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Abstract

This thesis deals with the analysis of the rheological structure and tectonic modelling of the
Fennoscandian Shield. First, a short introduction to the geology and geophysics of the Fennoscandian
Shield is presented followed by a description of rheological concepts. Second, the applied modelling
procedures, together with the sources of error are explained. Last a brief summary of each original
paper including conclusions is given.

Understanding rheological conditions through the entire lithosphere and even deeper is the key for
understanding the deformation of the earth's interior. Thus, investigating the rheological structure and
possible consequences resulting from tectonic loading are required to some extent when interpreting
geophysical data into tectonic models.

In this thesis rheological structure is obtained by calculating rheological strength in different
locations of the central Fennoscandian Shield. These locations are mainly situated along different
deep seismic sounding (DSS) profiles as they provide necessary geophysical information required for
model construction. Modelling begins by solving the thermal structure in the lithosphere, as
rheological behaviour, mainly ductile flow is strongly controlled by temperature. Results from these
calculations show that the rheological structure of the lithosphere depends on the thermal conditions
resulting in significant areal variations. Generally, the central Fennoscandian Shield can be
considered to be rheologically rather strong. Rheologically weak layers are however usually found in
the lower crust. Correlation of the rheological structure with earthquake focal depth data shows that
brittle fracture is the relevant mechanism in the earthquake generation and that non-occurrence of
deep earthquakes implies low stress or high strength conditions deeper in the crust.

Calculated rheological structure is furthermore used as a material parameter in the structural
models which are solved next. These results suggest that it is highly unlikely that any considerable
ductile deformation in the crust of the central Fennoscandian Shield exists and it seems that the
present-day thermal and mechanical conditions in the investigated area do not favour such processes
in significant amounts.

Keywords: finite-element method, rheological strength
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1 Introduction

During the last decades numerical modelling has been a useful and a powerful tool used
in geophysical investigations. In the early years numerical methods, e.g., finite element
and finite difference methods were commonly used for solving partial differential
equations in engineering applications. Soon after, geophysicists realised the usefulness of
these methods, e.g., in solving electromagnetic problems such methods have been widely
used for over 30 years. The most severe limitations in those days came mostly from
computer hardware, which were primitive in the sense of application runtimes. As
computer capabilities have since developed rapidly, this limitation has more or less
vanished. At present it is possible to solve more and more complicated and larger
numerical models in a shorter time frame. This has widened the possibilities of numerical
methods to apply to all areas of geophysics. Geodynamical modelling of tectonic
problems is one of the latest applications in geophysical and geological research. Thin-
sheet modelling of large-scale stress fields, basin formation and subduction zone
modelling are some of the tectonic cases where numerical methods have been used
successfully. Rheology, describing how material deforms, is one of the most important
aspects to consider when studying geodynamic processes. It was originally defined as the
study of flow, but in geosciences it is used when discussing rock deformation
mechanisms. Viscous flow, elasticity, fracture and creep mechanisms are the deformation
modes that describe most of the rheological behaviour in the earth.

This thesis is based on this summary and five separate papers where thermal,
rheological and tectonic, i.e., structural modelling has been applied. The main purpose
has been to investigate thermal and rheological structure together with analysing the
possible state of stress and deformation in the Fennoscandian Shield. First, the research
area is reviewed with known geophysical conditions together with the geological setting.
The next chapter discusses how rheology is defined, explaining the most important
deformation mechanisms and commonly used rheological equations, followed by
chapters describing the modelling methods and error sources. Last, a brief summary of
each original paper is given together with conclusions.



