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1. Introduction
Finland is situated in an intraplate area with a low rate of seismicity. Most of the
earthquakes recorded in Finland during the instrumental era are below magnitude 3
(FENCAT, 2013). The largest known earthquake took place in 1882 and is estimated to be
4.9 on the moment magnitude scale (Ahjos and Uski, 1992). Intraplate earthquakes have
become an important topic recently due to human-induced earthquakes occurring in plate
interiors around the world (Horton, 2012; Ellsworth, 2013; Keranen et al., 2013).
Seismic hazard analyses require an assessment of regional maximum earthquake
magnitude. One of the methods used in evaluating maximum magnitudes is relating them
to the dimensions of active faults. It has been shown empirically that there is a log-linear
relationship between magnitude and earthquake source parameters, such as fault length,
fault width and displacement along the fault (e.g. Tocher, 1958; Acharya, 1979; Bonilla et
al., 1984; Wells and Coppersmith, 1994; Stirling et al., 2002; Dowrick and Rhodes, 2004).
Employing such relations to carefully mapped active faults is fairly straightforward. In
intraplate areas, however, earthquakes usually occur when pre-existing zones of weakness
are reactivated in response to the ambient stress field. Intraplate earthquakes are also
minor and thus rarely cause surface ruptures. (Talwani, 1989) Because of this, the
reactivated faults must be studied by indirect means.
Finnish crust is transected by many sets of old shear zones, faults and fractures. In this
study we will evaluate their stability by determining their orientation with respect to the
crustal stress field. Structural lineaments will be used as proxies for the faults. This M.Sc.
thesis is part of a larger ongoing project run by the University of Helsinki for the
Fennovoima Oy power company.

2. Theory
2.1. Principles of stress and strain based on Fossen (2010)
The stress on a surface such as a fracture or a fault plane can be treated as a vector ( ). It
is defined as the ratio between a force (F) and the area (A) across which the force acts.
The stress that acts on a point on the surface is:
= lim (

)

(2.1)

The SI unit for force is newton (1N = m·kg/s2) and thus the unit for stress is pascal (1Pa =
1N/m2 = 1kg/(m·s2)). In geologic literature compressive stress is usually considered
positive and tensile stress negative.
Stress can be resolved into normal ( n) and shear ( s) components. For a stress vector that
acts obliquely on a surface, the normal component is a stress vector that is perpendicular
to the surface while the shear component is parallel to the surface it is acting on. Because
stress depends on the area across which it acts, a simple vector addition does not work for
the decomposition of stress vectors.

n

and

s

can be found by examining a 3D block (Fig.

2.1). If A1 is the area of the surface perpendicular to and acted on by force F,
stress caused by F, A2 is the area of an oblique plane F is acting on and
between the two surfaces, then for

n

is the

is the angle

on surface 2 we get:

=

= cos

=

= sin

= cos

= cos

(2.2)

and for s:
(

cos ) = sin cos

= sin cos = ½sin2 ,

where Fn=F cos

(2.3)

and Fs=F sin are the normal and shear forces, respectively, and

A2=A1/cos .
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Figure 2.1. Stress components on a surface inside a 3D block. F is a force with normal and shear
components, A is area and is stress. (Figure modified from Fossen, 2010)

The state of stress at a single point is defined completely by a stress ellipsoid. The surface
of the ellipsoid is the locus of the endpoints of all stress vectors acting on all planes
passing through the point. The three axes of the stress ellipsoid are called the principal
stresses with the longest axis being in the direction of maximum principal stress ( 1) and
the shortest axis being the direction of minimum principal stress ( 3). Stress at a point can
also be defined by the stress components that act on the orthogonal surfaces of an
infinitesimal cube (Fig. 2.2). Each surface has a normal stress vector and two shear stress
vectors oriented along its edges. The resulting nine components of stress can be expressed
as a second-order tensor

(2.4)

where the normal stress components fall on the main diagonal and the off-diagonal terms
represent the shear components. The numbers in the indexes represent the three
orthogonal axes, which may be x=1, y=2 and z=3 in a Cartesian coordinate system. In a
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stable situation, like in a solid in static equilibrium, where there is no net rotation
resulting from the shear stresses, there is a symmetry present such that
13

and

32

=-

23.

21

=-

12,

31

=-

If the cube is rotated so that the shear components vanish, what is left

on the diagonal are the principal stresses

1,

2

and

3.

The principal stress vectors are the

columns of the tensor

=

0
0

0

0

0
0

= 0
0

0

0

0
0

(2.5)

Strain or deformation in continuum mechanics is the transformation of a body from the
reference configuration to a current configuration. A configuration is a set containing the
positions of all the particles in the body. Strain is thus a dimensionless quantity. It can also
be represented as a second-order tensor

=

=

,

(2.6)

where the diagonal terms are normal strain and the off-diagonal terms are shear strain,
which give the angular deformation in the medium.
The upper part of the Earth’s crust, where earthquakes occur, is called the seismogenic
layer. It behaves elastically between earthquakes. Without going further into detail, the
stress and strain tensors in elastic materials are connected by a linear relationship called
Hooke's law for continuous media. The law is

(2.7)
where cijkl is an elasticity or stiffness tensor. It is represented by a matrix of 81 real
numbers. Because of the inherent symmetries of the tensors involved, only 21 elastic
coefficients of c are independent. In an isotropic medium, where the physical properties
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are the same in all directions, Hooke's law can be further simplified as
+2
where

and

(shear modulus) are the Lamé parameters and

(2.8)
ij

is the Kronecker delta

function

for
for

(2.9)

Rocks, however, are rarely isotropic, so the generalised form of Hooke's law is not
entirely appropriate.

Figure 2.2. a) The stress components acting on the faces of an infinitesimal cube. The components
shown are considered negative in geomechanics where compression is positive. The normal stress
components (blue arrows) are oriented along the axes of the Cartesian coordinate system. b) When a
cube is rotated so that the shear components vanish, the normal vectors are now the principal stresses.
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2.2. Orientation of shear fractures
Elastic stress can accumulate in rock up to a point, but when the stress reaches a certain
threshold value, failure will occur. Mohr's circle is a two-dimensional graphical
representation of stress, in which the horizontal and vertical axes represent the normal ( n)
and shear ( s) stresses acting on a plane through a point (Fig. 2.3). The value of the
maximum and minimum principal stresses,

1

and

3

respectively (

2

is perpendicular to

both), are plotted on the horizontal axis, and the distance between the points defines the
diameter of a circle centered at ((

1

+

3

)/2, 0). The values for normal and shear stress

can be found for any orientation of the plane from the circle. The orientation of the plane
is determined by the angle 2 , which on the diagram is the angle between the horizontal
axis and the radius to the point on the circle.

is the angle between

1

and the normal to

the plane (see Fig. 2.3).
The state of stress at which a given rock will fracture under compression is given by the
Coulomb failure criterion. It is represented by the line in Fig. 2.3, which is also called the
Coulomb failure envelope. Fracture will occur whenever the failure envelope is
intersected by the Mohr circle. According to the Coulomb failure criterion the critical
shear stress ( s) and normal stress ( n) acting on a potential fracture plane at the moment
of failure are related by a constant tan

, where

is called the angle of internal friction.

In order for the rock to fracture both the internal strength or cohesion (C) of the rock and
its shear strength need to be exceeded. The Coulomb criterion is
=

+

tan =

The coefficient of internal friction (tan

+

) is commonly expressed as

mistaken for shear modulus). For solid rocks,

(2.10)
(not to be

is a constant that generally varies from

0.47 to 0.7, with the value 0.6 often chosen for general calculations (Fossen, 2010). Thus
the angle of internal friction varies from 25° to 35°. The relationship between the
orientation of the fracture plane ( ) and the angle of internal friction is
2 = 90° +

(2.11)
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or

= 45° +

(2.12)

2

This means that for most rocks the angle between the maximum principal stress

1

and the

fracture (90°- ) is from 27.5° to 32.5°. (Fossen, 2010)

Figure 2.3. Orientation of shear fractures. On the right is the geometry of the conjugate fracture planes
in relation to stresses and on the left is a Mohr's circle describing the situation. P1 is the plane on which
shear strength is the highest and P2 is the fracture plane. 1 is the orientation of the maximum principal
stress and 3 the minimum, n is the normal and s is the shear stress acting on a plane through a point.
is the angle between the normal to the plane and 1. n and s are the differences in n and s
between planes P1 and P2. C is the cohesion and is the angle of internal friction. (Figure modified
from Fossen, 2010)

2.3. Faults and focal mechanisms
A fault is a planar fracture or discontinuity along which motion has occurred or is still
occurring in a volume of rock. The terminology involved in describing a fault is presented
in Fig. 2.4. Faults can be divided into three categories based on the direction of relative
movement on the fault plane (Fig. 2.5). In strike-slip faults the slip is approximately
horizontal with respect to the surface of the Earth. When the movement on the opposite
7

side of the fault is clockwise, the fault is a dextral strike-slip fault. If the movement is
anticlockwise, the fault is sinistral. If the slip of a fault is approximately vertical, the fault
is called a dip-slip fault. These are further divided into reverse and normal depending on
whether the hanging wall moves up or down, respectively. In an oblique-slip fault the
motion consists of both strike and dip components.

