.7. The strike gives the azimuth of the fault plane
from North and varies from 0 to 360◦. Dip is the angle between the horizontal
plane and the fault plane, 0◦ ≤ δ ≤ 90◦. Rake is defined as the angle from
horizontal to the direction of slip in the plane of faulting,−180◦ ≤ λ ≤ 180◦.
Hence, there is a direct connection between the components of the moment
tensor and the geometrical properties of the fault.
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Figure 4.7: Definitions of the three angles given to describe the fault orientation and
slip on the fault. Strikeφs gives the azimuth from North, dipδ is the angle from the
horizontal plane to the fault plane and rakeλ is the angle in the plane from horizontal
to the direction of slip.

There are three main types of focal mechanism; strike slip, normal and re-
verse faulting and of course an endless row of mixtures between these main
types. In Figure4.8 the different faulting styles are shown together with their
corresponding beachball diagrams and direction of P- and T-axes.

4.4.2 Fault plane solutions in the SIL-system
In the routine analysis of earthquakes in the SIL-system fault plane solutions
are calculated according to an inversion scheme developed by Slunga(1981)
and later on further developed byRögnvaldsson and Slunga(1993). The tech-
nique uses absolute values of the spectral amplitudes for the P-, SV- and SH-
waves as well as the polarity of the P-wave first motion. The amplitudes are
corrected for free surface effects, attenuation, instrument response and geo-
metrical spreading. Thereafter, a grid search is performed through all possible
fault plane solutions i.e. all possible combinations of strike, dip and rake. The
far-field radiation pattern for the fault plane solution is calculated and com-
pared to the observed amplitudes and if there is a good fit, it is also compared
to observed P-wave polarities. The result from the inversionis a whole set of
acceptable fault plane solutions listed in order of their amplitude least-square
misfit. All acceptable fault plane solutions listed have strike, dip and rake that
agree with observed amplitudes and polarity readings. Depending on how well
the focal mechanism is restricted by the seismic observations and the density
of the search over angles, the number of acceptable solutions varies, usually
between 10 and 90.

4.5 Stress tensor inversion
There are numerous inversion schemes to invert for the state of stress from
focal mechanisms. The stress tensor inversion applied to thedata used in
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Figure 4.8: Schematic figure of the three main faulting types; strike slip, normal
and reverse faulting. The two possible planes of motion are shown for each type of
mechanism together with the corresponding beachball representation. Figure from
USGS(2011)

this work is the inversion scheme ofLund and Slunga(1999) that is based
on the grid search algorithm ofGephart and Forsyth(1984). In common for
almost all similar inversion schemes two assumptions are made (Bott, 1959):
The state of stress is assumed to be homogeneous in the space-time volume
where the earthquakes occurred, and the earthquake faults are assumed to have
slipped in the direction of maximum resolved shear stress.

The stress tensor inversion uses the three angles strike, dipand rake that
define the geometry and slip of the fault plane solutions to solve for the stress
tensor. The full stress tensor with six independent components cannot be re-
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solved from this data. Therefore, the inversion only solves for four parame-
ters which are the directions of the three principal stress axes and the ratio
R. The ratio R gives a measure of the relative size of the intermediate prin-
cipal stress to the maximum and minimum stress,R= (σ1−σ2)/(σ1−σ3)
(Lund and Slunga, 1999).

The stress tensor inversion uses acceptable fault planes as described above
for all earthquakes in a systematic way. During this processthe focal mech-
anism that gives the smallest misfit for each event is chosen and at the end a
final solution for the stress tensor with least misfit is found. The confidence
limits are calculated with one-norm misfits according toParker and McNutt
(1980). Before the stress tensor inversion is performed all events are tested
for fault plane solution similarity through correlation ofthe body-wave spec-
tral amplitudes,Lund and Bödvarsson(2002). This procedure decreases the
redundancy of the data and gives both shorter run-times and amore realistic
estimate of the confidence limits.
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Abstract

The Pärvie fault is one of the longest known end-glacial faults in the world.
It is situated in northernmost Sweden and extends for 155 km with a north-
eastward direction. The fault exhibits reverse faulting throw of up to 10
m and based on studies of Quaternary deposits, landslides and liquefaction
structures it is inferred to have ruptured as a one-step event at the time the
ice sheet disappeared from the area. An earthquake of this size would have
had a magnitude of approximately 8. Today, for Swedish standards, a high
rate of seismicity is observed around the end-glacial faults and we present
new microearthquake data from northern Sweden in general and Pärvie in
particular. More than 2500 earthquakes have been recorded for northern
Sweden (north of 64◦ latitude) since year 2000 and almost 800 in the Pärvie
area since 2003. There is a remarkable correlation between seismicity and
the surface expressions of the mapped end-glacial faults in northern Sweden.
Approximately 63% of the observed seismicity north of 66◦ locates within 30
km to the southeast and 10 km to the northwest of the end-glacial faults. A
waveform cross correlation method was applied to the data to increase the
number of detected events. This resulted in 260 identified events. The earth-
quakes were used to establish an improved velocity model for the area with
local 3D earthquake tomography. Thereafter, all events with minimum four
observed phases were relocated in this new 3D velocity model. A tight clus-
ter in the central part of the Pärvie fault, where the rate of seismicity is the
highest, was relocated using HypoDD , a double-difference algorithm. From
this relocation two very distinct groups of highly correlated events appeared.
In depth, the earthquakes locate from surface down to about 40 km depth
and along the entire Pärvie fault, a zone of seismicity between 5 and 15 km is
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located shifted to the southeast compared the the surface trace of the Pärvie
fault. This zone of seismicity locates between a dip to the southeast between
approximately 30◦ and 60◦ from the surface trace of the Pärvie main fault.

Keywords: Microearthquakes, End-glacial faults, Waveform correlation,
Relative location, northern Fennoscandia

1. Introduction

Northern Fennoscandia is currently known as a seismically quiescent area
with few earthquakes greater than MW 3 inland of the Norwegian coast
(B̊ath, 1973; Slunga, 1991; Bungum et al., 2010). Contrary to todays situ-
ation, large Holocene fault scarps have been identified in the area, in Fin-
land (Tanner, 1930; Kujansuu, 1964), Sweden (Lundqvist and Lagerbäck,
1976; Lagerbäck, 1979) and Norway (Olesen, 1984; Olesen et al., 1988), see
Figure 1. Investigations of Quaternary sediment disturbances show that
these faults ruptured as large earthquakes as the ice retreated at the end
of the latest glaciation, about 9500 years ago (Lagerbäck and Witshard,
1983; Lagerbäck, 1988, 1990; Olesen et al., 1988). Because of their glacial
connection, the faults are referred to as post-glacial, end-glacial or glacially
induced. In this study we will use the term end-glacial.

Despite ambitious programs to investigate the faults in the 1980’s, a num-
ber of important questions remain unanswered. Two vital points in order to
understand the mechanics of the rupture process are (1) what is the geometry
of the faults at depth and (2) what was the stress field driving the rupture?
In order to address these questions, we embarked on a project involving ac-
tive and passive seismic investigations of the Pärvie and Burträsk faults in
northern Sweden. At 155 km, the Pärvie fault is the longest known end-
glacial fault (Lagerbäck and Sundh, 2008) and the Burträsk fault is the fault
associated with the most intense current microseismic activity in Sweden
(Juhlin and Lund, 2011). In this study we report on the microearthquake
activity along the Swedish end-glacial faults in general and on the Pärvie
fault in particular. We will show how the seismicity of northernmost Sweden
is dominated by the end-glacial fault activity and what the microearthquakes
along the Pärvie fault reveal about the deep geometry of the fault.
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2. The end-glacial faults of northern Fennoscandia

The Fennoscandian faults are the only known km-scale end-glacial faults
in the world and thus far all of the worlds identified end-glacial faults have oc-
curred in stable continental regions (Munier and Fenton, 2004). In Fennoscan-
dia, the faults occur in Precambrian bedrock and generally follow older fault
zones, although they sometimes deviate from these (Lagerbäck and Sundh,
2008). Fault rupture was dated to the final stage of deglaciation of the
Weichselian ice sheet, approximately 9500 years before present. The age de-
termination was made from stratigraphical investigations in trenches across
the Lansjärv fault, dating of paleolandslides in the region, and trenching in
seismites (Lagerbäck, 1988, 1992; Lagerbäck and Sundh, 2008). The age of
the faults can also be determined from glaciofluvial deposits that are crossed
by the faults at some places and at other places the faults are crossed by
melt water channels (Lagerbäck, 1979).

