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Abstract

Hyvönen, Tellervo. Seismic Tomography and Earthquake Mechanism
beneath the Central Fennoscandian Shield. Report S-52, Institute of
Seismology, University of Helsinki, ISSN 0357-3060, ISBN 978-952-
10-2177-0 (Paperback), Helsinki University Print, Helsinki, 2008;
ISBN 978-952-10-2178-7 (PDF), E-thesis, http://ethesis.helsinki.fi

The aim of this thesis was to study the seismic tomography structure of
the earth’s crust together with earthquake distribution and mechanism
beneath the central Fennoscandian Shield, mainly in southern and
central Finland.  The earthquake foci and some fault plane solutions are
correlated with 3-D images of the velocity tomography. The results are
discussed in relation to the stress field of the Shield and with other
geophysical, e.g. geomagnetic, gravimetric, tectonic, and anisotropy
studies of the Shield.

The earthquake data of the Fennoscandian Shield has been
extracted from the Nordic earthquake parameter data base which was
founded at the time of inception of the earthquake catalogue for
northern Europe. Eight earlier earthquake source mechanisms are
included in a pilot study on creating a novel technique for calculating an
earthquake fault plane solution. Altogether, eleven source mechanisms
of shallow, weak earthquakes are related in the 3-D tomography model
to trace stresses of the crust in southern and central Finland.

The earthquakes in the eastern part of the Fennoscandian Shield
represent low-active, intraplate seismicity. Earthquake mechanisms with
NW-SE oriented horizontal compression confirm that the dominant
stress field originates from the ridge-push force in the North Atlantic
Ocean. Earthquakes accumulate in coastal areas, in intersections of
tectonic lineaments, in main fault zones or are bordered by fault lines.
The majority of Fennoscandian earthquakes concentrate on the south-
western Shield in southern Norway and Sweden. Onwards, epicentres
spread via the ridge of the Shield along the west-coast of the Gulf of
Bothnia northwards along the Tornio River - Finnmark fault system to
the Barents Sea, and branch out north-eastwards via the Kuusamo
region to the White Sea – Kola Peninsula faults.

The local seismic tomographic method was applied to find the
terrane distribution within the central parts of the Shield – the

http://ethesis.helsinki.fi
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Svecofennian Orogen. From 300 local explosions a total of 19765
crustal Pg- and Sg-wave arrival times were inverted to create
independent 3-D Vp and Vs tomographic models, from which the Vp/Vs
ratio was calculated. The 3-D structure of the crust is presented as a P-
wave and for the first time as an S-wave velocity model, and also as a
Vp/Vs-ratio model of the SVEKALAPKO area that covers 700 800 km2 in
southern and central Finland. Also, some P-wave Moho-reflection data
was interpolated to image the relief of the crust-mantle boundary (i.e.
Moho). In the tomography model, the seismic velocities vary smoothly.
The lateral variations are larger for Vp ( Vp =0.7 km s-1) than for Vs ( Vs
=0.4 km s-1). The Vp/Vs ratio varies spatially more distinctly than P- and
S-wave velocities, usually from 1.70 to 1.74 in the upper crust and from
1.72 to 1.78 in the lower crust. Schist belts and their continuations at
depth are associated with lower velocities and lower Vp/Vs ratios than in
the granitoid areas.

The tomography modelling suggests that the Svecofennian Orogen
was accreted from crustal blocks ranging in size from 100 100 km2 to
200 200 km2 in cross-sectional area. The intervening sedimentary belts
have ca. 0.2 km s-1 lower P- and S-wave velocities and ca. 0.04 lower
Vp/Vs ratios. Thus, the tomographic model supports the concept that
the thick Svecofennian crust was accreted from several crustal terranes,
some hidden, and that the crust was later modified by intra- and
underplating.

In conclusion, as a novel approach the earthquake focal mechanism
and focal depth distribution is discussed in relation to the 3-D
tomography model. The schist belts and the transformation zones
between the high- and low-velocity anomaly blocks are characterized by
deeper earthquakes than the granitoid areas where shallow events
dominate. Although only a few focal mechanisms were solved for
southern Finland, there is a trend towards strike-slip and oblique strike-
slip movements inside schist areas. The normal dip-slip type earthquakes
are typical in the seismically active Kuusamo district in the NE edge of
the SVEKALAPKO area, where the Archean crust is ca. 15-20 km thinner
than the Proterozoic Svecofennian crust. Two near vertical dip-slip
mechanism earthquakes occurred in the NE-SW junction between the
Central Finland Granitoid Complex and the Vyborg rapakivi batholith,
where high Vp/Vs-ratio deep-set intrusion splits the southern Finland
schist belt into two parts in the tomography model.
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Summary

Papers II and V are the key articles of the two fields of seismology in this
thesis: earthquakes and crustal tomography. Both studies enter into two
large-scale international projects - The EGT/GeoTraverse (in 1980-1992;
Pavoni et al. 1992; II) and the Europrobe/SVEKALAPKO project (in 1998-
2006; Hyvönen et al. 2000; Bock et al. 2001, Hjelt et al. 2006; V).
Papers I and III deal with earthquake mechanism. Fault plane solutions
indicate crustal stresses and are connected to tectonic surface faults in
the eastern part of the Fennoscandian Shield.  Papers I, II and III
constitute a group of studies illustrating the Shield seismicity in terms of
time and space.  Papers IV and V are related to seismic velocity structure
and the Moho discontinuity of the Shield crust in three dimensions.
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1 Introduction

The Precambrian Fennoscandian Shield is a stable intraplate region, and
has experienced several orogenies resulting in a complex internal
structure. It is geologically composed of two main parts: the Archean
Lapland-Kola-Karelian domain and the Proterozoic Svecofennian
domain. The region is a target of frequent research from numerous
geological and geophysical points of view. The earthquake distribution
evidences active zones of brittle upper lithosphere. In addition, 3-D
seismic tomography probing reveals the terrane distribution (anomalous
blocks and zones) inside the Shield. These two research branches
combine to elucidate the structure and dynamics of the Shield.
Furthermore, plausible theories of the geological history of the Shield
can be tested.

1.1 Earthquakes

The overall seismicity pattern of Fennoscandia has been known for
many years; The oldest known map is by Montessus de Ballore (1906)
and earthquake density and epicentre maps appeared later (e.g.
Renqvist 1930). National earthquake catalogues (Kjellen 1910; Kolderup
1913) were combined and have been published since the turn of the
20th century, enabling systematic investigation of seismic activity and
earthquake hazard (e.g. Ahjos et al. 1984; Kijko and Ahjos 1985;
Mäntyniemi et al. 1993; Grünthal et al. 1999; Bungum et al. 2000;
Wahlström and Grünthal 2001). Different agencies used differing scales
in origin time and magnitude. Thus, the source data of Fennoscandian
earthquakes needed to be combined and homogenized, which was
carried out by several seismologists: e.g. Båth (1956), Panasenko (1977,
1979), Bungum (1989), Mäntyniemi and Ahjos (1991) and finally by
Ahjos and Uski (II).