Figure 2.4. Fault terminology. A planar fault is defined by the directions of the strike and dip of the
fault surface as well as the length of the slip vector. (Shearer, 2009)

An earthquake takes place when accumulating stress is suddenly released by fault
movement. With a sufficiently dense seismograph network surrounding the rupture area,
the focal mechanism can be solved (Fowler, 2005; Shearer, 2009). If after an earthquake
the first recorded seismic wave motion is upwards, the motion is called compressional,
and if it is downwards, it is called dilatational. By plotting the distribution of
compressional and dilatational first motions around the earthquake focus on a
stereographic net, a “beach ball” figure is acquired (Fig. 2.5). In Fig. 2.5, the quadrants
hosting the compressional first motions are shaded and the axis going through them is the
tensional axis 'T'. Similarly, the compressional P-axis passes through the quadrants
hosting the dilatational first motions. The quadrants are separated by two nodal planes,
only one of which is the actual fault plane. The solution is not unique and other
information is needed to identify the active fault plane. Maximum principal stress ( 1)
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must fall somewhere within the dilatational quadrants. The compressional P-axis is only
parallel to

1

when the fault plane is at a 45° angle to

for minimum principal stress

3

1.

A similar relationship holds true

and the tensile T-axis (Fig. 2.5). (Fossen, 2010)

Figure 2.5. Earthquake focal mechanisms described as stereographic projections (“beach balls”). 'P'
denotes the compression axis and 'T' the tension axis. 1 is the maximum principal stress and 3 is the
minimum. Note that P and T axes are only identical to the axes of 1 and 3 if the fault is oriented 45º
to 1. (Figure modified from Shearer, 2009)

2.4. Fault systems
The tectonic implications of the Coulomb failure criterion and Mohr's circle were first
presented by the British geologist E. M. Anderson (1951). Anderson's faulting theory
states that, because the surface of the Earth is unconfined and it is thus not acted upon by
shear stresses, two of the three principal stresses ( 1,

2,

3)

are horizontal (

H

and

h)

and

one is vertical ( v). In the case of a strike-slip stress regime ( H> v> h) the strike of
unstable strike-slip faults must be oriented approximately 30° to

H

and the faults must

have a conjugate pair moving at the same time. For reverse faults ( H> h> v) which strike
perpendicular to the direction of
1

is vertical (

v

H

h),

H,

the dip is ~30°. Normal faulting only happens when

in which case the dip of the fault should be ~60° (~30° to

and the strike in the direction of

H,

which is now equal to

1)

2.
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The mechanism that causes the movement to happen according to Anderson's theory is
called pure shear, where the maximum principal stress is considered parallel to the
maximum shortening axis. There are however some confining requirements for a pure
shear domain as explained by Sylvester (1988). First, Anderson's theory is based on
homogeneity and isotropy of the medium, which is rarely achieved in a heterogeneous
crust. Second, unless the conjugate faults are acting simultaneously, there will be
problems of empty space, which are only solved by rotation or alternating differential slip.
Due to the space problems, the offsets of strike-slip faults in domains of pure shear cannot
be too large. That is why the major faults of the world are in domains of simple shear and
formed possibly by reactivation of old joints and extension fractures. Simple shear is
rotational and forms a greater variety of structures than pure shear. These structures are
presented in Fig. 2.6.

Figure 2.6. Relations among structures according to two-dimensional, strike-slip, tectonic models for a
vertical dextral fault striking N36°W. A) Coulomb-Anderson model of pure shear; B) Riedel model of
right simple shear. Double parallel line represents orientation of extension (T) fractures and wavy line
orientation of fold axes. P = P-fracture, R and R' are synthetic and antithetic shears, respectively, PDZ
= principal displacement zone and
= angle of internal friction. Short black arrows denote the
shortening axis and open arrows the elongation axis. The structures are mirrored for a sinistral fault.
(Sylvester, 1988)

Riedel shears (R) are synthetic shear fractures that form at an angle of

/2 to the principal

displacement zone. They have a conjugate pair called antithetic Riedel shears (R'), which
10

have a sense of slip opposite to that of the principal fault, at an angle of 90°-

/2 to the

principal displacement zone (Fig. 2.6). The principal displacement now happens at a
larger angle. This angle depends on coefficient of internal friction (tan

), which can be

as low as 0.2-0.4 for pre-existing fractures with fault gouge (Sauber et al., 2000). Another
set of shear fractures called P-fractures form perpendicular to R'. In addition, extension
fractures called T-fractures can occur perpendicular to the maximum extension axis.
These structures typically form en echelon arrangements in relatively narrow zones (Fig.
2.7a). In a larger map scale normal faults can occur perpendicular to the extension axis
and reverse faults and folds perpendicular to the contraction axis even within a
dominantly strike-slip shear zone (Fig. 2.7b).

Figure 2.7. Structures formed by dextral strike-slip motion. a) Synthetic (R) and antithetic (R') Riedel
shears and P-fractures. is the angle of internal friction. b) Large scale structures along a strike-slip
zone. (Figure modified from Fossen, 2010)

Strike-slip faults can also occur parallel to the direction of maximum or minimum
horizontal stress. These faults are called transfer faults (Fig. 2.8) because they transfer
displacement from one fault to another. The tips of transfer faults terminate against other
faults or fractures; reverse faults in a contractional setting (Fig. 2.8a) and normal faults in
an extensional setting (Fig. 2.8b).
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Figure 2.8. Transfer faults are strike-slip faults that form parallel to the direction of maximum
horizontal stress in extensional (a) or contractional (b) settings. (Fossen, 2010)

2.5. Seismic moment and moment magnitude
The scalar seismic moment (M0) is the most fundamental and widely used measure of
earthquake strength. It is defined by the equation
=

where

,

(2.13)

is the shear modulus of the rupture area (in N/m2), A is the rupture area (in m2)

and D is the average displacement along the rupture (in m). (Shearer, 2009)
Moment magnitude as defined by Hanks and Kanamori (1979) is

=

2
log(
3

)

10.7,

(2.14)

where the seismic moment (M0) is in dyn cm. Dyne (dyn) is an old unit of force specified
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in the cgs (centimetre-gram-second) system of units, which has since been replaced by the
SI system. The SI unit of force is newton (N) and seismic moment in the SI system is
expressed in newton-metres (Nm). 1 dyn cm = 10-7 Nm, which means that equation 2.14
had to be modified. A slight loss of precision occurs when using the formula presented by
Aki and Richards (2002):

=
where the seismic moment is in Nm.

2
[log(
3

)

9.1]

(2.15)

It can be seen from equations 2.13 to 2.15 that earthquake magnitude is related to fault
dimensions and displacement along the fault.