The Pärvie fault is a NNE striking, 155 km long (see Figure 1) reverse
fault with dip to the east, 3 to 10 m of escarpment, mostly in glacial till
but occasionally also in exposed bedrock (Lagerbäck and Witshard, 1983).
Several shorter subsidiary faults are found east of the main fault with the
same strike but some of them dip to the west. Around the Pärvie fault very
few paleolandslides are found, in contrast to the area further east around
the Lansjärv and Suasselkä faults, where several hundred paleolandslides in
glacial till have been identified (Lagerbäck and Sundh, 2008). It is possible
that this is because the Pärvie fault was formed during the very end of the
latest glaciation, when the ground was still frozen, whereas the faults further
to the east ruptured shortly after the ice had melted (Lagerbäck and Sundh,
2008).

From observations of offsets in Quaternary sediments, together with ob-
servations of the spatial distribution of paleolandslides and liquefaction phe-
nomena (Lagerbäck, 1990; Muir Wood, 1989, 1993; Arvidsson, 1996), the
end-glacial faults have been concluded to be one-step events.

As alluded to above, the depth extent of geometry and deformation on
these faults is not known and the dip of the faults is a debated question.
Muir Wood (1993) and Lagerbäck (1988) argued that the faults dip steeply
and Muir Wood (1993) that the faults also steepen with depth. As part of
our end-glacial fault project, reflection seismic profiles were acquired on the
Pärvie (Juhlin et al., 2010) and Burträsk (Juhlin and Lund, 2011) faults.
These surveys imaged a number of dipping reflectors from the end-glacial
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Figure 1: Identified end-glacial faults in Fennoscandia with (1) the Pärvie fault as the
longest one, 155 km long. Other end-glacial faults mentioned in this article are (2) the
Merasjärvi fault (3) the Lainio-Suijavaara fault, (4) the Stuoragurra fault, (5) the Suasselka
fault, (6) the Pasmajärvi/Venejärvi fault, (7) the Lansjärv fault and (8) the Burträsk fault.
(A), (B) and (C) give the locations of the upper reaches of the Lule, Kalix and Torne rivers,
the three rivers crossing the Pärvie fault. Blue squares are permanent Swedish seismic
stations, blue triangles are temporary seismic stations and the blue diamond is a Finnish
seismic station used in the analysis.
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faults and subsidiary faults down to depths of 2-3 km. The main strand of
the Pärvie fault dips approximately 50◦ to the east and the Burträsk fault
55◦ to the southeast down to these depths.

Muir Wood (1989, 1993) and Arvidsson (1996) proposed that at least the
larger faults have ruptured the entire crust. From this assumption, and the
inference that the Pärvie fault ruptured once in a single event, the seismic
moment of that event can be estimated. Muir Wood (1989) estimated the
magnitude to be MW = 7.9 after calculation of the seismic moment and
Arvidsson (1996) estimated MW = 8.2±0.2. The difference in these estimates
is mainly due to different assumptions about the fault width.

Macroseismic data exist for northern Fennoscandia from the 14th century
onwards and for the last 100 years this has been complemented with instru-
mental data. Arvidsson (1996) estimated that about 50% of the recorded
seismicity in northern Sweden from 1963 to 1993 was associated with the
end-glacial faults. Similarly, in northern Norway several studies show corre-
lation between microearthquake activity and mapped end-glacial faults (e.g.
Olesen et al. (1988); Bungum and Lindholm (1997); Dehls et al. (2000)).
However, based on seismically deduced stress directions both Slunga (1991)
and Bungum et al. (2010) conclude that current seismicity in Fennoscandia
seems to be mostly driven by plate tectonics, with only a minor contribution
from post-glacial uplift.

Studies in Canada by e.g. Ma et al. (2007) and Ma et al. (2008) show
that while there is some general geographic correlation between post-glacial
uplift and seismicity, it does not appear that all seismicity can be attributed
to uplift and in contrast to Fennoscandia no large end-glacial faults have
been identified.

3. Seismic networks and data processing

The Swedish National Seismic Network (SNSN) maintains the seismolog-
ical network in Sweden and analyzes the data. Today 63 broadband stations
are in operation spread over the whole of Sweden. The six most important
stations for our purposes were installed in 2003 and 2004, Figure 1, comple-
menting stations that had been installed a few years earlier.

During the summer of 2007 a temporary network with seven broadband
stations was installed around the Pärvie fault to improve the detection of
microearthquakes in the area, Figure 1. In 2009 an additional temporary
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station was installed on top of a cluster of events in the center of the Pärvie
main fault. All temporary stations were removed in the autumn of 2010.

The temporary stations were deployed on bedrock in vaults about 0.5 m
deep and remote from human activity. They were operated using solar and
wind power. Being north of the Arctic circle, no solar power is available
during the winter, and some power failure problems were encountered during
calm winter periods. However, the most severe problems with data loss were
due to firmware problems in the digitizers. The temporary stations had an
up-time of 60 - 99%, with mean 75%.

Guralp CMG-3ESP compact sensors, 60 s - 100 Hz, were employed at
the temporary stations. The data were saved both to disc locally and, where
GSM or NMT connection was available, also transferred via mobile link di-
rectly to Uppsala (5 of 8 stations).

The data from the permanent and temporary stations were merged and
reprocessed. The initial detection and location process is automatic and was
run in the same way as in the national networks of Iceland and Sweden,
where the SIL system is used (Bödvarsson et al., 1999; Bödvarsson, 1999;
Bödvarsson and Lund, 2003). Initially in the SIL system, phases are de-
tected for each station individually. A phase detection is defined based on
comparison of the power in two adjacent time windows of equal length of the
seismic recording on each of the three components (vertical, north-south and
east-west). Thereafter, the phases for all stations are merged, and phases
that are detected within a time window defined such that these phases may
relate to the same event are further processed. The final result is a list of
located seismic events where the events are assigned a quality measure. The
higher the measure of quality is, the higher the probability should be that the
event is a true seismic event. The result from the automatic process needs
to be manually corrected in order to classify different types of events e.g.
earthquakes, explosions, mine induced earthquakes, and to remove spurious
events.

4. The seismicity of northern Sweden

Many authors have noted how the seismicity of northern Sweden seems to
be related to the end-glacial faults (e.g. Lagerbäck, 1990; Arvidsson, 1996).
There are reports of a number of events that have been felt by people living
by the Pärvie fault, and the instrumental record show magnitudes of up
to ML 4 (FENCAT, 2011). A permanent seismic network now covers all
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of Sweden, Figure 1, significantly enhancing earlier campaign data in the
north. The modernization of the SNSN started in 1998, and since then
about 2500 earthquakes have been detected and located in northern Sweden,
see Figure 2. Estimated earthquake depths range from close to the surface
down to about 40 km, and magnitudes from -2 to 3.5, with a magnitude of
completeness of approximately 0.5 within the permanent network. The coast
around Skellefte̊a, with about 140 events/yr, is the most seismically active
area in Sweden today.