In the mid-1980s, the Nordic data base was founded and continued to
collect earthquake source parameters from northern Europe and its
surroundings as far as the northern North Atlantic Ridge (~15 W) and
the Spitsbergen Islands (~76  -80 N).  For example, Fennoscandian
earthquake mechanisms were studied for Sweden by Slunga (1981,
1984, 1989), Slunga et al. (1984) and Arvidsson and Kulhanek (1994)
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and for Norway by Hicks et al. (2000). Bungum and Lindholm (1997)
investigated seismo- and neotectonics in Finnmark, Kola and in the
southern Barents Sea.

1.2 Seismic structure

The seismic structure of the lithosphere of the Fennoscandian Shield
was studied intensively by several Deep Seismic Sounding (DSS)
refraction surveys: FENNOLORA-1979 (Guggisberg et al. 1991), SVEKA-
1981 (Grad and Luosto 1987), BALTIC-1982 (Luosto et al. 1990),
SVEKA-1991 (Luosto et al. 1995), POLAR-1985 (Luosto et al. 1989) and
FENNIA-1994 (Heikkinen et al. 1998). In addition, the reflection profiling
was carried out in connection with the DSS projects, in the BABEL
(BABEL Working Group 1990, 1993) and in the FIRE (Kukkonen et al.
2006) experiments. Tomography studies were mainly realized for the
sub-crustal mantle lithosphere in connection with the large-scale
Europrobe -TOR and -SVEKALAPKO projects (Shomali et al. 2006;
Sandoval et al. 2003, 2004). In the SVEKALAPKO project, the southern
and central Finland region was also investigated by the receiver function
technique (Bock et al. 2001; Alinaghi et al. 2003), by surface wave
analysis (Bruneton et al. 2004; Pedersen et al. 2006) and by the seismic
anisotropy method (Plomerova et al. 2006; 2007; Vecsey et al. 2007).
Further, Eken et al. (2007) studied the mantle lithosphere of the Shield
in central Sweden by the teleseismic P-wave tomography method.

1.3 Aims of the study

The aim of this thesis is to model the 3-D seismic tomography structure
of the crust lithosphere, and to investigate earthquake distribution and
source mechanism in the central Fennoscandian Shield, mainly in
southern and central Finland.  The earthquake foci are correlated with
3-D images of the velocity tomography to look into how velocity
anomalies are connected to earthquake activity. The results are
discussed together with other geophysical, e.g. geomagnetic,
gravimetric, and tectonic studies of the Shield (Korja et al. 2006; Hjelt et
al. 2006).
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2 Shield seismicity

Paper I studies fault mechanisms of eight Finnish earthquakes and of
one Estonian earthquake by a method developed by Slunga (Slunga et
al. 1984) for Swedish earthquakes. Slunga’s method is still in use and
successfully applied in the Icelandic automatic earthquake alarm system,
part of the SIL project since 1988 (Bö vardsson et al. 1999). The focal
mechanisms (I) were the first ones possible to compute, after six Finnish
seismograph stations made digital recordings available. These
mechanisms supported the dominant regional NW-SE trend of the
compression in the crust observed in most parts of Fennoscandia
(Slunga 1981, 1984, 1989). Thus, the Fennoscandian seismicity can be
connected to global tectonic processes via the horizontal ridge push
mechanism from the northern Atlantic Ocean. Also, the earthquake
data indicated close relations between surface faults and the
earthquake fault planes.

Paper I is short and concerns only a few events due to the limitations of
the method, which allowed a maximum epicentral distance of 200 km,
and the low seismic activity of the study region.  The fault plane solution
data was incorporated to the data base of the northern Europe atlas in
the European Geotraverse project (Pavoni et al. 1992). Paper I is
included in the thesis as a brief prologue to papers II and III. The fault
plane solutions in this paper were transformed to focal sphere
presentation and are included in Paper III.

2.1 Fennoscandian earthquakes

Paper II presents an updated and revised earthquake catalogue of
northern Europe covering a 615 year time period. Historical
publications, catalogues, studies and reports of earthquakes, which
have occurred in the region, were combined, and a thorough
investigation was performed to transform origin time, location, intensity
and the magnitude of each event digit by digit to comparable scales.
Special attention was paid to accuracy and homogeneity of the
parameter data. By cataloguing, both macroseismic and instrumental
magnitudes were re-scaled (e.g. Korhonen and Ahjos, 1979; Wahlström
and Ahjos 1984).
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Figure  1 Correlation of geographical distribution of earthquake
epicentres (ML 2.0 during 1965 -2005) with main geological and
tectonic features in the Fennoscandian Shield (Earthquakes: II; updated
catalogue at www.seismo.helsinki.fi; Uski and Pelkonen 1991-2006;
Geology: Lahtinen et al. 2005; Korja et al. 2006).

http://www.seismo.helsinki.fi;
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The catalogue was divided into two parts: historical (prior to 1965) and
instrumental (from 1965 to 1989) data. The completeness of the
catalogue was studied resulting in, for example, a magnitude threshold
of 3.5 since the 1970s. After detailed information of the contents of the
catalogue, the authors investigate the earthquake distribution in time
and space by presenting epicentral maps, tables, curves and histograms.

2.2 Seismotectonics of the Fennoscandian Shield

Geographical distribution of the epicentres revealed dense
concentration of both historical and instrumental earthquakes on
coastal regions: The south- and north-western coasts of Norway,
Norwegian shelf, North Sea and Oslo-Graben regions, and the south,
south-western and eastern coasts of Sweden. The central Caledonian
mountains and south Finland expressed lower seismic activity. In
general, the regional seismicity pattern is preserved quite similar from
older historical maps to newer updated epicentral maps. Focal depth
distribution of the Fennoscandian earthquakes indicate that earthquakes
occur mainly in the crust of the Fennoscandian Shield, the majority of
them in the upper crust at depths less than 20 km expressing a high
concentration of foci at depths of 7-15 km.  In addition, Paper II
illustrates earthquake activity associated with the main tectonic faults in
northern Europe.

The concentration of earthquake epicentres (Figs 1 and 7; Fig. 6 of II) in
the Oslo Graben, in the Norwegian shelf zone, in the Telemark-Vänern
shear zone, in the Bothnian, Tornio and Finnmark zones and in the
Kuusamo district affiliate the Fennoscandian earthquake foci to
extensive tectonic faults. The updated instrumental earthquake
catalogue: from 1965 to 2005 in Figure 1 illustrate the prevailing
seismic activity. The earthquake epicentres in Figure 1 are deployed on a
geological map including main tectonic lineaments in the
Fennoscandian Shield. The neoproterozoic Sveconorwegian belt is
seismically high-active up to the Telemark-Vänern zone bordered by
magnetic and Bouguer lineaments in the east. The western coast of the
Gulf of Bothnia characterized by a topographically sharp rise is also
outstandingly seismo-active. The temporal earthquake activity of this
region varies with a ten-year periodicity (Meyer and Ahjos 1985).
Further on, the crossings of several tectonic lineaments manifest dense
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earthquake accumulations, for example from the Kuusamo region to
the White Sea (Figs 1, 3 and 7).