2.6. Empirically derived relations between magnitude and source
dimensions
As shown in the previous section, there is a relationship between earthquake magnitude
and fault parameters. Employing this relationship as an earthquake hazard prediction tool
has been discussed in literature for several decades. The first linear least-squares
regression between magnitude (M) and surface rupture length (SRL) was calculated by
Tocher (1958). His regression equation was based on 10 California earthquakes of
magnitudes greater than 6 (Table 2.1). Mark (1977) pointed out that regression estimates
give the most probable values for magnitude instead of the maximum values. Therefore
estimates of maximum magnitudes require consideration of one-sided confidence limits.
Bolt (1978) argued further that the treatment of SRL as error free is incorrect and that all
previously published regressions are quite unreliable. He noted, however, that due to the
large scatter in the used data, additional statistical work is probably not warranted and that
the data should be weighted point-by-point according to its estimated reliability instead.
Wyss (1979) argued that because the aspect ratio of faults is not constant, the most valid
regression curve is obtained for rupture area versus magnitude. He also proposed some
downdip width estimates (W) for faults based on slip type.
13

Bonilla et al. (1984) compiled a new database by critically reviewing the existing
earthquake data. They estimated the measurement errors for M, SRL and surface fault
displacement (D) for 58 moderate to large shallow-focus earthquakes. They made
regression analyses by utilising the estimated measurement errors and concluded that the
errors are dominated by stochastic variance (earthquake-to-earthquake differences)
resulting from things such as incomplete surface expression of seismogenic faulting,
variation in shear modulus and regional factors. This is why it is appropriate to use the
ordinary least-squares regression model for correlations between the parameters.
According to Bonilla et al. (1984) the use of estimated measurement errors as a weighing
factor, as proposed by Bolt (1978), has only a small effect on the regressions. They
concluded also that for faults with moderate downdip width, the use of fault rupture area
does not greatly improve the correlations.
The most widely used relations are given by Wells and Coppersmith (1994). They
compiled source parameters for 421 historical earthquakes including shallow-focus
continental

interplate

and intraplate earthquakes of

magnitudes greater

than

approximately 4.5. From these earthquakes they selected 244 with sufficiently reliable
parameters for the development of empirical relations between source parameters. The
relations were acquired through ordinary least-squares regression analyses and they
include regressions of M and log10 of surface rupture length, subsurface rupture length
(Fig. 2.9), downdip rupture width, rupture area, maximum surface displacement and
average surface displacement as a function of slip type. Wells and Coppersmith (1994)
used statistical methods to evaluate the significance of each of their empirical relations
and found that all the relationships are significant at a 95% probability level, except the
reverse-slip relationships for maximum and average displacement. They also found that
there is no difference between slip types (strike-slip, normal or reverse) at a 95%
significance level for the relationships of surface rupture length vs. magnitude and
subsurface rupture length vs. magnitude. Some of their regressions are presented in Table
2.1.
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Figure 2.9. Regression of magnitude (M) on subsurface rupture length a) for all-slip-type relationship
and b) for strike-slip, reverse, and normal-slip relationships. Dashed lines indicate 95% confidence
interval. From the study of Wells and Coppersmith (1994).

Stirling et al. (2002) expanded the dataset used by Wells and Coppersmith (1994) to
include instrumental earthquakes from 1900-1940 as well as more recent earthquakes
from 1994 onwards.

They also compiled a separate dataset of preinstrumental

earthquakes and determined relations for both datasets. A comparison of the relationships
for preinstrumental and instrumental data shows that the differences are due to scarp
degradation processes, which lead to overestimation of average surface displacement and
underestimation of rupture length over time for the preinstrumental earthquakes (Stirling
et al., 2002).
There has been plenty of discussion on the possible regional differences in the relations
between magnitude and source dimensions. Acharya (1979) determined relationships
between magnitude and rupture length for various parts of the world. In his study, the
rupture length is primarily based on aftershock data and while there is a high correlation
between rupture length and magnitude for each region, the regressions vary considerably
from region to region. Dowrick and Rhoades (2004) gathered earthquake parameter data
from New Zealand and made regressions of magnitude on subsurface rupture length,
width, area, slip, and aspect ratio. They noted that the magnitudes obtained from their
relations were greater than those predicted by earlier multiregion regressions, and they
15

found statistically significant differences between regions in the multiregion datasets.
There are no regional regressions found in literature for Fennoscandia or intraplate areas
in general. This is to be expected considering that the magnitudes of earthquakes in plate
interiors are usually too low to even cause surface ruptures.
Table 2.1. Regressions of magnitude (M) on surface rupture length (SRL), sub-surface
rupture length (SSL), rupture area (RA) and rupture width (RW) found in literature.
Regression equations
Equation

Slip

n

s

r

type

Magnitude

Reference

range

M = 5.65 + 0.98 log (SRL)

SS

10

M=6.3-8.25 Tocher (1958)

M = 4.15 + 1.00 log (RA)

All

90

±0.3

Mw= 5.08 + 1.16 log (SRL)

All

77

0.28

Mw= 4.38 + 1.49 log (SSL)

All

167

Mw= 4.06 + 2.25 log (RW)

All

Mw= 4.07 + 0.98 log (RA*)

M=5.7-9.5

Wyss (1979)

0.89

M=5.2-8.1

Wells and Coppersmith (1994)

0.26

0.94

M=4.8-8.1

Wells and Coppersmith (1994)

153

0.41

0.84

M=4.8-8.1

Wells and Coppersmith (1994)

All

148

0.24

0.95

M=4.8-7.9

Wells and Coppersmith (1994)

Mw= 5.45 + 0.95 log (SRL)

All

167

0.37

M=5.2-8.1

Stirling et al. (2002)

Mw= 4.54 + 0.89 log (RA)

All

108

0.31

M=5.2-8.1

Stirling et al. (2002)

Mw= 3.86 + 1.10 log (RA)

SS

93

0.238

M=5.0-8.2

Dowrick and Rhoades (2004)

Mw is moment magnitude, M is unspecified magnitude (magnitudes used in the regression analysis are ML,
MS or Mw), SRL is surface rupture length, SSL is subsurface rupture length, RW is rupture width and RA is
approximated rupture area. n is the number of earthquakes, s is standard deviation and r is the correlation
coefficient. *Rupture area is calculated using subsurface rupture length.
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3. Stress field in Fennoscandia
3.1. Stress indicators and plate motion
The observed regional stress field of northern Europe is presented in Figure 3.1. It is
extracted from the World Stress Map (Heidbach et al., 2008) database which comprises a
total of 21 750 stress indicators for the globe. The methods for determining the orientation
of the maximum horizontal stress ( H) in the database are earthquake focal mechanisms,
borehole breakouts and drilling-induced fractures, in-situ stress measurements
(overcoring, hydraulic fracturing, borehole slotter), and data from current tectonic and
volcanic activity. The dataset is divided into classes 'A', 'B', 'C' and 'D' based on the World
Stress Map quality ranking system version 2008 (Heidbach et al., 2008; Heidbach et al.,
2010). For quality 'A' the orientation of the maximum horizontal stress

H

is accurate to

within ±15°, for quality 'B' to within ±15-20°, for quality 'C' to within ±20-25°, and for
quality 'D' to within ±25-40°. For most methods these quality classes are defined through
the standard deviation of

H.

Heidbach et al. (2010) further analysed the global crustal

stress pattern by using the WSM data. Their results display both the mean orientation of
H

as well as the spatial wave-length of the stress pattern (Fig. 3.2). This was achieved by

making a global 0.5° grid and calculating the maximum search radius, inside which the
standard deviation of

H

is within 25°, for each grid point. Blue colours indicate a regional

to local wave-length for the stress pattern while yellow to red colours indicate regional to
plate-wide wave-length, which means that the stress field is dominated by plate boundary
forces. (Heidbach et al., 2010)
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Figure 3.1. Orientation of maximum horizontal crustal stress ( H) in northern Europe after the World
Stress Map database (Heidbach et al., 2008). The methods used for determining the stress orientation
are presented with symbols and they are: 1) earthquake focal mechanisms, 2) borehole breakouts, 3)
drilling induced fractures, 4) borehole slotting measurements, 5) overcoring measurements, 6)
hydraulic fractures and 7) geological indicators. Stress regimes are indicated with colours. Red (NF) is
normal ( v> H> h), green (SS) is strike-slip ( H> v> h), blue (TF) is thrust ( H> h> v) and black (U) is
undetermined. Length of the line indicates quality of the stress indicator.
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Figure 3.2. Results of a statistical stress pattern analysis on the WSM data by Heidbach et al. (2010).
The black lines show the mean orientation of the maximum horizontal stress H. The colours represent
the maximum search radius for which the standard deviation of the stress orientation is <25°. Only
data records of quality A-C were used and a grid point is only plotted when the number of data records
within the search radius is 5. (Figure modified from Heidbach et al., 2010).

According to WSM azimuth data, the maximum horizontal stress in Fennoscandia is
mostly oriented NW-SE (Fig. 3.1). This agrees with the idea (e.g. Gölke and Coblentz,
1996) that the dominating compressive forces in Europe are the ridge push from the MidAtlantic ridge as well as collisional forces along the eastern and southern plate margins.
According to the stress indicators in the WSM database the stress regime in most of
Finland is thrust or reverse faulting regime (

3

v).