The new SNSN data in Figure 2 illustrates a remarkable correlation be-
tween surface mapped end-glacial faults and the observed seismicity in north-
ern Sweden. North of 66◦ latitude, 63% of the observed events’ epicenters
fall within 30 km southeast and 10 km northwest of the surface trace of
the mapped end-glacial faults. The new data also show that earlier spec-
ulations on a north-south lineament of seismicity just west of the Swedish-
Finnish border is instead most likely seismicity related to the end-glacial
faults, mainly Lansjärv, Merasjärvi and Lainio-Suijavaara. Considering the
high correlation between end-glacial faults and current seismicity, there may
be further, currently unidentified, end-glacial faults in the area. Although no
end-glacial fault has been mapped at the surface between Lansjärv and the
Pasmajärvi/Venejärvi faults, the seismicity indicates that there may either
be a weak lineament connecting these faults, or that this was indeed a single
end-glacial rupture, much larger than previously assumed. Further indica-
tions for a large rupture can be found in Figure 2 of Lagerbäck and Sundh
(2008), which shows a large number of landslides in the area between Lansjärv
and Pasmajärvi. The large seismic activity south of Skellefte̊a, which extends
north-east from the mapped Burträsk fault, may indicate that the fault ex-
tends further out into the Bay of Bothnia. Finally, the earthquake cluster at
the north coast of the Bay of Bothnia, outside Lule̊a and Kalix, may indicate
the existence of a one or two previously unidentified, partially submerged,
end-glacial faults.

5. Analysis of the Pärvie microearthquakes

The denser station configuration during 2007-2010 around the Pärvie fault
significantly increased the number of observed earthquakes. However, the
network’s standard automatic event detection and location procedures were
not optimal for the temporary station data set. Higher noise levels at the
temporary stations than at the permanent stations, and the proximity of
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Europe’s largest iron ore mine, Kirunavaara, only 30 km from the Pärvie
main fault, resulted in a very large amount of automatically detected events.
This precluded manual inspection of all the automatic events and only ap-
proximately 4%, the highest quality, of the automatic events were manually
analyzed. Most of the remaining events are likely spurious phase associations
and events in the mines. 536 earthquakes were identified from the automatic
SIL system and locations were improved by manual adjustment of the onsets.
However, in order to search for more events in the continuous waveform data
we applied a cross-correlation scheme, outlined below.

5.1. Waveform correlation - increasing the catalog by almost 50%

It is well known from earlier studies in Fennoscandia (e.g, Gibbons et al.,
2007) and elsewhere (e.g, Slunga et al., 1995) that close-lying events produce
very similar waveforms at a given station, if the source mechanisms are sim-
ilar. This property of earthquake wave propagation enabled us to identify
more events in the Pärvie area by applying a time-domain cross-correlation
algorithm, using data from the 11 stations closest to the Pärvie main fault.
All previously identified events with clear P and S arrivals were used as tem-
plates at the respective stations. This template approach can be expected
to help identify further events, primarily where the signal to noise ratio is
slightly lower than that required for the routine automatic procedures to
function well. The total number of event templates was 829, ranging from
11 at one station up to 177 at another station. The template lengths varied
from 1.5 to 3 s depending on the distance from event to station and the data
were band-pass filtered between 3 and 14 Hz. The templates were compared
with all continuous data at each station.

The correlation was run with the templates separated into a P-template
and an S-template instead of one template containing both phases. Identified
P and S correlations with a correlation coefficient over 0.5 were compared in
time. If the identified S correlated phase succeeded the P correlated phase
and they had a P-S time that differed less than 1 sec from the template P-S
time, the relevant time segment was saved for further analysis. Depending on
the amount of output for each template the correlation coefficient threshold
could be increased to 0.6 or 0.7 to avoid excessive amounts of spurious detec-
tions. An example of events identified by the correlation scheme is shown in
Figure 5. The correlation analysis identified 260 new events and accordingly
increased the catalog from 536 to 796 earthquakes.
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5.2. Local earthquake tomography

The events from the Pärvie area were further analyzed with a 3D local
earthquake travel time tomography code, PStomo eq , developed by Tryggva-
son et al. (2002). In the first set of inversions only well determined events
were included, i.e. events with at least ten picked phases (P and/or S) and
with an azimuthal gap of maximum 180o. 180 events fulfilled these criteria.
P and S first arrival times were then used simultaneously to invert for an
improved velocity model for the area. The starting model for the tomogra-
phy was the 1D velocity model that is used in the SNSN routine location
procedure (Bödvarsson and Lund, 2003), modified because reflection seis-
mic results from the area (Juhlin et al., 2010) indicate that slightly higher
velocities are present than Swedish average velocities in the upper crust.

The tomography was run with decreased smoothing of the model with
increasing iteration number. The damping of the vp/vs ratio was low in all
iterations and left free in the last iterations.

The resulting 3D velocity model showed minor lateral variations. The
P- and S-wave velocities varied smoothly in the region and showed lateral
variations that were less than about 6%. The vp/vs ratio varied by less than
3%. Therefore, a 1D approximation of the 3D results was accepted and used
in further analysis, see Section 5.3 and 5.4, respectively. A comparison of the
final 1D model and the starting model is shown in Figure 3.

The final 3D velocity model was used to relocate a larger set of events.
All events with at least four picked (P and/or S) phases were used. Because
of the small magnitude (average ML ≈ 0) of the Pärvie events and the
distribution of events and stations over a large area, many of the events are
not recorded on more than a few stations. Therefore, only 563 of the total
796 events in the area met the selection criterion of four picked phases and
their final location can be seen in Figure 6.

5.3. Depth control using depth phases

The geometry of the seismic network and the large and elongated area
with earthquakes means that in some areas hypocentral depth may be rather
poorly constrained. To aid in the depth determination, additional phases to
the P and S first arrivals can be used. Arrivals which have been reflected at
the surface and/or at the Moho, e.g. sPg, sPmP, pSg and pSmS, are very
sensitive to the depth and will appear at different times in the seismogram
depending on the depth of the source. The largest magnitude events in the
data set were re-analyzed to identify possible reflected phases. These were
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Figure 3: The starting model used in PStomo eq (black) was a modification of the original
1D SNSN velocity model (green), with slightly higher velocities in the uppermost kilome-
ters. The final 1D P and S velocities from the tomography are shown in blue and red,
respectively.

then compared to synthetic seismograms produced by the reflectivity method
srth by Kind (1978, 1979). We followed the analysis of Uski et al. (2003).

Unfortunately, in the Pärvie data set most of the earthquakes are very
small in magnitude and therefore carry very little energy in the reflected
phases. Thus, at distances where clear surface or Moho reflections often are
visible in seismograms, these phases are hidden in the noise. However, six
events were found where at least one additional phase in addition to the
first arriving P or S could be identified. For two of the events the depth
phase analysis and the depth given from PStomo eq were consistent. For the
other four, the depth phase analysis indicated a shallower depth than that
from the relocation with PStomo eq . Because of the relatively few identified
reflected phases and the risk of noise bias, in the analysis, the depths from
the relocation with PStomo eq are used, see Figure 6.

11



5.4. Improving the locations - relative relocation with HypoDD

HypoDD is a program package developed by Waldhauser and Ellsworth
(2000) that relocates earthquakes using a double-difference algorithm. The
method locates events relatively to each other with high accuracy and per-
forms best on smaller clusters well defined in space and with good azimuthal
coverage. We used HypoDD to improve the location of earthquakes within a
tight cluster in the central part of the Pärvie fault. 42 events were identified
using waveform cross correlation analysis, with all correlation coefficients
above 0.8 and most events correlating as well as 0.95, see Figure 5. Both
arrival time picks (a minimum of eight) and differential travel times from
cross correlation were used in the relocation process. The analysis used our
final 1D model for P velocities and S-velocities obtained by multiplying the
P-wave velocities by the average S:P velocity ratio of 1.73 from the tomo-
graphic inversion.

The initial locations from PStomo eq and the final location from HypoDD

for the 42 relocated events are shown in Figure 4. From the relocation, two
very distinct groups appeared surrounded by more diffuse seismicity. The
first group contains eight events located at a depth of 9.5 km and the second
group contains eleven events at 11 km depth, see Figure 4. Based on their
relative locations, no clear strike direction could be observed for the first
group of events (red in Figure 4). One possible interpretation is that these
all line up with a strike direction of about N65◦E. An alternative is that there
are two subgroups, with the most northerly event not included, that line up
with a strike direction of about N140◦E. The locations of the events in the
second group (orange in Figure 4) show a clear strike of N30◦E.