In order to refine seismotectonic mapping, to improve interpretation of
seismicity and to draw more reliable conclusions, the authors (II)
emphasize the necessity of more precise location analysis and
earthquake mechanism studies. Since 2003, this has been realized by
installation of a micro-earthquake network in the seismically active
Kuusamo area in NE Finland.

Paper II was also intended to serve as a brief guide book on earthquake
data of the catalogue published in the Earthquake Data Base System at
World Data Center A for Seismology in Golden, Colorado, USA. The
source data of the northern Europe catalogue is widely used in
numerous studies of seismicity, seismic hazard and the seismotectonics
of the Fennoscandian region. The earthquake data of the catalogue was
incorporated into the data base of the northern Europe Atlas in the
European Geotraverse project (Pavoni et al. 1992). The catalogue has
retained its reliability and usability throughout almost three decades
with Paper II as reference.

The authors present in detail the contents of the catalogue, compilation
procedure and parameter definition of the source data. However, Paper
II lacks discussion and conclusion chapters, which would have improved
the scientific significance and the interpretation of the results.
Nevertheless, the earthquake data of paper II is still valid.

The Northern Europe earthquake list is annually updated in the Nordic
database where the source data mostly originate from locations by the
Bergen and Helsinki analysis teams. This differs from the basic idea of
the catalogue (II) which gave preference to national source parameter
data. The Fennoscandian earthquake catalogue from 1965 to 2005
includes ca. 13 000 events. The majority of the earthquakes (76 %)
have occurred in Norway and off-coast from Norway in the North
Atlantic Ocean via the Jan Mayen Islands to the North Atlantic ridge, as
well  as,  in  the  Arctic  Ocean,  in  the  Spitsbergen  Islands  and  in  the
Barents Sea (Fig. 7).
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2.3 Source mechanism of Finnish earthquakes

Paper III focuses on focal mechanisms of Finnish earthquakes and their
relation to tectonic surface faults. Three new focal mechanism solutions
were introduced and computed using a different approach from that in
paper I. The focal mechanism solutions were verified by comparison of
observed with synthetic seismograms. The synthetic waveform
modelling was carried out by the reflectivity method (Kind, 1978, 1979)
using a 1-D crustal velocity model that was individually modified for
each event. Synthetic seismograms were compared with observed to
define new focal depth estimates. Refined location and depth were
used to calculate the fault plane solution.

Unlike the strike-slip focal mechanisms presented in paper I, the new
solutions indicated dip-slip mechanisms i.e. thrust- and normal-faulting.
The results were set against a seismotectonic map of Finland (Fig. 2; Fig.
7 of III), and correlated in detail with aeromagnetic relief images, and
especially, for the Kuusamo area with a topographic map including both
surface faults and magnetic lineaments. After computing the
mechanisms of paper III, Uski has continued with solving numerous
focal mechanisms for local Finnish earthquakes (Uski et al. 2003; Uski et
al. 2006).

Majority of the focal spheres in Figure 2 indicate a dominant strike-slip
mechanism with principal horizontal compressive stress in the NW - SE
direction. These results relate the Fennoscandian seismicity with the
plate tectonic forces driving it eastwards by the mid-Atlantic ridge-push.
The 17.2.1979 focal sphere represents the almost identical strike-slip
mechanisms of the Lappajärvi earthquake and its aftershock. For the
28.11.1980 earthquake both potential oblique mechanisms are shown
in Figure 2. The mechanism of the 25.8.1983 event is normally faulted
with a small strike-slip component. The new solutions suggest trust
faulting; reverse i.e. compressive stress (11.5.2000 and 2.5.2001) or
normal i.e. extensive stress (15.9.2000).
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Figure 2 Focal mechanisms of ten Finnish earthquakes with magnitude
 2.0 are shown on a map including main tectonic faults and

earthquakes during 1965 - February 2008 (red circles) (II; III). Structural
lineaments are modified from Korsman et al. (1997). The compression
quadrants of the fault plane solutions are shaded. The line from the
pressure-axis to the circle-centre marks the direction of horizontal
compression (updated Fig. 7 of III).
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The seismic method results in two possible fault planes, of which the
primary one is considered the real and the secondary the auxiliary fault
plane. The mechanisms with NW and NE focal plane directions coincide
with the overall trend of the tectonic faults on the west coast of Finland
and in the northern regions. The main tectonic lineaments of the map in
Figure 2 (Fig. 7 of III) do not agree with the solutions with N and E
directed fault strikes in central Finland (17.2.1979, 27.3.1981 and
11.5.2000). Thus, these mechanisms should be discussed together with
minor local faults or shear zones that are reactivated.

Paper III is an introduction of a new technique to compute fault plane
solutions with application to three local earthquakes. These small events
indicate earthquake mechanisms associated rather to local surface
faulting and stresses than to direct consequence of global plate tectonic
forces, i.e. north Atlantic ridge-push.
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3 Velocity structure of the Shield crust

Papers IV and V present an interpolated and a tomography image of P-
wave velocity for the crust of south-central Finland, respectively. In
addition, paper V introduces a tomography model of S-wave velocity
and of Vp/Vs ratio. Further on, a 3-D Moho boundary relief was
calculated for the study area based on new observations. In paper V,  a
3-D local tomography method was, for the first time, applied to the
study region.

3.1 Interpolated velocity model

Paper IV presents a 3-D modelling of P-wave velocity structure of the
crust lithosphere beneath south-central Finland. Previously, intensive
studies of the crust of the Fennoscandian Shield were carried out with a
number of 2-D deep seismic sounding surveys and reflection studies (see
chapter 1.2). The surveys were parts of large-scale international (SVEKA-
1991, FENNIA-1994, FENNOLORA-1979, and BABEL-1989) or bilateral
projects (SVEKA-1981, BALTIC-1982) during 1980s and 1990s. These
projects produced 2-D profile sections of P- and S-wave velocity
structure for a layered crust extending down to depths of 60-70 km
(Luosto 1997). In addition, data read from profile results of surrounding
regions (Litvinenko et al. 1987; Yliniemi 1991) were utilized in the study.

For regions between the profiles, paper IV presents new P-wave and
PmP-Moho-reflection travel time data. The arrival times of these phases
were picked from digital seismograms of the DSS shots recorded at
permanent Finnish seismograph stations. The new data, divided into
three sub-regions, was modelled fitting 1-D layered velocity-interface
structure to travel time observations in order to obtain depth point
estimates of the Moho boundary. All analysis concerning the new data
was carried out by Hyvönen in her Licentiate’s thesis in Philosophy
(1998). The computed Moho relief is based on the new data and data
from profile results and is shown in Figure 6 together with an inverted
Moho boundary.

Furthermore, the P-wave velocity model of paper IV is very smooth; the
horizontal resolution is poor due to long distances between the inter-
profile data points. The P-wave velocity model was bilinear-interpolated
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in a horizontal and vertical direction separately for each of the three
crustal layers (upper, middle and lower crust) and then stacked
together. In consequence, the resulting model consists of abrupt
changes close to the layer boundaries. The resolution and error estimate
analysis is missing from paper IV which decreases the reliability of the
results.