This could, however, be due to most

of the stress indicators being near the surface. According to Zang and Stephansson (2010),
even though the vertical component of the crustal stress field seems to increase linearly as
a function of the overburden load, horizontal stress components do not follow simple
elasticity theory, except asymptotically for depths greater than 4 km. Stress measurements
from around the world show that horizontal stress magnitudes are quite high near the
surface. This is considered to be caused by tectonic forces and the vertical stress
component being close to zero. Because of this, even though all stress components seem
to increase with depth, the ratio of the horizontal stress components to the vertical stress
component decreases with depth. This can change the stress regime from reverse to strikeslip at fairly shallow depths. (Zang and Stephansson, 2010) In the WSM data there is
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normal faulting (

1

v)

in the Kuusamo area as well as the Bothnian region of Sweden.

Strike-slip faulting ( H> v> h) is also common in Northern Sweden. The few measured
magnitude values for

1

in Finland range from 2.7 MPa at 30 m depth to 65.6 MPa at 570

m depth (Heidbach et al., 2008). However there is quite a bit of variation within the
dataset and a value as high as 96.8 MPa has been measured at 420 m depth at the
Pyhäsalmi mine in Central Finland.
The azimuth histograms of the WSM data are presented in Fig. 3.3. In Finland the
dominating direction is NW-SE (Fig. 3.3a). There is also a peak in the W-E direction that
is mostly caused by shallow indicators in southern Finland. In the Barents Sea region
north of Finland, the

H

orientation seems to be closer to a N-S direction according to the

WSM indicators. There are also high azimuth values found in Finnmark and NE Sweden.
However, according to a study of around 130 stress-relief features in Finnmark by Pascal
et al. (2005), the orientation of maximum stress is consistent with the Finnish stress
indicators, that is, around N120°-130°E. Pascal et al. (2005) also dispute the reliability of
the WSM indicators in Finnmark. The composite fault-plane solution for the Anjalankoski
earthquake swarm in south-eastern Finland (Uski et al., 2006) has an azimuth value of
340° for the P-axis, which means that the azimuth for the maximum horizontal
compression would be ~160°. As stated earlier, however, the maximum principal stress
axis ( 1) can fall anywhere within the dilatational quadrants of a focal mechanism solution
depending on the angle between

1

and the earthquake generating fault. The Anjalankoski

earthquakes also occurred very close to the surface. More recent focal mechanisms by
Uski (2007) for two earthquakes in north-western Finland give azimuth values of 290°
and 300° for the maximum compression. Another fault-plane solution by Uski (Saari,
2008) for an earthquake in Laitila, south-western Finland has an azimuth of 313° for the
P-axis. Saari and Slunga (1996) used a rock stress tensor method to find a common stress
field that could fit 15 microearthquakes in the region of Loviisa, south-eastern Finland. It
resulted in an azimuth of 129.5° for the maximum horizontal compression.
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Figure 3.3. The orientation of maximum horizontal stress in Finland and Sweden north of latitude
60°N. Data used is from the WSM database (Heidbach et al., 2008) and presented as degrees from
north. Accuracy for quality 'A' is within ±15°, quality 'B' within ±15-20°, quality 'C' within ±20-25°,
and quality 'D' within ±25-40°.
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Figure 3.4. Movement of Eurasia and surrounding plates in a No-Net-Rotation (NNR) reference
frame. Purple vectors are observed geodetic velocities. They have been rotated into a best-fit model
reference frame for the model GSRM 1.2. White arrows (grey in legend) represent the amount and
direction of strain at the Mid-Atlantic ridge according to the model. (Kreemer et al., 2003) Map drawn
with Jules Verne Voyager (2011).

Geodetic observations support the NW-SE direction, even though according to various
plate motion models the absolute motion of Europe in the no-net-rotation (NNR)
reference frame is northeastward (UNAVCO Plate Motion Calculator, 2012). NNR is the
motion of each plate with respect to the weighted average of all plate velocities. It is
considered to be an absolute reference frame, since it represents the motion of the
lithospheric plates relative to the GPS satellite constellation and the Earth’s centre of
mass. This motion, however, has no significant impact on the stress field in Europe,
because the neighbouring plates, apart from North America and the small Anatolian plate,
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are moving in the same general direction (Fig. 3.4). The movement of North America also
has a north component, but the spreading of the Mid-Atlantic is pushing the plate towards
the northwest. Thus it seems logical to assume that the biggest component affecting the
stress field in both western Eurasia and North America is the spreading of the ocean floor
between them, which deviates them both from their common direction of absolute motion.
This means that the maximum principal stress in Europe should be oriented similarly to
the movement of the Eurasian plate relative to North America (Fig 3.5).

Figure 3.5. Movement of the Eurasian plate relative to North America. Purple vectors are observed
geodetic velocities measured at geodetic sites (red dots). They have been rotated into a best-fit model
reference frame for the model GSRM 1.2. White arrows (grey in legend) represent the amount and
direction of strain at the Mid-Atlantic ridge according to the model. (Kreemer et al., 2003; Jules Verne
Voyager, 2011).

The WSM data agrees with this, as seen in Fig. 3.6 where the geodetic velocities of EU in
a NA reference frame according to the plate motion model GSRM 1.2 (Kreemer et al.,
2003) are plotted together with the WSM data. The orientations of stress and plate motion
are very similar in Finland, but in Sweden and Norway the stress observations are more
scattered, which could be due to the mountainous region of the Scandes affecting the
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direction of stresses. Zoback (1992) has discussed the global first- and second-order stress
patterns and their possible sources.

Figure 3.6. Comparison of the World Stress Map indicators and the movement of Fennoscandia
relative to North America. Thin coloured lines are the WSM observations presented in Fig. 3.1, purple
vectors are observed geodetic velocities and blue vectors are GSRM 1.2 model velocities. (Kreemer et
al., 2003; Jules Verne Voyager, 2011)

3.2. On surface strain
Vertical ground motion taking place in Fennoscandia is mostly attributed to glacial
isostatic adjustment (GIA) or postglacial rebound (Ågren and Svensson, 2007). It is
caused by the slow relaxation of the ice load of the latest glaciation, which ended around
10,000 years ago, leaving a depression on the crust. The remaining isostatic imbalance is
still being adjusted by the slow land uplift. The apparent land uplift, that is the uplift
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relative to mean sea level, is centered in western Sweden and the Gulf of Bothnia.
According to the land uplift model NKG2005LU (Fig. 3.7), the maximum rate of uplift is
8-9 mm/year (Ågren and Svensson, 2007). The model has been computed using a
combination of sea level recordings, repeated precise levellings in Sweden, Finland and
Norway, as well as continuous GPS observations by the regional permanent GPS network
project BIFROST (Baseline Inferences from Fennoscandian Rebound Observations,
Sealevel and Tectonics). Ever since the start of BIFROST in 1993 numerous GPS studies
concerning postglacial rebound have been published (e.g. Milne et al., 2001; Johansson et
al., 2002). Postglacial rebound is thought to be a second-order stress-generating
mechanism that should induce radial stresses with respect to the rebound centre (MuirWood, 2000).

Figure 3.7. Apparent land uplift according to the postglacial land uplift model NKG2005LU. (Ågren
and Svensson, 2007)
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The horizontal strain in Finland has been calculated by Kakkuri and Chen (1992) (Fig.
3.8). It is based on the triangulation and trilateration measurements conducted by the
Finnish Geodetic Institute (FGI) and the National Board Survey (NBS) of Finland. The
unit used for the strain in Fig. 3.8 is -strain. One microstrain is the strain producing a
deformation of one part per million (10-6). Kakkuri (1997) later noted, however, that
considering the low seismicity in the Fennoscandian Shield the determined strain rate
values seem to be too high.