Focal mechanisms have been calculated for the events in group 1 and
2, and are presented in detail in the companion paper Lindblom and Lund
(2011b). Here we note that the focal mechanisms for the first group of events
have nodal planes striking N55◦E and 180◦E. Hence the interpretation of a
joint fault plane at N55-65◦E is the most likely. This is a more easterly
strike direction than the general trend of the surface mapped Pärvie fault
in the area. Focal mechanisms for the second group show a nodal plane
striking approximately N205◦E, in good agreement with the direction of the
locations. The nodal planes dip 45-50◦, suggesting that these events occurred
on a fault with a similar strike as the main Pärvie fault but dipping in the
opposite direction, more in common with the subsidiary faults in the area,
see Figure 4.
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Figure 4: The relocation results from HypoDD compared to the locations from PStomo eq.
Green circles show the locations of the 42 relocated events in HypoDD . Blue circles show
the location of these events from PStomo eq. Group 1 and 2 that appeared from the
relocation with HypoDD are shown with red and orange squares, respectively. The fault
marked by 1. is mentioned in Section 6.

Our final earthquake catalog for the Pärvie area was created by updat-
ing the event locations from the SIL analysis with the 563 locations from
PStomo eq and the 42 HypoDD locations. The epicentral locations of the
796 identified microearthquakes around the Pärvie fault system are shown
in Figure 6. As data from more stations became available during the project
time, 2007-2010, the number of identified earthquakes increased to about
170 earthquakes/yr from about 70 earthquakes/yr earlier. The magnitude
of completeness within the network of temporary stations is approximately -
0.5, one magnitude lower than the completeness magnitude for the permanent
SNSN. The smallest and largest earthquakes in the data were of magnitudes
ML -1.2 and 2.6, respectively.

The epicenters in the original catalog are located with a horizontal un-
certainty average of 1-2 km. The epicentral uncertainties for locations with
PStomo eq are on average ± 0.5 km but up to a few kilometers for events
with bad azimuthal coverage. HypoDD locates earthquakes relatively to very
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(a)

(b)

Figure 5: Waveforms of the two distinct groups that appeared from relocation with Hy-

poDD . The E-component is shown since both the P- and S-phases are clearly visible, at
the closest station ruo. The data is bandpass filtered between 3 and 14 Hz. Group 1 is
shown in (a) and group 2 in (b).
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high accuracy, < 300 m horizontally and < 500 m in depth, but with less
certainty for absolute location. The depth uncertainty for the original loca-
tions is on average 4 km whereas the locations from PStomo eq are located
with an uncertainty of on average 1.5 km in depth.
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Figure 6: Final epicentral locations for 796 earthquakes in the vicinity of the Pärvie fault,
marked by red circles.

As seen in the presentation of location uncertainties above, the events’
depths are more poorly constrained than the epicentral locations. The Pärvie
fault can be followed for 155 km along the surface, and shows seismicity along
its entire length. This is a large area to cover with seismic stations, which
often meant that the closest recording station was further away than the “1.5
times the depth of the earthquake” which is a rule of thumb for accurate
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depth determination. The depth problem is reflected in the data, where
shallow earthquakes have larger uncertainties in depth, and moved more
during relocation, than deeper events. The number of recording stations also
influences the accuracy of the locations and therefore we only present depth
locations for events with at least ten observed phases. 212 of the events meet
this criterion. Figures 8 and 9 show the depth distributions for these events
viewed from the southern end of the Pärvie fault and perpendicular to the
strike of the fault, respectively. Note that these plots are 2D projections of the
events in 3D, such that the horizontal scales are not uniform. The seismicity
is divided into a southern, a central and a northern segment to enable a more
detailed inspection of possible variations in the depth distribution along the
fault, and to follow the changes in strike of the surface trace of the fault.
Figure 7 shows the epicentral location of the 212 events presented in Figure 8
and 9, together with the geographical boundaries between the three groups.

The 77 events in the northern group are located between the surface and
35 km depth. The majority of the events have epicentral locations within 40
km southeast of the surface expression of the Pärvie fault. The distance be-
tween the fault trace and the nearest event increases with increasing latitude,
see Figure 7. When the group is viewed end on from N215◦E, Figure 8(a),
we find the best spatial clustering of the events. From this azimuth, the
seismicity still vary in space, but with a tendency of increasing depth with
increasing southeasterly distance from the surface trace of the fault. Fig-
ure 9(a) shows the depth distribution for the northern group from azimuth
N215◦E, perpendicular to the Pärvie fault. We see that the events are evenly
distributed along the fault, most of them between 5 and 20 km depth with a
few events down to 35 km depth in the central part of the northern region.

The central group of 97 events is dominated by a large cluster of events at
7-13 km depth, located approximately 10 km southeast of the surface trace
of the Pärvie fault, see Figures 7, 8(b) and 9(b). We see that the cluster
consists of two subgroups separated some 5 km in depth. Note, however,
that the tube like features which seem evident in Figures 8(b) and 9(b) are
artifacts due to the 3D projection. Outside of this cluster, Figure 8(b) shows
that there are some rather deep events northwest of the fault and a number
of events that locate at depth southeast of the surface trace of the fault,
in general agreement with a 30◦ to 50◦ dipping fault. The deepest event
is located at 33 km depth southeast of the fault. In Figure 9(b) the depth
distribution of the central events are observed from N120◦E, perpendicular
to the strike of the Pärvie fault. The events are mostly located between 5
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and 20 km depth, evenly distributed along the fault, and possibly with a
slight trend of decreasing depths to the north.

The 38 events in the southern group are distributed in depth between
the surface and 26 km depth. Most of the events are located with epicenters
within approximately 20 km of the surface trace of the Pärvie fault. The
events show a general increase in depth away from the surface trace of the
fault and many of them locate between the indicated dip angles of 30◦ and
50◦, when viewed end on from N210◦E, Figure 8(c). When viewed perpen-
dicular to the strike of the fault, from N120◦E, the events are approximately
evenly distributed in depth, mostly between 5 - 15 km depth, along the length
of the southern segment, Figure 9(c).

In common for all three groups when viewed along the strike of the Pärvie
fault, Figure 8, is the clear southeast displacement of the events compared to
the surface trace of the Pärvie fault. In Figure 9(a) and (c), the correlation
between the location of the earthquakes and the surface trace of the Pärvie
fault is also seen. Both in the south and in the north, the seismicity ends as
the surface trace of the Pärvie fault vanishes.

5.5. Swarm activity

Several episodes of highly correlated earthquakes exist in the Pärvie data.
These swarm events occur both as tight clusters in time and space, and as
recurring events spread in time but with approximately the same location.
Of the 796 Pärvie earthquakes, more than 120 belong to swarms that are
found in the southern, central and northern region of the Pärvie fault. Some
locations are very active and produce intense temporally clustered swarms
as well as repeating events. One such location, on the central section of the
fault, is the group of events relocated with HypoDD in Section 5.4. In July,
2010, 37 events occurred here within approximately 1.5 days. The magnitude
distribution for these events are shown in Figure 10. Correlation of waveforms
show that very similar events from this location occur occasionally all through
the observation period. Unfortunately, all these correlating events cannot be
relocated with HypoDD as the algorithm requires a minimum of eight phases
per event, which the smaller events do not have.