The smoothed P-wave velocity model created in paper IV was meant to
serve as an a priori model for a local tomography inversion. Later, a
seismic tomography study was realized and the results are presented in
paper V. Laterally, the P-wave velocity pattern of paper IV is poorer than
the tomography P-wave velocity model of paper V.  The major result  in
IV is the new Moho depth estimates which together with P-wave travel
time data were utilized in the tomography study of V.

3.2 Seismic tomography model

Paper V is the second key research work of this thesis. A local seismic
tomography method was applied on absolute P- and S-wave velocity
travel time data in the eastern part of the Fennoscandian Shield.  For the
SVEKALAPKO area in southern and central Finland (Fig. 3), a P-wave
velocity model, and for the first time an S-wave velocity model and a
Vp/Vs ratio model for the upper 40 km of the crust are computed.  The
data incorporated four subsets of crustal Pg- and Sg-wave travel time
data: from local seismic events recorded by the SVEKALAPKO seismic
tomography array in 1998-1999 (Bock et al. 2001; Hjelt et al. 2006),
from controlled source DSS shots recorded at portable stations as well
as at permanent stations, and from non-controlled chemical explosions
recorded at permanent seismic stations (Hyvönen and Sanina 1996).

The 3-D tomography inversion was computed using the program,
Jive3D (Hobro 1999; Hobro et al. 2003). The program is founded on the
2-D inversion algorithm of McCaughey and Singh (1997) producing
velocity models using layer-interface formalism, and travel times of
direct, refracted and reflected seismic waves. Only refracted crustal
turning rays in a one-layer crust model were inverted. The iteration
procedure consisted of series of linear steps where a linearized,
regularized model space was inverted optimizing the model fit with
travel time data (Appendix: Fig. A1). The inversion resulted in a smooth
minimum structure velocity model. The tomography inversion strongly
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smoothed the a priori model, and the method was shown to be rather
independent of the initial model. Thus, the P-wave velocity model of
paper IV was redundant for the tomography study of V, inverted by the
Jive3D program.

After the data was inverted and the best-fit 3-D velocity structure found,
the non-controlled events were relocated by the grid-search method.
This enabled estimation of the accuracy of the 1-D initial location for
different data-sets. The average location correction was 1.6  km  for
events recorded at permanent stations, 2.4 km for the SVEKALAPKO
events and 3.4 km for the other non-controlled events (mining and
construction explosions).  In consequence, the error of earthquake foci
obtained by 1-D location is approximated to be ca. 3-4 km. After
relocation, the final velocity structure was inverted.

The Jive3D program uses a least squares solution and conjugate
gradient method for optimization and the generalized inverse is not
solved explicitly. Thus, neither the covariance nor the resolution matrix
could be calculated preventing orthodox error and uncertainly
estimation. Nevertheless, the resolution of the tomography model was
analyzed by the checkerboard sensitivity test. The spatial resolution is
closely related to the ray density in the model space. As a result, the
optimal spatial resolution of the velocity structure was horizontally
limited to a size of (60  60) km2 and vertically to a range of 6 km for
the target volume, especially in the central target area and close to the
DSS lines (Fig. 3).

Since, the largest source-receiver distance was limited to 300 km the
velocity structure could be reliably solved down to depth of 40 km. The
final P- and S-wave velocity models of V turned out smooth, yet
revealing several high and low anomalies in the 3-D crust of southern
and central Finland (Figs 4 and 5; Figs 6 and 7 of V). The lateral velocity
variation was larger for P-wave than for S-wave velocity in the upper 20
km of the crust (Vp =5.9-6.6 km s-1 and Vs =3.5-3.8 km s-1). At depths
of 20-40 km, the seismic velocities vary: Vp =6.5-7.2 km s-1 and Vs =3.7-
4.1 km s-1.  In Figure 4, the Vp variation is shown at a depth of 30 km
together with a sketch map including the main terranes of the area
(Korja et al. 2006). These terranes are notably present in the
tomography P-wave velocity model.
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Figure  3 General lithological map of the study area, southern and
central Finland (Koistinen et al. 2001). Main geological units, DSS
refraction and BABEL reflection profiles are marked on the map
(modified Fig. 1 of V). Earthquake epicentres (ML 1.0) from January
1965 to March 2008 are plotted on the map (www.seismo.helsinki.fi).

http://www.seismo.helsinki.fi
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Figure  4 The lateral P-wave velocity distribution is imaged at depth of
30 km in the tomography study area (modified Fig. 6 of V). The black
line outlines the region with good resolution. In comparison, the
Bergslagen and Keitele micro-continents, the Knaften and Savo arcs and
the Karelian craton are outlined in the auxiliary map on the left.

The P- and S-wave velocity tomography models were inverted
independently of each other. Thus, computation of the Vp/Vs-ratio was
possible. In Figure 5, four vertical cross-sections of the study area are
presented, revealing large anomalous blocks. The granitoid complexes
(Central Finland Granitoid Complex, CFGC, and Vyborg rapakivi
batholith, VyR) as well as Archean terranes (Iisalmi, IA, and Karelian
Archean, KA) are characterized by higher Vp/Vs-values than the
surrounding schist belts (Bothnian, BB, Savo, SB, Pirkanmaa, PiB, and
southern Finland, SFB).

Exceptionally, the Outokumpu Belt stands out as a high Vp/Vs-value
sub-surface block. An outstandingly high and large Vp/Vs-anomaly
(Vp/Vs > 1.76) outlines the Vyborg rapakivi batholith throughout the
whole crust (Fig. 5: x= 400 km).

Paper V presents for the first time the tomography velocity structure of
the upper 40 km of the crust for the SVEKALAPKO area in southern and
central Finland. The P-wave and S-wave velocity models were
independently inverted from crustal Pg- and Sg-phases, respectively.
Thus, the Vp-Vs-ratio models were calculable referring to a real physical
parameter, Poisson’s ratio.
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Figure 5 The Vp/Vs-ratio distribution is illustrated by four vertical cross-
sections through the tomography study area (modified Fig. 7 of V).
Poisson’s ratio is indicated in the Vp/Vs-scale bar. A red line outlines the
region with good resolution. Abbreviations are explained in the legend
of Figure 3.
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3.3 Moho discontinuity

The new data of paper IV was combined with the 2-D profile data, and
a smooth 3-D crust P-wave velocity model and a relief of the Moho
boundary were interpolated. The Moho relief shown in Figure 6a (Fig. 6
of IV) is quite detailed, including some small anomalies around singular
data points, smaller than resolution enables. The resolution is zero in
areas lacking data points. Thus, the Moho contours in fringe areas of
Figure 6a are blanked out. In conclusion, the results of IV were
correlated to surface geology and shortly discussed together with the
geology and gravity anomalies of the target area. The contradiction
between the crust thickness variation and the Bouguer anomaly
supported the previously presented idea of mass surplus compensation
(Elo 1994) in the crust lithosphere.

In Figure 6b, a preliminary tomographic Moho relief computed by Tiira
et al. (2006) is presented. The Moho boundary was inverted using over
2400 PmP-wave arrivals recorded at permanent and mobile stations,
and measured from 173 seismic sources.