Figure 3.8. Principal strain distribution in Finland in -strain/year according to Kakkuri and Chen
(1992).
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Figure 3.9. Pattern of the principal strain in Fennoscandia from a GPS triangulation based on data
from 36 BIFROST sites. Extension is represented by symmetric red arrows pointing out and
contraction by symmetric blue arrows pointing in. The residual velocities are represented by single
arrows. (Cai and Grafarend, 2007)

The strain in Fennoscandia has more recently been determined (Cai and Grafarend, 2007;
Scherneck et al., 2010) using continuous GPS observations provided by BIFROST. Cai
and Grafarend (2007) determined the principal strain rates for triangles between the 36
BIFROST sites in Fennoscandia (Fig. 3.9). The strain values are considerably lower than
in the previous triangulation study (Kakkuri and Chen, 1992) and the strain is measured in
nanostrain per year. According to Fig. 3.9 the strain field in central Fennoscandia, where
the rate of postglacial rebound is the highest, is dominated by extension of 5
nanostrain/year. Compression of -6 to -1 nanostrain/year prevails in the southeastern
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parts. As noted by Cai and Grafarend (2007) the uplift rate in Fennoscandia is also
accompanied by lateral strain in the order of 1-2 nanostrain/year that is caused by the
Earth's surface curving, as well as tilting and rising, due to postglacial rebound.

Lund and Schmidt (2011) have studied the effect of the Weichselian glaciation, which
took place around 110-10 ka BP, on the stress field and fault stability in Olkiluoto, southwestern Finland. They modeled the effect using both synthetic reverse ( H> h> v) and
strike-slip ( H> v> h) background stress fields, as well as the local stress field measured
at Olkiluoto. The stress regime in Olkiluoto is reverse down to 1.7 km depth and changes
to strike-slip deeper in the crust. In the study, the azimuth of

H

is 125º for both the

synthetic background stress fields and the local stress field. According to the models, at
the depth of 9.5 km there is fault instability predicted at the end of the glaciation, until
present, in the reverse background stress field. The faults with reduced stability have an
orientation close to the optimal for reverse faulting, that is, perpendicular to

H

and with a

dip of ~30º. In the synthetic strike-slip and local stress fields there is high stability at the
end of the glaciation at 9.5 km depth. At 500 m depth a large number of subhorizontal
faults striking NE-SW have reduced stability in both the synthetic reverse background
stress field and the measured local stress field, which is also reverse at that depth. This is
expected and shows the effect of the glacial unloading being largest near the surface.
Earthquakes, however, seem to rarely occur very close to the surface, except in the
rapakivi area of south-eastern Finland (FENCAT, 2013; Uski et al., 2006). Lund and
Schmidt (2011) also found that the effect of varying the

H

direction is much larger for the

strike-slip stress field than for the reverse stress field. A previous study for Sweden (Lund
et al., 2009) shows similar results.
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4. Seismicity in Finland
4.1. Magnitudes and focal mechanisms
According to Talwani (1989) several case studies on intraplate earthquakes, like the ones
in Finland, suggest that they occur by the reactivation of pre-existing zones of weakness
in response to the ambient stress field. Most of the earthquakes recorded in Finland during
the instrumental era are smaller than magnitude 3 (FENCAT, 2013). The largest
earthquake in recorded history took place in 1882 and is estimated to be 4.9 on the
moment magnitude scale (Ahjos and Uski, 1992).
According to the World Stress Map (Heidbach et al., 2008) the stress regime in Finland is
mostly thrust (reverse), but as mentioned in section 3.1, this could be due to most of the
stress indicators being from shallow depths, where the vertical stress component is quite
small. Many of the focal mechanisms for earthquakes in Finland imply a reverse faulting
regime as well (Uski et al., 2003; Uski et al., 2006; Uski, 2007) (Fig. 4.1). However, all of
them except for one have a focal depth of 7 km at the most. The strike-slip earthquakes in
Slunga and Ahjos (1986) have estimated focal depths of 10-13.4 km, but the depths are
based on incomplete datasets. There are two focal mechanisms near the Swedish border in
Lapland that are presented in the WSM database (Heidbach et al., 2008). A reverse
faulting event occurred at a depth of 5.4 km, whereas a strike-slip event has a depth of
15.8 km. The focal mechanisms for the events at the depths between 8 km and 12.5 km
around the Stuoragurra postglacial fault in Finnmark, northern Norway, show both reverse
and strike-slip faulting (Bungum and Lindholm, 1996). There is also one normal faulting
event that has taken place in Kuusamo at a depth of 14 km (Uski et al., 2003).
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Figure 4.1. Available fault plane solutions for earthquakes in Finland after Uski et al. (2003), Uski
(2007) (two events from 2007) and Uski et al. (2006) (composite solution for Anjalankoski earthquake
swarm 2003). Filled circles are the earthquakes that occurred in 1970-2000. Stars represent the
earthquakes associated with the focal mechanisms. Structural features are modified from Korsman et
al. (1997). (Figure modified from Uski et al., 2003)

4.2. Postglacial faults
Amidst the old fault and fracture zones in Finland and other parts of northern
Fennoscandia there are also indications of more recent bedrock movements. These
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postglacial faults (Fig. 4.2) formed when the ice receded after the latest glaciation and are
considered to represent reactivation of pre-existing structures (Kuivamäki et al., 1998;
Kukkonen et al., 2010). They are thrust faults thought to have been displaced by large
single earthquakes. According to Kuivamäki et al. (1998) the magnitudes of earthquakes
connected with PG-faults in Finnish Lapland are from 6.5 to 7.5. This estimation is based
on fault length and displacement. According to Lund and Schmidt (2011) there is still
reduced stability in a reverse stress field since the end of glaciation, but whether the PGfaults in Finland are still active remains a question (Kuivamäki et al., 1998; Kukkonen et
al., 2010). There is increased seismic activity around PG-faults in northern Sweden, but in
Finland there does not seem to be any clear connection between PG-faults and earthquake
epicenters.

Figure 4.2. Postglacial faults of northern Fennoscandia (thick lines), and successive ice-marginal lines
between ca. 10,000 and 9,000 BP (thin lines). The grey area is the highest shoreline of the Baltic.
(Kukkonen et al., 2010)
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5. Data and methods
5.1. Data
5.1.1. Stress data and plate motion models
The stress data used in this study is from the World Stress Map database (Heidbach et al.,
2008) and it is presented in section 3.1. In addition to the maximum horizontal stress
orientation (Fig. 3.1 and 3.3), the depth and stress magnitude data of some of the stress
indicators is used to calculate coefficients of internal friction. Various plate motion
models included in the UNAVCO Plate Motion Calculator (2012) are used to study the
direction of plate motion and its relation to the direction of maximum horizontal stress.
5.1.2. Lineaments
Lineaments are used as proxies for old faults, fractures and shear zones. There are several
bedrock datasets available for Finland with lineament data included. The most generalised
is the Bedrock Map of Finland 1:1 000 000 (Korsman et al., 1997) by the Geological
Survey of Finland (GTK). A more detailed dataset available for scientific use is the
Bedrock map 1:200 000 (GTK, 2009). According to the description it is “based on the
seamless bedrock map database (DigiKP) which is produced from the most relevant
bedrock maps in the database project during 2006-2009. The original map database is
composed of diverse scaled bedrock maps but it is generalised into the map scale of
approximately 1:200 000 which is the main product of the GTK's bedrock map database”
(PaITuli, 2013). A new unpublished structural interpretation by the GTK in the scale of
1:1 000 000 is provided for this study. Because of the lack of lineaments in the Bothnian
Bay area, a more generalised dataset of that area by Korja et al. (2011) is used as a
supplement. In order to evaluate the accuracy of the lineament data, the lineaments are
reviewed on top of aeromagnetic anomaly maps by the GTK. Details of the magnetic data
can be found in Korhonen (2005). The lineament datasets are presented in the Finnish
National Coordinate System (KKJ).
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Figure 5.1. A lineament interpretation by the Geological Survey of Finland (©GTK, 2013). The
kinematics are mostly interpreted based on ancient indicators and they do not represent present
movement. The lithological units in the background are from the Bedrock Map of Finland 1:1 000 000
(Korsman et al., 1997).
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5.1.3. Earthquake catalog
The earthquake data are from the FENCAT catalog (2013) by the Institute of Seismology
of the University of Helsinki. Earthquakes prior to 2010 are included. In the catalog the
epicenters are presented in WGS84 coordinates. In order to find out their location with
regards to the lineaments more accurately, a conversion to KKJ is made using the WGS84
to KKJ transformation (JHS153) found in ArcMap. The resulting change in location is,
however, only around 190 m at most. That is significantly less than the margin of error
involved in locating the earthquakes, which is a few kilometers on average (Korja et al.,
2011).