Most identified swarms in the data have a similar pattern of a mixture of
highly correlated events occurring both as single events and tight clusters in
time. The magnitude distributions for the temporally clustered groups vary.
Some show the same pattern as in Figure 10, with the largest event near the
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Figure 7: Epicentral map of all earthquakes with at least ten observed phases. The
earthquakes are denoted with blue circles. The black circles mark the Pärvie main fault.
The two red lines show the boundaries between the southern, central and northern groups.
The depths for the events in these three groups are shown in Figure 8 and 9.
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(a) Northern group

(b) Central group

(c) Southern group

Figure 8: Depth locations for the northern, central and southern groups along the Pärvie
fault. See Figure 7 for epicentral location of the three groups. The view angle is N215◦E in
(a) and N210◦E in (b) and (c). The earthquakes are denoted by blue circles together with
their respective depth uncertainty marked by a thin blue line. The two black lines show
dips of 30◦ and 50◦, respectively, and they are centered at the average x,y coordinates of
the Pärvie fault for the respective region. The black thick line at the surface show the
location of the Pärvie fault. Note that these sections are 2D projections of events located
in 3D space, thus the horizontal scale is discontinuous and and shows x- and y-scales.
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(a) Northern group

(b) Central group

(c) Southern group

Figure 9: Depth locations for the northern, central and southern groups along the Pärvie
fault. See Figure 7 for epicentral location of the three groups. The view angle is N125◦E
in (a) and N120◦E in (b) and (c), perpendicular to the strike of the fault. The earthquakes
are denoted by blue circles together with their respective depth uncertainty marked by
a thin blue line. The black thick line at the surface show the location of the Pärvie
fault. Note that these sections are 2D projections of events located in 3D space, thus the
horizontal scale is discontinuous and and shows x- and y-scales.
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beginning of the earthquake sequence. Others have the largest magnitude
event at the end.
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Figure 10: Magnitude distribution of the swarm on 17-18th of July, 2010, in the central
part of the Pärvie fault. The events are ordered in time with the first occurring event on
the 17th of July to the left and the last on the 18th of July to the right in the figure.

6. Discussion

The strong correlation between earthquakes and end-glacial faults in
northern Sweden is clearly seen in Figure 2, corroborating and enhancing
early speculations by Lagerbäck (1979) and later areal coverage analysis by
Arvidsson (1996). This strong correlation is also visible in the epicentral
distribution of earthquakes around the Pärvie fault system, Figure 6. There
are almost no events to the north or south of the main Pärvie fault and
very few to the west. The seismicity seems to be controlled by the fault.
However, studying Figure 6 in more detail, we notice that all three main
clusters of seismicity, south, central and north, to some extent occur in the
vicinity of the three river valleys that cut through the Pärvie fault. These
are the upper reaches of, from south to north, the Lule, Kalix and Torne
rivers. Investigating the earthquake locations we find very little evidence for
the locations following the strike of the river valleys. In the south there is a
small cluster of events below the Lule river but the trend of activity continues
northeast. In the central cluster there is, on the contrary, a slight decrease
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in seismicity crossing the river valley. In the north, events do line up along
the river valley but again the general trend of seismicity is across the river to
the northeast. There are almost no events along the river valleys northwest
of the Pärvie fault, indicating that it is not the river valleys as such that
are active but rather the Pärvie fault. To the southeast, the southern and
central cluster do not extend downstream along the valleys. In the north,
there are a few events further downstream than expected from the general
width of the Pärvie seismicity. These large river valleys are part of a large
scale northwest-southeast complex of old shear zones (e.g. Henkel, 1991) and
the increased levels of seismicity in their vicinity may be related to rapid
pore pressure changes during e.g. melt water pulses.

One of the motivating points for this work was the question of the fault
geometry at depth. The issue has not been satisfactorily resolved with the
earthquake locations presented in this study. The seismicity rate is not very
high and we have not had enough continuously operating stations to record
the seismicity in the detail necessary for high accuracy relocations. We see
from the well located events in Figures 8 and 9 that there is not a simple
correlation between earthquakes and a single fault plane. We have shown,
however, that most of the events locate to the southeast of the surface trace
of the fault, with depths generally increasing away from the fault trace.
Assuming that the earthquakes are indeed related to the fault, which seems
reasonable considering the remarkable epicentral correlation with the fault
trace, we have shown that the fault is not vertical at depth and that there
is little evidence for a gently dipping fault. The majority of events locate
between 5 and 15 km depth, in a zone dipping between 30◦ and 60◦ to the
southeast. In the data, we have earthquakes located with high accuracy
down to approximately 35 km depth. This is in agreement with earthquake
locations in other parts of Sweden (e.g. Slunga, 1991; Arvidsson, 1996) and
indicates that the crust is seismogenic to at least this depth. It is therefore
reasonable to assume that the large Pärvie earthquake can have ruptured the
crust to at least 35 km depth.

7. Conclusions

The end-glacial faults in Fennoscandia are unique as it is the only place in
the world with kilometer scale end-glacial faults. We have shown that present
day seismic activity in strongly correlated with the faults in northern Sweden.
Above latitude N66◦, 63% of the observed earthquakes are located within
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30 km southeast and 10 km northwest of the surface trace of an end-glacial
faults. The earthquakes occur from the surface down to at least 35 km depth,
indicating a seismogenic zone down to at least this depth. In the vicinity of
the Pärvie fault we have detected and located 796 earthquakes, occurring
between 2003 and 2010. The earthquakes range in magnitude from ML -1.2
to 2.6. Using local earthquake tomography, we improved the velocity model
and relocated well determined 563 events. Approximately 120 of the events
occur in tightly clustered, in space and time, earthquake swarms. We showed
that two of these clusters could be relatively relocated and that one cluster
lies on a fault plane subparallel to the main strand of the Pärvie fault, and the
other on a plane striking 20◦ east of the Pärvie strike direction. The Pärvie
events do not align on a single, well confined fault plane. The seismicity
does, however, follow the fault scarp and many of the well constrained events
are located in a zone at 5-15 km depth, offset to the southeast of the surface
trace of the fault with a dip of 30◦ and 60◦.
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Abstract

The only known end-glacial faults in the world of km-scale are found in
northern Fennoscandia, with the 155 km Pärvie fault being the longest. The
Pärvie fault is inferred to have ruptured approximately 9,500 years ago, in
the final stage of deglaciation of the Weichselian ice sheet, with an estimated
magnitude of about 8. Today a relatively high rate of seismicity is observed
around the end-glacial faults and there is a remarkable correlation between
the observed seismicity and the surface traces of the end-glacial faults. Here
we present focal mechanisms for earthquakes recorded in the vicinity of the
Pärvie end-glacial fault. The mechanisms are very variable, both in terms
of faulting regime and nodal plane directions. A majority, 59%, of the focal
mechanisms show dominant strike-slip faulting, 25% have reverse faulting
and 15% normal faulting. A number of these focal mechanisms have oblique
mechanisms. Only 30% of the events have nodal planes in general agreement
with the strike direction of the Pärvie fault, N30◦E. The focal mechanisms
were divided into six groups and inverted for the state of stress along the
Pärvie fault. The results show a general reverse state of stress with obliquity
toward strike-slip. The maximum horizontal stress varies between an east-
westerly direction to north-southerly along the strike direction of the fault.
Modeling of the coseismic stress and the change in Coulomb Failure Stress
shows that the current seismicity may still be affected by the rupture of the
Pärvie fault 9,500 year ago.

Keywords: Focal mechanism, Microearthquakes, End-glacial faults, Stress
tensor inversion
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1. Introduction

Northern Fennoscandia is home to the world’s longest known end-glacial
faults (Munier and Fenton, 2004), see Figure 1. These faults are the remnants
of large reverse faulting earthquakes that occurred as the latest ice sheet
retreated from the area, approximately 9,500 years ago (e.g. Kujansuu, 1964;
Lagerbäck, 1979; Olesen et al., 1988). The faults strike north-northeast and
dip to the southeast. We have shown in the companion paper (Lindblom
et al., 2011) that the faults still have considerable microearthquake activity
and that this seismicity is concentrated southeast of the surface trace of the
faults, in agreement with the downdip direction.