Comparing Figures 6a and 6b, the Moho relief of IV appears in large-
scale similar to the Moho depth model by Tiira et al. (2006). Both
images of Moho agree with the Moho depth map of Luosto (1997),
mainly due to the same DSS profile data contained in all of them. In the
tomography model, the inclusion of the PmP-reflection data from the
SVEKALAPKO array allowed improved 3-D modelling of the Moho
boundary between the DSS profiles (Figure 3).

The inverted Moho boundary model (Figure 6b) differs from the
interpolated model by Luosto (1997) in introducing small-scale structural
details. The main differences are the nearly 10 km thinner crust north of
the Laitila rapakivi area, and the shape of the Moho boundary in the
Vyborg rapakivi area. Two large Moho boundary depressions are
observed in eastern and south-western Finland. Thinner crust is
observed in the Bothnian Bay, in the southern Bothnian Sea and around
the Vyborg rapakivi region in south-eastern Finland. The Archean
bedrock is usually characterized by higher velocities than the
Paleoproterozoic bedrock. The Laitila and Vyborg rapakivi areas and the
Central Finland Granitoid Complex are distinguished by higher velocities
than the surrounding schist belts: Bothnian, Pirkanmaa and eastern
Finland belts.
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Figure 6 a) Relief of the Moho discontinuity (modified Fig. 6 of IV). The
depth contour interval is 4 km. White dots refer to PmP-reflection data
points. The areas far from data points are blanked out. b) The Moho
depth map by Tiira et al. (2006) is based on P-wave data. The lateral
variation of the Moho boundary is significant expressing three deep
depressions, and three bulged regions. The reflection-points of the
wide-angle Moho reflections, PmP, are marked on the map.



30

4 Discussion

The knowledge of the lithosphere structure and stress field can help us
to understand the mechanisms behind plate tectonics. Local velocity
anomalies and earthquake source mechanisms might reveal structural
features and stress situations that expose some characteristics of the
driving mechanisms. The thesis integrates two separate fields in
seismology: velocity structure with earthquake distribution and
mechanism. They were studied independently of each other in contrast
to earthquake tomography that uses earthquake data. Instead, solely
controlled and non-controlled explosion data were utilized in the local
tomography study (V), owing to shortage of earthquake data due to
low seismic activity and the sparsely sited permanent station network in
southern and central Finland. Furthermore, during the SVEKALAPKO
seismic tomography experiment just seven earthquakes occurred in the
fringe areas of the array where resolution of the tomography inversion
is poor.  The next chapter deals with the tomography results following
the detailed discussion of paper V.

4.1 Tomography structure

The tomography velocity models (V) were inverted from absolute P- and
S-wave travel times from both local seismic and refraction seismic data.
Absolute velocity models enable an independent estimate of the 3-D
Vp/Vs or Poisson’s ratio ( ) distribution in the crust and a comparison
with refraction study results. In addition, the tomography model can be
utilised in more accurate earthquake location. However, the
tomography model of paper V covers only southern and central Finland,
whereas Finnish earthquakes mostly occur in western and northern
Finland. In the tomography study (V), the average location error was
estimated to be 3.4 km for the non-controlled explosions.
Consequently, the error of 1-D earthquake location is at best 3-4 km.
Thus, the focal depths in Figure 7 can be reasonably presented at 5-km
intervals. For comparison, Béthoux et al. (2007) estimated the focal
depth shift smaller than 2 km for Alpine earthquakes between 1-D
location and 3-D location in a tomography model
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Overall, the tomography model (V) is coherent with the interpolated
model from 2-D seismic refraction profile data in southern Finland. That
is a consequence of common data sets in both models. The 2-D ray-
traced models (Grad and Luosto 1987; Luosto et al. 1990, 1995;
Heikkinen et al. 1998) based on a layered crust enhance the vertical
resolution of the models as both reflected and refracted waves are used
(Zelt et al. 2003). The tomographic models without layering, result in
smooth vertical velocity distribution. In addition, the absence of mid-
crust boundaries may increase the lower crust velocities, owing to the
high velocity gradient then needed for rays turning in the crust.

The 3-D tomography model (V) results in laterally more variable velocity
distribution than in the previous interpolated models (Sandoval et al.
2003). Furthermore, the crust is made up of alternating high- and low-
velocity blocks (size of 100- 200 km) analogous to the BABEL reflection
results (Korja and Heikkinen 2005).

4.1.1 The middle crust anomaly in central Finland

The tomography model (V) reveals a large NE-SW directed high-velocity
(Vp=  6.4-6.6  km  s-1) anomaly in the middle crust beneath central
Finland. The same anomaly pattern is visible at a depth of 70 km in the
upper mantle model by Sandoval et al. (2004) and is also associated
with a positive Bouguer anomaly (Kozlovskaya et al. 2004) indicating a
material with positive density contrast. The NE-SW anomaly is also
associated with high Vp/Vs ratio (>1.76; Fig. 5: x= 260-400 km, y=300-
400 km; Fig. 6c of V) and according to paper V may  be  composed  of
mafic material and may record mafic under- and intraplating of the crust
as suggested by Korja et al. (1993). An implication of this interpretation
is that the positive mantle anomaly would be diluted and that the
velocity difference between Proterozoic and Archean mantle anomalies
would be less pronounced. Furthermore, the authors stated in paper V:
that another implication is that in structurally complex areas, such as the
accretionary Svecofennian Orogen, crustal corrections for teleseismic
data should be based on genuine 3-D data sets if available.

4.1.2 The dipping anomaly beneath the Bothnian Belt

In the Bothnian Belt a wide low-velocity (Vp<6.0 km s-1 and Vp/Vs<1.70)
anomaly is observed in the crust continuing down to depths of 40 km as
seen in the vertical cross-sections in Figure 5. The tomography results (V)
combine the low-velocity areas at surface and in the upper crust with
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schist belts (Fig. 4; Fig. 6 of V). In paper V it is suggested that the low-
velocity metasedimentary material seems to dip under the high-velocity
crustal blocks. Beneath the Bothnian Belt, a noticeable local velocity
minimum (Vp <5.7 km s-1 and Vp/Vs <1.70) is present (Fig. 5; Figs 6c
and 7a of V; x<200 km, y=450-600 km, z=0-10 km and z=20-40 km).
This velocity minimum coincides with a low density (<3 103 km m-3) area
modelled by Kozlovskaya et al. (2004), and can be associated with a
larger minimum in the upper crust modelled by Hole et al. (1996) from
the BABEL wide-angle refraction data. The same minimum is continued
to the upper mantle as a positive P-wave velocity anomaly dipping
gently northwards to depths of 100-400 km in the teleseismic
tomography results for the SVEKALAPKO area by Sandoval et al. (2004)
and for central Sweden by Eken et al. (2007).

The authors of the paper V state that beneath the Bothnian Belt the
lower crustal anomaly coincides with the paleo-accretionary prism found
above a paleo-subduction zone (BABEL Working Group 1990; Korja and
Heikkinen 2005). Further, they suggest that low seismic velocities
together with low Vp/Vs ratios carry a memory of the paleo-accretionary
prism environment and refer to a layered, metasedimentary material
sustained in metamorphic processes.