5.2. Methods
5.2.1. Determining the direction of maximum horizontal stress
The plate motion azimuths of Eurasia relative to North America are calculated with the
UNAVCO Plate Motion Calculator (2012). The azimuth averaged over 11 different plate
motion models published since 1998 is around 119° for southernmost Finland and around
128° in northern Lapland. The standard deviation for both average azimuth values is ~4°,
so the azimuth of plate motion of Finland relative to North America likely falls
somewhere between 115° and 132° and it increases from south to north.
The motion of Eurasia relative to the African plate is in the NW-SE direction according to
nine of the plate motion models. Some of the newer models consider the African plate to
consist of several parts, in which case the motion considered here is relative to the Nubian
plate. For the nine models the plate motions relative to North America and Africa can be
combined using the north and east components of the plate velocity vectors. The velocity
vectors are calculated with the UNAVCO Plate Motion Calculator (2012). With simple
vector additions and trigonometry, we get an average azimuth of ~126° for southern
Finland and ~134° for northernmost Finland for the combined motion relative to the two
major neighbouring plates. However, the true effect of the convergence between Europe
and Africa on the stress direction is hard to determine due to the complicated kinematics
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along the plate boundary (e.g. Mantovani et al., 2007) and the large distance between
Fennoscandia and the African plate.
Statistical analysis of the WSM azimuth values shows a similar orientation for the
maximum horizontal stress. As mentioned before, the orientation seems to be NW-SE
according to the histograms presented in Fig. 3.3. The median for all the azimuth values
in Finland (N=63) is 115°. Because the distribution of the values is multimodal, a simple
average value does not represent the dominating stress direction. However, 41 out of 63
(65%) stress indicators have an azimuth value between 90° and 180°. In order to estimate
the average direction a weighted mean is calculated. The formula for a weighted mean is

(5.1)

=
and the weighted standard deviation is given by

=

(

(

)

)

(5.2)

The observations are weighted by their quality as done in Heidbach et al. (2008), which
gives the weights wi = 1/15 for quality 'A', wi = 1/20 for quality 'B', wi = 1/25 for quality
'C' and wi = 1/40 for quality 'D'. By only including the values between 90° and 180° a
weighted mean value of xw

127.0° is obtained (Eq. 5.1). The standard deviation for the

weighted mean is 18.3° (Eq. 5.2).
Taking into account both the plate motion calculations and the average stress direction in
Finland, an interval of 115º to 135º is estimated for the azimuth of maximum horizontal
stress. If the direction of the stress field is considered to follow the plate motion, then the
azimuth increases from south to north.
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5.2.2. Determining lineament orientations and lengths

In order to get the orientation of the lineaments as an angle from north, the datasets are
projected to the Mercator coordinate system, in which the meridians are all straight and
oriented N-S. Because of this, all straight lines in a Mercator projection have a constant
angle with respect to north. The lineaments are split into segments at their vertices, which
are considered to represent bends that hinder slip along the fault. The splitting is done
using the 'Split Line at Vertices' tool in ArcMap 10.1. The tool splits the line whenever
there is a change in direction, which is why the angle between the segments can be
negligible in reality. This means that two or more segments could in theory move together
as one longer fault. Leaving some vertices unsplit based on angular constraints, however,
is not currently possible in ArcMap.
The azimuth values for the split line segments are calculated using the 'X' and 'Y'
coordinates of the starting (x1, y1) and ending points (x2, y2) of the segments. The
following formula is used:

(5.3)

= 180° + arctan

The formula gives a positive value for the azimuth regardless of the direction the line is
drawn in. If we think of the unit circle, the tangent gets a negative value in the second and
fourth quadrants and the arctan values fall in the range of -180º-180º. However, since the
period of tangent is 180º we can add 180º to the arctan value and still get the same
azimuth direction. In this way all the values are positive (0º-360º) and clockwise from
north. 180º is subtracted from all the values between 180º and 360º, so that the azimuth
only varies between 0º and 180º and statistical methods can easily be applied.
The Python code used for the azimuth calculation is
180 +
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(5.4)
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The direction of maximum horizontal stress ( H) is estimated to be between 115º and 135º
in Finland based on the calculations in section 5.2.1. This means that if the optimal
faulting directions are as described in section 2.4, lineaments optimal for reverse faulting
strike perpendicular to

H,

that is 25º-45º from north. Normal faulting would occur when

the strike azimuth is 115º-135º given that the maximum principal stress is vertical.
Transfer faults occur in the same direction. If strike-slip (SS) faulting occurs in conjugate
sets of pure shear (30º to

H,

if the coefficient of internal friction is ~0.6) the dextral SS

faults strike 85º-105º from north, and sinistral SS faults 145º-165º from north. Single SS
faults without conjugate pairs are considered to act according to simple shear (Sylvester,
1988). Their orientation also depends on the coefficient of internal friction. A low value
(0.2) is chosen in order to include all possible faulting directions and pre-existing
fractures with fault gouge (Sauber et al., 2000). By using the equations in section 2.2 we
get an angle of 40º to

H.

Dextral SS faults are thus oriented 75º-95º from north and

sinistral SS faults 155º-175º from north. As can be seen, the azimuth intervals for pure
shear and simple shear SS faulting overlap by ten degrees. The different azimuth direction
categories (Fig. 5.2) are presented with colours so that the overall trend of faulting can be
seen. After the azimuth values have been calculated the lineaments are projected back to
KKJ coordinates for the calculation of segment lengths.

Figure 5.2. Azimuth intervals of the optimal orientation categories.
stress.

H

is the maximum horizontal
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The lineaments by GTK (2013) are compared to the dyke layer of the Bedrock map of
Finland 1:1 000 000 (Korsman et al., 1997) and the lineaments that follow dykes are
removed, because those fractures are considered to be sealed. The lineaments that are
labeled as thrust faults in the bedrock maps of scales 1:1 000 000 and 1:200 000 (GTK,
2009) are moved to another layer, because they are mostly old Precambrian overthrusts
that are considered non-active as faults. The remaining long lineament segments are
reviewed on top of aeromagnetic anomaly maps (GTK).
5.2.3. Maximum earthquake magnitude calculations
The regressions employed for maximum magnitude estimations are by Wells and
Coppersmith (1994) (Table 2.1). Because there are no width estimates for the lineaments,
the regressions for rupture width and rupture area cannot be used. There are two
regressions for rupture length:
= 5.08 + 1.16 log(

)

(5.5)

)

(5.6)

for length at the surface (std = 0.28) and
= 4.38 + 1.49 log(

for subsurface rupture length (std = 0.26), which is assumed to be longer due to the radial
spreading of energy from an earthquake. Because the lineaments are mostly drawn based
on airborne geophysical data, they are not strictly surface traces of fractures. Their depth
extent, however, is not known either, so theoretically they could be longer deeper in the
crust. This is not possible, of course, for fractures that terminate against other fractures or
bends. Because of these uncertainties, both of the regressions are considered.
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5.2.4. Calculating coefficients of internal friction
According to Lund and Schmidt (2011), if frictional equilibrium of pre-existing, optimally
oriented zones of weakness is assumed, then the following equation applies:

=
Here

1 and

3

+1+

(5.7)

are the maximum and minimum principal stresses, P is pore pressure and µ

is the coefficient of internal friction. If the stresses are known and pore pressure is
assumed to be hydrostatic, µ can be solved. If we denote

=

(5.8)

then
+1+

=

(5.9)

and
(
Hydrostatic pore pressure is P =

wgd,

+ 1)( + 1)
2

where

w

(5.10)

is the density of water, g is gravitational

acceleration and d is depth below a free water surface.
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6. Results
6.1. Lineament orientations and lengths
The azimuth frequency distribution for all the line segments in the lineament dataset
(GTK, 2013) is presented in Fig. 6.1. There is a clear peak in the distribution somewhere
between 125º and 140º. This is subparallel to the direction determined for the maximum
horizontal stress. The frequency is also quite high in the direction optimal for sinistral
simple shear strike-slip faulting (160º-180º). The azimuth distribution for line segments
longer than 3 km is presented in Fig. 6.2. As can be seen, the overall trend remains the
same regardless of segment length.

Figure 6.1. The frequency distribution of the azimuth directions in a Finnish lineament dataset.