Figure 1: End-glacial faults in northern Sweden, Finland and Norway from Lagerbäck and
Sundh (2008). The largest fault is the Pärvie fault with a length of 155 km.
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The Pärvie fault is the longest of the end-glacial faults and can be traced
for more than 155 km just east of the Caledonian front in northern Sweden,
see Figure 1. The main fault scarp has 3 to 10 m of vertical offset (Lagerbäck,
1979), downthrow to the west and the fault plane dips to the southeast.
Several shorter subsidiary faults are found east of the main fault, having the
same strike but with dip directions that are either southeast or northwest.
As part of a project in 2007 - 2010 investigating end-glacial faulting (Juhlin
et al., 2010; Juhlin and Lund, 2011, Lindblom et al., 2011), the Pärvie fault
was instrumented with eight temporary seismic stations, complementing the
regional six permanent stations of the Swedish National Seismic Network and
one of the Finnish Seismograph Network. The companion paper Lindblom
et al. (2011) contains a detailed description of the detection and location
of microearthquakes in the project. Figure 2 shows the 796 earthquakes
identified along the Pärvie fault. The earthquakes occur from close to the
surface down to about 40 km depth and the magnitudes range from ML -1.2
to 2.6. The end-glacial fault project set out to investigate two problems; (1)
what is the deep geometry of the faults and (2) what is the current state of
stress in the vicinity of the faults. In this paper we will focus on problem (2),
what is the current state of stress along the Pärvie fault. In order to assess
the stress state, we will determine focal mechanisms for the earthquakes and
use these to invert for the causative stress field.

2. Focal mechanisms and the state of stress in northern Fennoscan-

dia

Few focal mechanisms have been published for northern Fennoscandia,
probably due to the lack of larger events in the region. Much of the available
data are from offshore Norway, where the seismic activity is significantly
higher than what it is east of the Caledonide mountains. Atakan et al. (1994)
present a composite fault plane solution of a cluster of about 200 earthquakes
in northern Norway, which indicates oblique-slip with a normal component,
striking to the northeast and dipping northwest. Fault plane solutions for 267
earthquakes in clusters in the Rana region, northern Norway, are presented
in Hicks et al. (2000). The majority of these indicate normal faulting as the
dominating faulting style. Also, Bungum and Fyen (1979) presents one focal
mechanism from northern Norway, which also show normal faulting.

The largest data set of earthquake fault plane solutions for events located
in northern Sweden is presented by Slunga (1991). He analyzes focal mecha-
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Figure 2: Seismicity along the Pärvie fault. Red circles show earthquakes recorded between
2003 and 2010 by the SNSN, aided by temporary seismic stations between 2007 and 2010.
The Pärvie end-glacial fault with subsidiary faults are shown by the black fault lines.
Blue squares: permanent and temporary seismic stations. The mines in the district are
indicated by black circles with a central dot.

nism for more than 70 events in northern Sweden. The dominant mechanism
is strike-slip with components of reverse and normal faulting. Arvidsson
(1996) also found strike-slip as the dominant faulting style from the analy-
sis of two earthquakes in northern Sweden. The focal mechanism results in
Fjeldskaar et al. (2000) show large variations in the seven events presented for
northern Sweden, with both reverse and normal faulting events together with
components of strike-slip. This mix of normal and reverse faulting events in
northern Fennoscandia is also observed by Gregersen (1992).

The focal mechanisms can be used to invert for the state of stress and
the majority of stress data for northern Scandinavia comes from focal mecha-
nisms or overcoring. The World Stress Map (WSM) project assembles world-
wide stress information, and a compilation of stress measurements for Scandi-
navia from WSM (2008) is shown in Figure 3. The majority of the indicators
show NW-SE or W-E directions of stress.

Several studies of the state of stress in Scandinavia estimate that the
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Figure 3: Stress map for Scandinavia from WSM (2008).

dominant stress field today agrees with the direction of ridge-push from the
Mid-Atlantic ridge, (e.g. Slunga (1989, 1991); Henderson (1991); Gregersen
(1992); Bungum and Lindholm (1997); Lindholm et al. (2000); Bungum et al.
(2010)). However, many of the studies cover all of Norway, Sweden or Scan-
dinavia and there are indications of differences in the state of stress going
from south to north. In the south and central regions, the state of stress is
consistent with the influence of ridge-push, whereas in the north there are
observations of large local variations in the stress field (Henderson, 1991;
Gregersen, 1992). Post-glacial rebound is often referred to as one possible
explanation for the observed change in the state of stress between southern
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and northern Fennoscandia (Arvidsson and Kulhanek, 1994; Bungum et al.,
2005).

Measurements of the stress field can also be obtained from borehole data.
Lund and Zoback (1999) presents maximum horizontal stress directions of
N72◦W±7◦ and N53◦W±9◦ from two approximately 6.5 km deep boreholes
in the Siljan area in south-central Sweden. There are borehole stress mea-
surements from the Lansjärv end-glacial fault in northern Sweden. In 1988
a drilling project at the Lansjärv end-glacial fault aimed to drill through the
fault zone. The borehole reached a depth of 500 m and stress results between
300 and 500 m depth showed a rotation of the maximum horizontal stress
from NW-SE to ENE-WSW, (Bjarnason et al., 1989). Due to the proximity
of the borehole to the fault zone, the inferred horizontal stress directions
probably do not reflect the regional principal stress directions.

3. Methodologies

The Swedish National Seismic Network (SNSN) uses the SIL processing
and analysis software (e.g. Bödvarsson, 1999; Bödvarsson and Lund, 2003),
just as the Icelandic seismic network. As described in the companion paper
(Lindblom et al., 2011), we have utilized the SIL system for automatic event
detection and location in the analysis of the Pärvie seismicity. In this study
we will use the SIL tools for focal mechanisms and the algorithm by Lund
and Slunga (1999) for stress estimation.

The SIL system focal mechanisms are calculated using the method by
Slunga (1981), which was adapted to three-component seismic data by Rögn-
valdsson and Slunga (1993). The method uses absolute values of the spectral
amplitudes for the P-, SV- and SH-waves, as well as polarities of the P-
wave first motion. The amplitudes are corrected for free surface effects,
attenuation, instrument response and geometrical spreading. A grid search
is performed over all combinations of strike, dip and rake. The far-field
radiation pattern for the fault plane solution is calculated and compared to
the observed P-wave polarities. If the fit is acceptable, a direct inversion for
the scalar seismic moment is performed and theoretical amplitudes calculated
and compared to the observations. The result of the inversion is a best fit,
optimal focal mechanism and a set of acceptable mechanisms within a certain
level of amplitude misfit from the misfit of the optimal solution. Depending
on how well the focal mechanism is restricted by the seismic observations,
the number of acceptable solutions varies, usually between 10 and 90. Most
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of these are similar to the optimal solution but vary some degrees in strike,
dip and rake.

The stress tensor inversion method by Lund and Slunga (1999) is based
on the grid search algorithm by Gephart and Forsyth (1984). The method
allows for a choice of which nodal plane to use based on a Coulomb stability
criterion. Uncertainties in the focal mechanisms are accounted for by using
all, or a fraction, of the acceptable focal mechanisms for each event. During
the inversion, the acceptable focal mechanism that has the least misfit in
the tested stress field is chosen as the most appropriate. The inversion can
only determine four of the six independent components of the stress tensor;
the directions of the three principal stress axes and the ratio R. R gives a
measure of the relative size of the intermediate principal stress relative to
the maximum and minimum principal stresses, R = (σ1 − σ2)/(σ1 − σ3),
(Lund and Slunga, 1999). The absolute differential stress, σ1 − σ3, and the
mean stress, 1

3
σii, cannot be determined without further information such as

assumptions of frictional equilibrium, the coefficient of friction, pore pressure
and the vertical stress (see e.g. Lund and Slunga, 1999).