4.1.3 Tomography models and geological environment

An example of the correlation of the model with the surface geology is
presented along the BALTIC profile (Fig. 8 of V). The metasedimentary
rocks of the Southern Finland and Outokumpu Belts are related to
velocity minima. Conversely, the granitoid rocks in the Vyborg rapakivi
batholith and in the Archean part are associated with local velocity
maxima.  Below the Outokumpu area, a high velocity (Vp>6.0 km s-1)
upper crust body is observed buried in the low velocity (Vp<5.6 km s-1)
material. Similarly, the Vyborg rapakivi granite hides a high velocity body
(Vp>6.5 km s-1 at depth of 15 km) which has been interpreted as a
mafic gabbro-anorthosite body belonging to the rapakivi bimodal
magmatic association (Elo and Korja 1993; Haapala and Rämö 1999)
(V). The Laitila rapakivi batholith in southwest Finland also reveal high
velocity anomaly extending in the upper crust to depth of 20 km (Fig. 8;
Fig. 6c of V).

Basically, the crustal granitoid complexes (Fig. 3: LaR, VyR, CFGC, KA)
express higher velocities (ca. 0.1 km s-1 higher Vp, ca. 0.05 km s-1 higher
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Vs, ca. 0.04 higher Vp/Vs) than the surrounding areas (Figs 5 and 8; Figs
6c and 7b of V). Moreover, Elo and Korja (1993) and Kozlovskaya et al.
(2004) suggested 2-3 % higher densities for the granitoid areas than for
the neighbouring areas.

The low-velocity, high-density bodies beneath the Vyborg rapakivi area
and in the middle and lower crust beneath the Outokumpu Belt (Fig. 5;
Figs 6c and 7a of V) are interpreted as extensive mafic intra- and
underplating. Therefore, continuation of the tomographic model to the
lowermost crust and detailed mapping of high Vp and Vp/Vs ratio areas
could provide an estimate of volume for mantle derived magmatism and
its spatial distribution.

In addition to revealing outcropping arcs and sedimentary basins, the Vp
and the Vp/Vs anomaly distributions (Fig. 4; Figs 6a and 6c of V) refer to
the existence of the hidden Keitele and Bergslagen micro-continents
inside the Svecofennian domain as suggested by Lahtinen et al. (2005).
Furthermore, the 3-D velocity anomaly patterns enable better outlining
of these bodies. In short, the minima correlate with the sedimentary
basins and accretionary prisms and the maxima with the micro-
continents and island arcs. Thus, the tomographic velocity model
confirms the interpretation that the thick Svecofennian crust was
composed of several terranes and is later modified by intra- and
underplating (V).

4.2 Anisotropy in the lithosphere

Anisotropy studies for the SVEKALAPKO area resulted in clearly
distinguishable anisotropy domains beneath the central Fennoscandian
Shield in the mantle lithosphere (Plomerova et al. 2006, 2007; Vecsey et
al. 2007). The anisotropy models the mantle lithosphere in three
different groups:  1) the Archean domain with nearly homogeneous
orientation of the fast symmetry axes dipping to the NE, the Proterozoic
domain divided into two parts:  2 ) a broad transition zone with weak
velocity variations with diffused orientation of the symmetry axis and
appearing almost isotropic, and 3) the south-western part expressing
hexagonal symmetry with slow axis dipping to the N or S with sharp
high velocity foliation planes striking E-W. Contrastingly, studying the
upper mantle structure of Sweden by non-linear teleseismic
tomography, Eken et al. (2007) concluded that well-resolved sharp P-
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wave velocity anomalies would require an interpretation by rock
composition rather than by anisotropy effect.  If the crust contains
notable anisotropy it should take into account modelling of the
structure.

Codfrey et al. (2002) studied the effect of crustal anisotropy on reflector
depth (e.g. the Moho boundary) and on velocity structure modelled
assuming isotropy. They found that in the Haast Schist terrane of South
Island, New Zealand, an anisotropy subsurface body or layer has a
significant effect on crustal scale wide-angle reflection and refraction
data, thus, distorting the models created without consideration of
anisotropy. Furthermore, they showed that the crustal reflecting
boundaries may have notable depth errors (as much as 10-15% for a
10-km thick layer with major P-wave velocity anisotropy) in the presence
of an anisotropy layer. The question whether subsurface anisotropy
bodies or layers exist in the crust of the central Fennoscandian Shield
remains open. Godfrey et al. (2002) stated that if apparent
discrepancies exist between models derived from different data types,
e.g. active-source wide-angle reflection /refraction data and passive
teleseismic earthquake data, presence of an anisotropic subsurface layer
or body should be identified. Eken et al (2007) emphasized that proper
crustal corrections increase the resolution and remove biased velocity
estimates caused by significant Moho depth variation in teleseismic
tomography modelling subcrustal lithosphere.

4.3 Earthquakes and  stress distribution in the Shield

The earthquake distribution in the Fennoscandian Shield is illustrated in
Figures 1, 2, 3, 7 and 8. Figures 1, 2 and 3 manifest earthquake
magnitudes according to size of epicentre circle. The size of epicentre
triangles increases with increasing focal depths in Figures 7 and 8.

In Figure 7 the earthquake epicentre distribution is similar to that
presented in paper II: In the Sveconorwegian part of the Shield the
epicentres cluster in the Bergen region, in the Viking and Oslo grabens,
and in the Telemark-Vänern zone. Further on, in the Svecofennian part
of the Shield the earthquakes spread in SW-NE oriented belt along the
Swedish coast of Gulf of Bothnia via the Skellefteå area along the
Tornio river valley across the Finnmark district to the Barents Sea. The
seismic zone from Skellefteå to the Kuusamo district continues towards
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the White Sea and across the Kola Peninsula. The eastern Shield i.e.
southern and central Finland appears nearly a-seismic with few shallow
and weak events along the Ladoga Bothnian Bay Zone (Fig. 7). Including
events with magnitude ML 1.0, mainly the junctions between the schist
zones and the granitoid complexes are lined with shallow earthquakes
in the SVEKALAPKO area according to Figure 3.

The focal depth distribution (Fig. 7) reveals that the deepest earthquakes
occur mainly in the south-western Shield where the crust is thinning. In
southern and central Finland, the earthquakes concentrate in the upper
20 km of the crust, the mid-crust events occurring in the Kuusamo
region and along the Tornio River.

Analysis of source parameters of individual earthquakes (e.g. location,
depth, magnitude and mechanism) and spatial-temporal patterns of
earthquake occurrences (e.g. lineation of epicentres, seismic clusters
and migration) are used in searching and understanding the
seismotectonic characteristic of a region or local site. The force behind
earthquake activity can be a mixture of many, originating from plate
tectonic, regional or local stresses. This can lead to earthquake rupturing
along pre-existing faults or inside zones of weakness, which might also
be observed as surface lineaments at ground level.

The maximum horizontal compressional stresses indicated in papers I
and III were oriented according to a dominant NW-SE direction in the
Shield observed in several earlier studies (Slunga 1981, 1984; Slunga et
al. 1984; I; Gregersen et al. 1991; Gregersen 1992; Arvidsson 1996;
Arvidsson and Kulhanek 1994).