Figure 6.2. The azimuth distribution of lineament segments longer than 3 km.
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The lengths of straight segments are presented in Fig. 6.3. The longest segments are more
than 15 km in length and over 2000 segments are longer than 3 km. Some of the longer
segments were reviewed on top of aeromagnetic anomaly maps by the GTK for the
purpose of finding their true lengths, but in the end they could not be edited further with
sufficient accuracy. However, the longest optimally oriented lineament in the Bothnian
Bay, which is around 18 km in length, seems to be drawn straighter than aeromagnetic
data would imply. The longest potentially straight segments are around 15 km in length.
Before the splitting, the longest approximately linear features in the dataset were > 100
km.

Figure 6.3. Lengths of the lineament segments. Colours represent optimal faulting directions:
perpendicular to H (purple), parallel to H (blue), 30º to H (pink and light green) and 40º to H (red
and dark green).

6.2. Magnitude estimates based on lineaments
According to the regressions by Wells and Coppersmith (1994) (equations 5.5 and 5.6) a
likely earthquake magnitude for an active fault of 15 km would be 6.4 in case of a surface
rupture length or 6.1 in case of a subsurface rupture length. The maximum value would of
course be even higher (~7 for a surface rupture of that length). An earthquake of this size
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has a very low probability in Finland where the largest event in recorded history has been
around magnitude 5 (Ahjos and Uski, 1992). It seems likely that actual fault lengths fall
well below 15 km and the dataset used is far too coarse. However, the long lineament
segments are also present in the dataset from the Bedrock map of Finland 1:200 000
(GTK, 2009), which has been generalised from diverse scaled bedrock maps.

6.3. Orientation of lineaments with respect to the maximum horizontal
stress
In Fig. 6.4 the orientation of the lineament segments in the lineament dataset (GTK, 2013)
is presented as the horizontal angle to the direction of the maximum horizontal stress
(115º-135º). Purple segments are perpendicular to

H

H

and could be activated as reverse or

thrust faults in a reverse stress field ( H> h> v), especially in the present state of
postglacial rebound (Lund et al, 2009; Lund and Schmidt, 2011). Blue segments are
subparallel to the direction of

H.

They could be activated as transfer faults in a reverse

faulting regime or as normal faults in the case of a normal faulting regime (

1

v).

Red

and green segments could be activated as strike-slip faults in a strike-slip stress field,
provided that they are close to vertical. For the sake of comparison, the lineament dataset
from the Bedrock map 1:200 000 is presented in the same manner in Fig. 6.5. It varies in
scale depending on the area due to being generalised from diverse scaled bedrock maps,
which makes the map somewhat misleading. Some areas seem to have a high number of
lineaments while others have none, which of course is not the case in reality. The larger
features, however, are the same in both datasets.
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Figure 6.4. Orientation of the lineament segments in the dataset provided by GTK (2013). Lineaments
in the Gulf of Bothnia are by Korja et al. (2011) and lineaments in south-eastern Finland are by Uski et
al. (2006). Colours represent the horizontal angle to the maximum horizontal stress ( H). The black
lines are old thrust faults.
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Figure 6.5. Orientation of lineament segments in the dataset from Bedrock map 1:200 000 (GTK,
2009). Colours represent the horizontal angle to the maximum horizontal stress ( H).
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6.4. Lineament orientations and seismicity
In figures 6.6 and 6.7 the lineaments (GTK, 2013; Korja et al., 2011; Uski et al., 2006) are
shown together with earthquake epicenters and magnitudes (FENCAT, 2013). There are
no apparent regional variations in the magnitude of earthquakes in Finland, so no relations
between lineament orientation and magnitude can be found. There are, however, clear
regional variations in the number of earthquakes. The earthquakes are most numerous in
the tectonically complex Kuusamo area in the eastern part of Northern Ostrobothnia. In
Kuusamo the earthquakes are located near lineaments of all optimal orientations (Fig. 6.6)
and they occur at all depths (see section 6.5). There are areas of high seismicity in western
Lapland as well. The seismicity in those areas is linked to a reverse and transfer faulting
system (purple and blue lines in Fig. 6.6). However, further north in the ‘arm of Finland’
the faulting method is harder to determine based on the lineament datasets available.
In southern Finland the only earthquake clusters are in the rapakivi area of the southeast
(Fig. 6.7). The composite fault plane solution for the Anjalankoski earthquakes (Uski et
al., 2006) indicates reverse faulting. Only one of the nearest lineaments is oriented
optimally for reverse faulting if the direction of maximum horizontal stress is oriented
115° to 135° from north. However, many are oriented within 10° of the optimal direction.
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Figure 6.6. Lineaments and seismicity in northern Finland. Earthquakes are from the FENCAT catalog
(2013) and lineaments are modified from datasets by GTK (2013) and Korja et al. (2011) (Gulf of
Bothnia). Colours represent the horizontal angle to the maximum horizontal stress ( H).
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Figure 6.7. Lineaments and seismicity in southern Finland. Earthquakes are from the FENCAT catalog
(2013) and lineaments are modified from datasets by GTK (2013), Korja et al. (2011) and Uski et al.
(2006). Colours represent the horizontal angle to the maximum horizontal stress ( H).
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6.5. Lineament orientations and focal depths of earthquakes
The earthquakes from the FENCAT catalogue (2013) are grouped into three categories
based on focal depth. Earthquakes with a reported depth of 0 km are left out, because
most of those earthquakes have been located by the University of Bergen, Norway, and
the depth is actually unknown. The rest of the earthquakes are in depth (z) categories of 0
km < z

5 km, 5 km < z < 15 km, and z

15 km (Fig. 6.8). The accuracy of the reported

depths varies a lot, however, and it is difficult to determine due to differences in the
number, distance and quality of the seismograph stations recording each earthquake. All
the earthquakes in southern Finland have a reported depth of less than 15 km, except for
one. There are some deeper earthquakes in the Gulf of Bothnia, however, and along the
coast of Sweden. Most of the deeper earthquakes in Finland are situated in the Kuusamo
area with some also in western Lapland (Fig 6.8c). The shallow earthquakes (depth

5

km) are scattered around most of Finland and seem to form swarms only in the rapakivi
area of south-eastern Finland and in western Finnish Lapland (Fig 6.8a). Earthquakes in
the middle category are the most numerous and they form clear zones in all of northern
Fennoscandia (Fig 6.8b). In Norway and Sweden, the zones are situated around
postglacial faults (Kuivamäki et al., 1998; Kukkonen et al., 2010), but in Finland the
connection is less clear.
The earthquake depth categories are compared with the lineament orientation categories
in figures 6.9 to 6.12. In the southern part of Finland the earthquakes seem to be mostly
located near lineaments oriented in the directions optimal for reverse or normal/transfer
faulting (Fig. 6.9). The lineaments oriented optimally for strike-slipe faulting do not
correlate quite as well with earthquake locations, except in Northern Ostrobothnia and the
southernmost tip of Finland (Fig. 6.10). This would imply a reverse faulting regime in
most of southern Finland. In northern Finland the shallow and mid-depth earthquakes are
also located near lineaments optimally oriented for a reverse regime (Fig. 6.11), whereas
the epicentres of deeper earthquakes correlate more with lineaments optimal for strikeslip faulting (Fig. 6.12). There are many earthquakes, however, that are not located close
to any of the lineaments in the new structural interpretation by GTK (2013). Lineaments
related to those earthquakes could perhaps be found in smaller scale bedrock maps.
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Figure 6.8. Seismicity at different depths in the crust. Earthquakes are from the FENCAT catalog
(2013) and occurred before 1971 (red, orange and pink) and between 1971 and 2009 (blue, teal and
green). Focal depths (z) are: a) 0 km < z 5 km, b) 5 km < z < 15 km and c) z 15 km. d) Lineaments
and their orientation relative to the maximum horizontal stress. Colour scheme for the lineaments is the
same as in Fig. 6.5.
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Figure 6.9. Lineaments in southern Finland oriented in the direction of maximum horizontal stress
(yellow) and optimally for reverse faulting (purple) with all the earthquakes before 2010 (FENCAT,
2013). Shown are instrumental (blue) and historical (red) earthquakes with a depth of max. 5 km,
instrumental (teal) and historical (orange) earthquakes with a depth between 5 km and 15 km, and
instrumental (light green) and historical (pink) earthquakes with a depth of min. 15 km.
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Figure 6.10. Lineaments oriented optimally for strike-slip faulting (brown) in southern Finland with
all the earthquakes before 2010 (FENCAT, 2013). Shown are instrumental (blue) and historical (red)
earthquakes with a depth of max. 5 km, instrumental (teal) and historical (orange) earthquakes with a
depth between 5 km and 15 km, and instrumental (light green) and historical (pink) earthquakes with a
depth of min. 15 km.
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Figure 6.11. Lineaments in northern Finland oriented in the direction of maximum horizontal stress
(yellow) and optimally for reverse faulting (purple) with earthquakes of focal depth <15 km.
Earthquakes are from FENCAT (2013). Shown are instrumental (blue) and historical (red) earthquakes
with a depth of max. 5 km, and instrumental (teal) and historical (orange) earthquakes with a depth
between 5 and 15 km.
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Figure 6.12. Lineaments oriented optimally for strike-slip faulting (brown) in northern Finland with
earthquakes of focal depth >5 km (FENCAT, 2013). Shown are instrumental (teal) and historical
(orange) earthquakes with a depth between 5 km and 15 km, and instrumental (light green) and
historical (pink) earthquakes with a depth of min. 15 km.
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6.6. Coefficients of internal friction
In order to find out the optimal faulting direction in more detail, some coefficient of
internal friction calculations were made based on stress indicators from the World Stress
Map database (Heidbach et al., 2008) as well as a stress model for Olkiluoto (Posiva Oy,
2009). The Olkiluoto in situ stress model is based on various kinds of stress
measurements conducted on several occasions. There are only four indicators in the WSM
with all three principal stress magnitudes presented. The values are maximum stress
magnitudes (measured at greatest depth) and no uncertainties are given for them in the
database. In the Olkiluoto stress model, the stresses presented are
approximated that