SS

NF RF

Figure 4: Focal mechanisms for 207 events along the Pärvie fault recorded at at least five
stations and with at least one P-wave polarity. The triangular (octant) plot shows the
focal mechanism faulting regimes after Kagan (2005), with normal faulting (NF) in the
lower left corner, strike-slip (SS) in the upper corner and reverse (RF) in the lower right
corner. The thin black lines around the NF and SS corners indicate the location of vector
displaced 30◦ from vertical and the line around the RF corner shows a 40◦ displacement
from vertical.
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4. The Pärvie focal mechanisms

The Pärvie earthquake data set includes 796 events. The events date from
2003 to 2010, with the bulk of the activity recorded between 2007 and 2010,
when additional temporary stations were deployed around the fault, Figure
2 and Lindblom et al. (2011). We calculate focal mechanisms for all events.
Obviously, the smaller events will have very uncertain mechanism determina-
tions so here we only present mechanisms for events recorded by at least five
stations, with at least one P-wave polarity reading. 207 of the earthquakes
fulfill these criteria and their optimal focal mechanisms are shown in Fig-
ure 4. We see that there is a large variation in faulting mechanisms present
in the events. 59% of the focal mechanisms are strike-slip faulting, 25% re-
verse and 16% normal. In addition, we see in Figure 4 that a number of the
focal mechanisms do not have any of the P-, B- or T-axes close to vertical,
thus having oblique mechanisms in-between the pure Andersonian faulting
styles. Inspecting the nodal plane directions of the mechanisms, we note that
only 30% of the events have nodal plane strikes in general agreement, N30◦E
± 20◦ and N210◦E ± 20◦, with the strike of the Pärvie fault. Interestingly,
58% of the events have nodal planes in general agreement with a strike of
N100◦E/N280◦E. The focal mechanisms hence show great diversity both in
nodal plane directions and faulting regime.

The normal faulting events in Figure 4 occur in the data set distributed in
time and space. There are no particular locations or time periods associated
with repeated normal faulting events. This is also true for the strike-slip
and reverse faulting events. We see a mix of faulting styles for events occur-
ring close to each other, both in time and space. The quality of the focal
mechanism determinations do not differ significantly between events with
different faulting styles, the average number of observing stations, polarities
and spectral amplitudes are comparable for the groups. We find a small dif-
ference in the classification of the focal mechanisms as being significant in the
double-couple sense, i.e. the nodal planes are well enough constrained. Of the
normal faulting events 68% are classified as having significant double-couple
mechanisms, whereas the strike-slip and reverse faulting mechanisms are sig-
nificant to 75-80%. We therefore conclude that there are well constrained
events with normal faulting focal mechanisms in the data. The diversity
of the focal mechanisms is exemplified in Figure 5, where the nine most
well determined focal mechanisms in the central part of the Pärvie fault are
shown. These nine events have been recorded by at least six stations, have
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Figure 5: Map showing the locations of the six groups of events used for focal mechanism
analysis and stress inversion. The groups are shown with different colored circles. Group
1 is in the south and the group number increases northwards. The map also shows nine
well constrained focal mechanisms for events in group 3. Blue, green and red beachballs
indicate reverse, strike-slip and normal faulting, respectively.

a minimum of four first motion polarities and are all classified as significant
double-couple solutions by the focal mechanism inversion. Five of them are
reverse faulting mechanisms, three strike-slip and one normal faulting. They
vary in origin time, but all locate within an area of about 10 km radius.

Lindblom et al. (2011) showed that more than 120 of the total 796 earth-
quakes along the Pärvie fault occur as swarm activity. The events in each of
the identified swarms have very similar waveforms. The focal mechanisms for
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(a) Group 1 (b) Group 2

Figure 6: Focal mechanisms for events in two well correlating, relatively relocated clusters
in the central part of the Pärvie fault (located in group 3, the green group in Figure 5).

two such groups of highly correlated events, analyzed using accurate double-
difference relocation with HypoDD by Lindblom et al. (2011), are shown in
Figure 6. As seen in the figure, the focal mechanisms for the events in the
groups are very similar, as expected from the similarity of the waveforms.
The events in both groups have reverse faulting mechanisms. The nodal
planes for the first group, in Figure 6(a), strike approximately N55◦E and
N180◦E, respectively. The second group contains two subgroups that share
one common nodal plane but where the strike of the second nodal plane dif-
fers between the subgroups. The common nodal plane for all events in group
2 has strike about N205◦E, Figure 6(b). The second nodal plane has strike
about N70◦E and N330◦E for the two subgroups, respectively. Lindblom et
al. (2011) showed that the events in group 2 are located along a lineament
striking approximately N30◦E, in agreement with the common nodal plane.
This common nodal plane dips 45-50◦ to the west and has a rakes of 40◦ and
130◦, for the two subgroups respectively, indicating that the events occur on
a fault with similar direction as the Pärvie fault, but with a dip direction
more in common with a subsidiary fault. For group 1, the relative locations
indicate a location along a N65◦E lineament, in agreement with the 55◦E
nodal plane. However, Lindblom et al. (2011) point out that this group may
consist of two subgroups along two different lineaments, see Figure 6(a).
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Figure 7: Focal mechanisms for events in the six groups defined in Figure 5. The contour
plots show Kamb contours of P-axis directions on a lower hemisphere equal area projection.
The triangular (octant) plots show the focal mechanism faulting regimes after Kagan
(2005), with normal faulting (NF) in the lower left corner, strike-slip (SS) in the upper
corner and reverse (RF) in the lower right corner.

5. The causative state of stress

We performed stress tensor inversion using the 207 focal mechanisms pre-
sented above. Striving to divide the data into smaller groups while maintain-
ing enough events per group to have well constrained results, we performed a
sliding-window stress inversion analysis to the events. We ordered the events
along the Pärvie fault, from southwest to northeast, and inverted groups of 25
events with 20 events overlap, from south to north. The results of the anal-
ysis led us to the six reasonably homogeneous groups used in Figures 5 to 9.
In Figure 7 we present P-axis orientations and faulting regimes for the six
groups. We see how there is two dominating orientations of the P-axes in the
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data, a northeast-southwest direction and a northwest-southeast direction.
These two directions cannot be resolved by spatial or temporal subdivisions,
although we see how the dominating P-axis direction vary from southwest to
northeast in the six groups we have formed. Apart from group 4, which has
only one event that qualifies as a normal faulting event, and group 6 which
has very few strike-slip events, the groups contain a wide variety of faulting
mechanisms.

We inverted each of the six groups for their causative state of stress. In
the inversion, we included acceptable focal mechanisms with amplitude errors
of up to 20% or 30% above the optimal solution. This resulted in a median
of 60 acceptable fault plane solutions per event included in the inversion. 13
events (one in group 1, five in group 3, two in group 4, two in group 5 and
three in group 6) were removed from the inversions due to very large misfits.
The results of the inversions for each group are shown in Figure 8. We see
that the dominant state of stress is reverse in the groups but that groups 3,
4 and 5 have tendencies toward strike-slip faulting. The northernmost group
shows a very oblique state of stress with none of the principal stresses close
to vertical. It is instructive to compare the P-axis directions in Figure 7 and
the σ1 axes in Figure 8. We see that generally, the stacked P-axis directions
do not correspond one-to-one with the inferred σ1 directions.

The misfits, a measure of the average difference between the focal mech-
anism slip directions and the applied shear stress on the plane, are low in all
inversion except for group 8, where it is slightly higher than average. The
confidence regions for the principal stresses mostly show stable directions for
σ1, except for group 3 and the suggestion of a more northerly direction in
group 1. The directions of σ2 and σ3 vary more and indicates that the stress
state in many of the groups is oblique in-between reverse and strike-slip. We
note that Hardebeck and Hauksson (2001) found that the 68% confidence
regions obtained from stress inversion using the Gephart and Forsyth (1984)
approach, as does our algorithm, are comparable to the 80% confidence limits
produced by the boot-strap analysis of Michael (1984). Our confidence limits
may thus be over-estimated. R values are generally high in our inversions,
showing that the magnitudes of σ2 and σ3 are similar, in agreement with an
obliquity between reverse and strike-slip.