The ridge push force associated with sea-floor spreading in the North
Atlantic is considered to be the primary source of the compression stress
field in the Fennoscandian Shield. Furthermore, the observed tectonic
features and stresses are generally considered to be in accord with
tectonics expected from Fennoscandian uplift. The central Shield is rising
due to the post-glacial uplift, the maximum is observed in the Quark, a
narrow passage in central Gulf of Bothnia (between 62  and 65  N).
Therefore, the earthquake mechanisms on the Swedish coast are
considered to be effected by a notable vertical stress component
(Arvidsson and Kulhanek 1994; Arvidsson 1996).
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Figure  7 Distribution of focal depths of the earthquakes (magnitude
2.0) occurred during the years 1965-2005 in northern Europe (II;

www.seismo.helsinki.fi/english/bulletins/index.html). Abbreviations for
different regions: B = Bergen, TV = Telemark-Vänern, S = Skellefteå, T =
Tornio River Valley, F = Finnmark, and K = Kuusamo. The map is plotted
using Generic Mapping Tools –routines (Wessel & Smith 1998).

Ridge-push and postglacial rebound forces have mainly explained the
stress field generating earthquakes in Fennoscandia (Bungum 1989;
Slunga 1989; Wahlström 1989; Bungum et al. 1991; Arvidsson and
Kulhanek 1994; Arvidsson 1996). The dominant compressive stress
directions indicate ridge-push forces, but the notable extensive
component, especially in the central Shield area, represents accumulated
stresses due to postglacial rebound.

Arvidsson (1996) also stated that the Fennoscandian postglacial thrust
faults might be formed at the end of the last deglaciation by single large

http://www.seismo.helsinki.fi/english/bulletins/index.html).
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paleoearthquakes that ruptured across most of the depressed crust.
Arvidsson and Kulhanek (1994) mentioned that the local stresses from
the loading of sediments might partly generate earthquakes, which
have a significant component of extension. Wu and Hasegawa (1996)
and Wu (1997) found that both tectonic forces and postglacial rebound
stress are needed to model the occurrence of the intraplate earthquakes
in eastern Canada. They considered that glacial unloading reactivates
optimally orientated faults. Wu et al. (1999) in their study found that
postglacial rebound may be connected to thrust faulting in
Fennoscandia, and thus can trigger thrust earthquakes close to these
scarps.

On the other hand, the triggering mechanisms of micro-earthquakes
(magnitude < 2) probably differ from that of larger tectonic events. Saari
(1998) intensively studied micro-earthquakes and the local stress field
around the Loviisa nuclear power plant on southern coast of Finland
(Fig. 8a). He found two nearly mutually perpendicular directions of the
principal compression of the horizontal deviatory stress, in the NW-SE
and SW-NE quadrants. The mechanisms of these micro-events were
both strike-slip and reverse slip type, and the displacements of local
micro-earthquakes were predominantly horizontal with a significant
vertical component coinciding well with the observed regional Finnish
earthquake mechanisms (Slunga 1989; Slunga and Ahjos I; Saari and
Slunga 1996).

4.4 Tomography structure and earthquake mechanism

Comparison of the tomography velocity model with earthquake foci
distribution is shown in Figures 8a and 8b. Béthoux et al. (2007)
visualized focal mechanism solutions together with the 3-D tomography
model in the south-western Alps. They re-evaluated all focal depths
using the 3-D tomography model and then resolved the focal
mechanisms. Conversely, focal depths and mechanisms in Figure 8 have
been mainly obtained using a 1-D model and some with synthetic
waveform modelling (Uski et al. 2003, 2006), and plotted on lateral
Vp/Vs-sections of the tomography model (V).

Figure 8 combines three different data sets; each set is independent of
the others. They are: 1) earthquake foci of both historical and
instrumentally recorded events, 2) inverted seismic tomography Vp/Vs-
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structure of the crust (V) and 3) focal mechanism solutions from papers I
and III for Finnish earthquakes. The tomography model was inverted
from absolute P- and S-wave travel times from controlled sources of the
DSS shots and non-controlled chemical explosions for southern and
central Finland area. These events were relocated in the 3-D
tomography model unlike the local earthquakes located in a 1-D velocity
structure. Most focal depths used in solving the source mechanisms
were iterated during the location process, but a few of them were
derived from source-sensitive near distance 1-D model (III).

The mixture of these different data sets is an innovative approach,
where geological interpretation is still unclear. Béthoux et al. (2007)
studied both local tomography and focal mechanisms and their tectonic
implications in the south-western Alps. They found that the extension in
the core of the western Alps was confirmed by focal mechanism
solutions whereas some compressive solutions were observed as well.
Following their example, the blocks of different velocity anomaly can be
discussed in relation to the focal stresses and depths inside the
Fennoscandian Shield. The only obstacle is the limited number of focal
mechanisms in Figure 8.

The earthquake depths are mainly concentrated in the upper 20 km of
the crust in the target volume of south-central Finland, the
SVEKALAPKO area. Thus, focal depths grouped in two depth ranges of
0-10 km and 10-20 km, are shown on two lateral cross sections of the
tomography model at depths of 5 and 15 km, respectively. The main
lithological units are outlined in the maps of Figure 8. The majority of
local earthquakes are outside the tomography model in the western
coast of the Gulf of Bothnia and in the Kuusamo district (Fig. 7). On the
other hand, earthquakes are focused in the schist belts: the Bothnian,
southern Finland and Pirkanmaa belts. Exceptionally, the Outokumpu
formation expresses a high velocity anomaly and lacks earthquakes (Fig.
8). The seismic zone from the Skellefteå area continues across the
narrow passage, Quark, of the Gulf of Bothnia to south-east via the
Central Finland Granitoid Complex to the western edge of the Vyborg
rapakivi batholith (Figs 3, 7 and 8).  Although there is large location
error, the spread of the historical earthquake foci supports the spatial
distribution of the instrumental events.
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Figure  8 a) Earthquake mechanisms and focal depths of 0-10 km
presented on a horizontal Vp/Vs-section at depth of 5 km in the upper
crust of southern and central Finland (II; III; V). The map is plotted using
Generic Mapping Tools –routines (Wessel & Smith 1998).
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The focal mechanism solutions of Figure 8 are too few for a proper
tectonic interpretation to be carried out. In the Bothnian belt that is
continued to the west to the centre of the Fennoscandian postglacial
uplift the source mechanisms ranging from strike-slip to normal faulting
confirm the extensional component of the Knaften arc system (Fig. 4).
Thus, the postglacial rebound is considered to be a major stress
component of the earthquake mechanisms in the area as previously
stated by Arvidsson and Kulhanek (1994) for Swedish earthquakes.
Similar focal plane solutions are observed in eastern Finland in the
Ladoga-Bothnian Bay Zone. Furthermore, normal and strike-slip
mechanisms are observed in north-eastern part of the Inari Archean
terrane consisting of supracrustal rocks according to Figure 3. These
schist regions are characterized by shallow low Vp/Vs-anomaly blocks
visible in Figure 8a.