H,

h

and

v

H,

h

and

v.

It is

coincide with the three principal stresses. Model mean

values are used. The equations (Eq. 5.7-5.10) used for the calculations are presented in
section 5.2.4, and the results are shown in Table 6.1. The coefficients seem to be quite
high near the surface, which would mean a smaller than average angle to the maximum
principal stress for potentially active fractures. Further down the coefficients are near the
average of 0.6, and at nearly 1 km depth in Olkiluoto the coefficient would be 0.4, which
is quite low and would cause fracturing to happen at a 34º angle to

1.

The stress regime

has also turned into strike-slip ( v= 2). Coefficients of internal friction calculated based on
the lower and upper limits of the Olkiluoto model only deviate slightly ( 0.07) from the
mean value. Unfortunately there are no data available for the larger depths where most of
the earthquakes occur.
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Table 6.1. Magnitudes of stress components ( 1,
friction (µ) at different locations in Finland.
Stress

Method

Location

indicator

Depth

1

2

and

2

3)

and coefficients of internal

3

P

(km)

(MPa)

(MPa)

(MPa)

(MPa)

µ

angle
to

1 (º)

FIN11

OC

Otanmäki

0.60

40

25

16

5.89

0.64

28.6

FIN12

OC

Pyhäsalmi

0.42

96.8

46.5

37.4

4.12

0.53

30.9

FIN20

HF

Lavia

0.35

47.2

26.4

12.9

3.43

0.84

24.9

FIN21

OC

Siilinjärvi

0.07

29.1

15.4

7.2

0.69

0.80

25.6

2.94

0.74

26.7

8.83

0.41

33.9

H

Model

Various

Olkiluoto

0.30

0-0.3 km
Model
0.3-0.9 km

Various

Olkiluoto

0.90

h

v

22.6

14.0

7.95

(±4.0)

(±3.0)

(±0.8)

40.6

23.0

23.9

(±6.0)

(±4.0)

(±2.4)

Stress indicators FIN11, FIN12, FIN20 and FIN21 are from the World Stress Map database (Heidbach et al.,
2008). OC = overcoring and HF = hydraulic fracturing. 1, 2 and 3 are the magnitudes of the three
principal stresses, P is hydrostatic pore pressure and µ is the coefficient of internal friction. The Olkiluoto
stress values are calculated based on the bi-linear model in the Olkiluoto site description (Posiva Oy, 2009).
Lower and upper limits of the model are in brackets.
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7. Discussion and conclusions
The purpose of this study was to make maximum magnitude estimations based on fault
dimensions. To limit the number of faults to be studied, the lineaments most likely to be
reactivated needed to be found. In order to do that, the stress field in Finland was looked
into through available stress data (Heidbach et al., 2008) as well as plate motion of
Eurasia relative to North America and Africa (UNAVCO Plate Motion Calculator, 2012).
An azimuth interval of 115º to 135º was estimated for the direction of the maximum
horizontal stress. The lineaments were then split into straight segments and the azimuths
of the segments were calculated. Orientation categories were made based on angle to the
maximum horizontal stress. The categories are considered to represent optimal
orientations for faulting based on faulting mechanism. Due to the large azimuth interval
for the maximum horizontal stress, most of the lineament segments fell into one of the
optimal orientation categories. By presenting the lineaments in each category with a
different colour, areas of different types of faulting could be visualised (Fig. 6.4 and 6.5).
Segment lengths were also calculated. However, it became obvious during the course of
the study that the lineament datasets available are too coarse for reliable estimates of fault
lengths in Finland (see chap. 6.1 and 6.2) and that they could not be edited further based
on available airborne geophysical data. Many of the lineaments are likely to be wide
zones of weakness consisting of various smaller structures rather than single faults. That
means that going down in scale would considerably decrease the lengths of potential
faults. It also remains a problem whether regressions between earthquake magnitude and
fault dimensions, such as those by Wells and Coppersmith (1994), can be applied to
sealed and non-active faults. If the regressions are applied without further questioning to
the longest straight lineament segments (~15 km) in the datasets by GTK (2009, 2013),
then a maximum magnitude value of around 7 is acquired. If the lineaments were not cut
into straight segments, then the longest approximately linear structures would have been
more than 100 km in length resulting in maximum magnitude values close to 8. In
Finland, where the largest known earthquake is around magnitude 5, an earthquake of
even magnitude 7 has a very low probability of occurring. However, earthquakes of that
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size may have occurred after the latest glaciation displacing the postglacial faults of
northern Finland (chap. 4.2). As has become apparent recently, sealed faults can also be
activated by humans through fluid-injection (Horton, 2012; Ellsworth, 2013; Keranen et
al., 2013). In order to determine the correct maximum magnitude based on fault
dimensions a study would have to be made using the smallest scale bedrock maps
available, which is not possible in the scope of this study. Furthermore, the lineaments
should not be confused for active faults. They are just potential faults that could be
activated in the right conditions.
Some coefficients of internal friction were also calculated based on available stress
magnitudes by assuming frictional equilibrium of pre-existing optimally oriented zones of
weakness. The data were scarce but it appears as though near the surface the coefficients
are quite high (0.7-0.8) resulting in fracturing at an angle of as low as 25º to the maximum
principal stress. Slightly deeper the coefficients decrease down to 0.4. Unfortunately there
are no data in all three principal stress directions for seismically active depths. That is
because stress measurements are only carried out at shallow depths.
Lineament orientations were also compared with earthquake data. This was difficult due
to uncertainties in the precise location of the epicenters. However, one of the most
seismically active areas in western Lapland can clearly be linked to a reverse and transfer
faulting system (Fig. 6.6). Reverse and transfer faulting seems to actually be the cause of
most of the earthquakes in Finland, especially the shallow ones (depth
and 6.5). Deeper earthquakes (depth

5 km) (chap. 4.1

15 km) seem to occur closer to lineaments oriented

optimally for strike-slip faulting (Fig. 6.12), whereas mid-depth earthquakes (5 km <
depth < 15km) are located in the vicinity of lineaments oriented in all optimal directions
(Fig. 6.9-6.12).
New insight into lineaments in Finland and their relation to the stress field has been
presented in this study. The differently visualised lineament orientation and seismicity
maps will hopefully prove useful in further studies concerning the present structural
framework of the Finnish crust. In order to make reliable estimates of maximum
earthquake magnitude based on fault length in Finland, faults should be studied in greater
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detail. That cannot be done based on geophysical and topographical data alone, which
often involves a great deal of subjective interpretation. Finding out the true earthquake
potential of the Finnish crust will surely be necessary especially now that human-induced
earthquakes have become a common concern in plate interiors.
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