In Figure 9 we show the inferred directions of the maximum horizontal
stress SHmax for the six groups on a map. Four of the six groups show
a general east-west direction of SHmax but groups 3 and 5 have SHmax in
a north-northwesterly direction. The SHmax directions in these groups are
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(a) Group 1. 20 events.
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(b) Group 2. 31 events.
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(c) Group 3. 53 events.
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(d) Group 4. 30 events.
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(e) Group 5. 32 events.
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(f) Group 6. 28 events.
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Figure 8: Results of the stress tensor inversion for groups 1-6 in (a) to (f), respectively.
Lower hemisphere equal area plots of the directions of the principal stresses. Colors
indicate the confidence regions, warm colors show σ1 directions, cold colors σ3 directions.
The optimal σ1, σ2 and σ3 directions are shown by a black square, diamond and triangle,
respectively. The direction of SHmax within the 95% confidence limit is shown around the
perimeter. Histograms show the value of R = (σ1 − σ2)/(σ1 − σ3).
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very stable, and only by exchanging a significant number of the events with
events from further north, or south, do we affect the SHmax direction.

19
˚

19
˚

20˚
20˚

21˚
21˚

67.5˚ 67.5˚

68˚ 68˚

68.5˚ 68.5˚

0 50

Kiruna

km

Group 6 − N109˚E
Group 5 − N157˚E
Group 4  −  N97˚E
Group 3 − N167˚E
Group 2 − N119˚E
Group 1  −  N85˚E

Figure 9: Directions of maximum horizontal stress SHmax for the six groups, shown by the
black arrows. The events included in the inversions are shown on the map with different
colored circles for each group.

6. Stress field from the Pärvie rupture

Could the variations we observe in focal mechanisms and inferred stress
states be influenced by stress redistribution caused by the Pärvie earthquake
itself? Using a simple elastic half-space model and the EDCMP software
(Wang et al., 2003), we calculate the magnitude and direction of maximum
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horizontal stress at 10 km depth from simple models of the Pärvie rupture.
The half-space model has a shear modulus of 50 GPa and a Poisson’s ratio of
0.3. The earthquake is modeled as a sliding plane extending from the surface
down to the crust-mantle boundary, here assumed to be at 40 km depth.
The plane is 155 km long, strikes at N30◦E and has 10 m of pure reverse slip
(rake is 90◦). We examine the stress field produced by three different fault
dip angles, 30◦, 45◦ and 60◦, see Figure 10.

Figure 10 shows that the stress magnitudes produced by the rupture are
high, over 10 MPa closer to the edges of the fault. As the dip angle is in-
creased, the area of high stress along the fault narrows and moves from the
hanging wall side of the surface trace toward the foot wall side. The pattern
of SHmax directions change, most notably on the hanging wall side, where an
area of almost 90◦ rotation of the SHmax directions emerge at steeper dip. Al-
though significant, the stress magnitudes produced by the rupture are small
in comparison to the surrounding background stresses. Assuming a crust in
frictional equilibrium on pre-existing, optimally oriented faults, hydrostatic
pore pressure and a reverse state of stress, we expect the magnitude of σ1 to
be of the order of 650 MPa at 10 km depth. The variations in stress that we
observe along the Pärvie must therefore have additional sources.

Although small relative to the plate tectonic stresses, the stress redis-
tribution by the large Pärvie earthquake can affect the rate of earthquake
activity around the fault through a change in Coulomb Failure Stress (CFS)
(e.g. King et al., 1994). Aftershocks are known to be triggered by the main
shock for changes in CFS of the order of only 0.1 MPa (e.g. Stein, 1999). In
Figure 11 we compare the change in CFS for two specific receiver fault con-
figurations, one with strike N30◦E and dip 60◦, and one with strike N100◦E
and dip 60◦. These fault directions were chosen based on the observation of
occurrance rates of nodal plane directions in Section 4. We see in Figure 11
that the 30◦E faults are stabilized, making earthquakes less likely, by the
change in CFS along a large portion of the Pärvie fault. The N100◦E faults,
on the contrary, are more likely to fail due to a positive change in CFS.

7. Discussion

The large variations observed in faulting regime and nodal plane direc-
tions for the focal mechanisms along the Pärvie fault are intriguing. These
observations agree with previous investigations of focal mechanisms in north-
ern Sweden, we note for example the very varying directions of horizontal
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Figure 10: Magnitude and direction of maximum horizontal stress SHmax at 10 km depth
due to rupture on the Pärvie fault. The fault is assumed to be a pure reverse fault,
striking N30◦E and with rake 90◦. Upper left: fault dip 30◦, upper right: fault dip 45◦,
lower center: fault dip 60◦. The short black lines show the direction of SHmax and the
long solid black line marks the location of the fault scarp.

compression in northern Sweden found by Slunga (1991). The cause of these
variations could be heterogeneities in the stress field, variations in fault prop-
erties such as friction or variable pore pressure conditions which could de-
crease normal stresses on fault such that a large range of slip directions are
possible. In addition, complicated fault structures, such as e.g. the positive
flower structures suggested by Talbot (1986), could produce normal faulting
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Figure 11: Change in Coulomb Failure Stress computed for a Pärvie fault with dip 45◦.
Left: receiver faults strike N30◦E and dip 60◦, right: receiver faults strike N100◦E and
dip 60◦

events at bends and corners. We know from plate boundary scale faults such
as the San Andreas in California, that the regional stress field can be per-
turbed by the presence of a slipping fault (e.g. Townend, 2006). The Pärvie
fault has, however, not moved in a big earthquake for almost 10,000 years.

The analysis above suggest that the earthquakes we observe today are
affected by the coseismic stress change, i.e. today’s earthquakes may be af-
tershocks to the Pärvie event. Stein and Liu (2009) suggested that large
intraplate earthquakes may have aftershock sequences lasting for thousands
of years. Intraplate strain rates are low, exactly how low are debated, but
Calais and Stein (2009) suggest an upper bound of 10−10/yr. Using GPS
measurements, Scherneck et al. (2010) estimates that Fennoscandian strain
rates are below 4·10−9/yr and that much of the remaining signal is in fact
uncertainties from the GPS processing. Assuming a strain rate of 10−10/yr
and an elastic modulus of 100 GPa, the Swedish crust would accumulate 0.1
MPa of stress over 10,000 years. Hence, if inelastic process are ignored in
the crust, it will take a very long time to overprint the stress signature from
the Pärvie earthquake, making the aftershock scenario viable. The Coulomb
stress models need further investigation to better assess this possibility.
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8. Conclusions

We calculated focal mechanisms for 207 earthquakes along the Pärvie
fault in northernmost Sweden. The mechanisms are very variable, in terms
of faulting regime and nodal plane directions. 59% of the events are have
strike-slip faulting, 25% reverse and 16% normal faulting. Only 30% of the
events has a nodal plane in the same general direction as the main Pärvie
fault. We divide the events into six groups for stress inversion. The results
show a general reverse faulting stress state, with obliquity toward strike-slip.
The direction of maximum horizontal stress vary along strike of the fault,
with a generally east-westerly direction but suddenly rotating to a more
north-southerly direction centrally and to the north of the fault. Models of
the coseismic stress redistribution in the large Pärvie show that stresses on
the order of 10 MPa were released and that horizontal stress directions were
affected. Coulomb Failure Stress models indicate that the Pärvie seismicity
today may be affected by the rupture 10,000 years ago.

9. Acknowledgments

We thank Mark Zoback for valuable discussions on earthquakes and stress.
The field campaign with seismic stations along the Pärvie was supported by
the Swedish Research Council (VR) and the Swedish Nuclear Fuel and Waste
Management Co. (SKB).

18



References

Arvidsson, R., 1996. Fennoscandian earthquakes: whole crustal rupturing
related to postglacial rebound. Science 274, 744–746.

Arvidsson, R., Kulhanek, O., 1994. Seismotectonics of Sweden deduced from
focal mechanisms. Geophys. J. Int. 116, 377–392.

Atakan, K., Lindholm, C., Havskov, J., 1994. Earthquake swarm in Steigen,
northern Norway; an unusual example of intraplate seismicity. Terra Nova
6, 2, 180–194.

Bjarnason, B., Zellman, O., Wikberg, P., 1989. Drilling and borehole de-
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