In the Kuusamo region, only one dip-slip normal fault mechanism at a
depth of 14 km is shown in Figure 8b. This solution is accompanied by
several similar solutions after further analysis of the earthquake
mechanisms in Kuusamo by Uski (Uski et al 2003). In Figure 8b, the 14
km deep, ML=3.8 Lappajärvi earthquake and its ML=2.6 aftershock on
17th February in 1979, has an almost pure strike-slip mechanism in a
near vertical fault plane in either preferred N-S or auxiliary E-W direction
(I). The 11.5.2000 Toivakka earthquake in the centre of the area has a
thrust fault mechanism which is connected rather to a local shear
system (III) than to regional stress regime.

According to Figure 2, a very dense surface faulting system is observed
in Finland. Thus, the optimal fault plane for a single event can be
deduced if the source mechanism is interpreted together with other
geophysical constraints, i.e. gravimetric and aeromagnetic anomalies (III;
Uski et al. 2006).



41

Figure  8 b) Earthquake mechanisms and focal depths of 10-20 km
presented on a horizontal Vp/Vs-section at a depth of 15 km in the
upper crust of southern and central Finland (II; III; V). The map is plotted
using Generic Mapping Tools –routines (Wessel & Smith 1998).
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5 Conclusions

In this thesis, two themes were studied and combined viz. the 3-D
seismic tomography structure of the crust and the seismicity beneath
the central Fennoscandian Shield. From earthquake cataloguing (II) two
major issues arouse: earthquake location accuracy and dynamic
parameter (magnitude, mechanism) determination. The first problem
concerns to the velocity structure and the second one fault plane
solutions. Both these were studied here and discussed in relation to the
geodynamic behaviour of the Shield.

Paper V presents for southern and central Finland the first 3-D absolute
velocity models where both P- and S-wave models were inverted
independently. This enables comparison with previous refraction study
results and, above all, independent estimation of the 3-D Vp/Vs
distribution is possible. Therefore the tomography modelling allows us
to approximate a real physical parameter, Poisson’s ratio ( ), in the
crust. Furthermore, the model can be used in locating seismic events
more accurately. Tomography models based on 3-D data sets are
superior when crustal corrections are made for teleseismic tomography
and for mantle anisotropy studies. This is essential in structurally
complex areas such as the accretionary Svecofennian Orogen where
interpolation of 2-D models may lead to oversimplification of the crustal
structure.  (V)

Local seismic tomography involving both P- and S-wave velocity and
especially the Vp/Vs ratio models can be applied to map spatial
relationships of geological units on a regional scale. In the central
Fennoscandian Shield, the schist belts and their continuations at depth
were associated with lower velocities and lower Vp/Vs ratios (Vp<6.2-
6.8 km s-1; Vs<3.6-3.9 km s-1; Vp/Vs=1.68-1.73) than the granitoid areas
(Vp=6.3-7.4 km s-1; Vs=3.6-4.2 km s-1; Vp/Vs =1.72-1.78).  (V)

The Svecofennian Orogen was accreted from crustal blocks ranging in
lateral size between 100 100 km2 and 200 200 km2. The crustal blocks
have  a  ca.  0.2  km  s-1 higher velocity and ca. 0.04 higher Vp/Vs ratio
than the intervening sedimentary belts. It is concluded that the
tomographic model images the hidden Keitele and Bergslagen micro-
continents beneath the Central Finland Granitoid Complex and
Southern Finland Belt, respectively. Thus, the tomographic model
supports the idea that the thick Svecofennian crust was progressively
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accreted from several terranes and that the crust was later modified by
intra- and underplating. (V)

Setting earthquakes against tomography structure of southern and
central Finland suggests that the earthquakes preferably occur inside
schist belts where old Precambrian faults and shear zones were
reactivated. The reactivated faults appear favourably oriented in the
local stress field. The earthquake generating mechanism is most likely a
mixture of ridge-push forces and accumulated stresses due to
postglacial rebound in addition to weak local remnant stresses.
However, the relative significance and proportion of those factors still
remains unknown. While the number of focal mechanism solutions in
Finland is limited more precise seismotectonic interpretation is delayed.
Uski et al. (2006) have continued with investigations on earthquake
mechanisms in Finland. Further, more direct stress measurements are
prerequisite of resolving the present-day stresses and earthquake
triggering mechanisms in Finland. In conclusion, many more earthquake
source mechanisms are needed to solve the stress field and discover
their real tectonic implications of the intraplate earthquakes in low-
seismic eastern Fennoscandian Shield. (III)

As concluded in paper V, more detailed high-resolution tomography
models were required for the study area.  During the last two years the
authors of paper V have doubled the amount of P- and S-wave travel
time data and continued tomography modelling. As a result, the study
area has expanded, the model has become more detailed and the
resolution improved. After solving the 3-D isotropic velocity model, a
clear implication of mid-crust anisotropy was found from the residuals
of the tomography inversion (Hyvönen et al. 2008). Thus, the anisotropy
of the crust could further be studied by shear wave splitting and receiver
function methods. The velocity structure of paper V was satisfactorily
modelled for the upper- and middle-crust to a depth of 40 km. The
tomography modelling will be extended to the lower crust, after which
the uppermost mantle velocity structure can be inverted utilising the
already measured P- and S-mantle wave data.
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Appendix

The 3-D tomography inversion was computed using the program,
Jive3D (Hobro 1999; Hobro et al. 2003). The program is founded on the
2-D inversion algorithm of McCaughey & Singh (1997) producing
velocity models using layer-interface formalism, and travel times of
direct, refracted and reflected seismic waves. The iteration procedure
consists of series of linear steps in which a linearized, regularized model
space is inverted optimizing the model fit with travel time data (Figs A1
& A2). The inversion results in a smooth minimum structure velocity
model.

Figure A1 The tomography inversion process of the program Jive3D
(Hobro 1999), presented schematically.
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Figure A2 The iteration cut-off level is marked with an arrow at the
point where the number of successfully traced rays starts to decrease,
and where both 2 and final 2 start to diverge.
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Figure A3 Basic types of earthquake focal mechanism illustrated by
tectonic plate movements.
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Abbreviations

P-wave Primary compression wave

S-wave Secondary shear wave

Pg P-wave propagating in the crust
Sg S-wave propagating in the crust
Moho the Mohorovi i  discontinuity, the

boundary between the crust and the
mantle

Vp P-wave velocity
Vs S-wave velocity
PmP P-wave reflected from the Moho

boundary
POLAR POLAR DSS profile
BABEL BAltic and Bothnian Echoes from the

Lithosphere
BALTIC Baltic DSS profile
DSS Deep Seismic Sounding
EGT European Geo Traverse
ESF European Science Foundation
EUROPROBE  Research program of ESF

FENNIA Fennia DSS profile
FENNOLORA FENNOscandian LOng RAnge profile
FIRE FInnish Reflection Experiment
SVEKA SVEcofennian KArelian DSS profile
SVEKALAPKO SVEcofennian-KArelian-LAPland-KOla,

EUROPROBE project
TOR EUROPROBE project