2 The Fennoscandian Shield: geology and geophysics

The Fennoscandian Shield, surrounded by the Caledonides in the west and young
Phanerozoic sediments in the south, can be divided into three domains: the Archaean, the
Svecofennian and the Scandinavian (Gaal & Gorbatschev 1987). Our studies have mostly
concentrated on the Svecofennian and the Archaean domains. The oldest Archaean
domain occupies the eastern part of the Shield and was formed during the Saamian
(3.1-2.9 Ga) and the Lopian (2.8-2.6 Ga) orogenic events. The youngest Scandinavian
domain occupies a relatively small area in the southwest and was formed during the
Gothian event (1.75—-1.5 Ga). The Svecofennian domain occupies the rest of the Shield
and was formed by an accretional type orogeny, called the Svecofennian, by deformation
and high-grade metamorphism and by extensive crustal melting during the period of
1.9-1.55 Ga (Windley 1992). It is believed to have been a collision between the Archaean
Karelian craton and a Palaeoproterozoic island arc complex which produced large
amounts of juvenile mantle derived crust in subduction like processes (Huhma 1986).
The Lake Ladoga-Bothnian Bay zone (LLBB) is a boundary between the Archaean and
the Proterozoic areas. This boundary has always been the focus of great geological and
geophysical interest due to sulphidic ores found in it.

Geophysical investigations have been carried out quite intensively not only in the
vicinity of the LLBB zone but also in the whole of the Fennoscandian Shield. Seismic,
electromagnetic, thermal and gravity investigations have been conducted to study the
large-scale deep structures, to say nothing of the experiments done for economic
purposes. Geophysical investigations are a vital source of data needed in rheological and
geodynamical calculations. They also provide valuable information as reference data for
comparing calculated models with in-situ data.

Seismic studies include, for example, the deep seismic sounding (DSS) profiles
FENNOLORA (e.g., Guggisberg et al. 1991), BALTIC (Luosto et al. 1985, 1990),
Sovetsk-Kohtla-Jarve (SKJ) profile (Sharov et al. 1989), SVEKA (Grad & Luosto 1987,
Luosto et al. 1994, Yliniemi et al. 1996), BABEL (BABEL Working Group 1993a,
1993b, Korja & Heikkinen 1995), POLAR (Luosto et al. 1989, Luosto 1991), FENNIA
(FENNIA Working Group 1996), Pechenga-Kovdor-Kostomuksha (Azbel et al. 1989)
and the quarry blasts profiles in the central part of Finland (Yliniemi 1991). Seismic
tomography research for the central Fennoscandian Shield, i.e. the SVEKALAPKO
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project, was accomplished in the late 1990’s with 143 seismic stations deployed in an
array of 1000 km by 900 km. That study focused on the deep structure of the lithosphere-
asthenosphere system up to the depth of 400 km (Sandoval et al. 2003, 2004).

Geothermal research has been carried out quite intensively in the Fennoscandian
Shield, especially in Finland. Thermal data and numerous modelling results have been
presented, e.g., by Puranen and co-authors (1968), Jarvimiki and Puranen (1979),
Kukkonen (1988, 1989, 1993, 1994, 1995, 1996, 1998), Pasquale and co-authors (1991),
Cermaék and co-authors (1993), Kukkonen and Joeleht (1996) and Jokinen and Kukkonen
(2000). Also, studies for evaluating crustal heat production in the Fennoscandian Shield
have given valuable input data for thermal models (Kukkonen 1989, 1998, Joeleht &
Kukkonen 1998, Kukkonen & Lahtinen 2001).

Gravity investigations of Puranen and co-authors (1978), Léhde (1985), Elo and Korja
(1993), and Elo (1997) provide important information about the density of the rocks in
the Fennoscandian Shield. The deep geoelectric structure is best resolved with
magnetotelluric studies. For the Fennoscandian Shield, these results are presented by
Adam and co-authors (1982), Hjelt and Korja (1993), Kaikkonen and co-authors (1983),
Korja and Koivukoski (1990, 1994), Korja and Hjelt (1993), Korja and co-authors (1993)
and Korja (1997).

Earthquake activity in Finland is generally quite low and the magnitudes of the
earthquakes are relatively small, usually a local magnitude (M) of around 2. However,
analyses of these events provide valuable data in the form of focal depths. These data
give indications about rheological conditions in the crust and can be used for verifying
rheological models (Ahjos & Uski 1991, 1992). Analyses of the earthquake source
mechanism provide information about the tectonic setting in the vicinity of the event.
Fault plane solutions for some of the Finnish earthquakes are presented in Uski et al.
(2003). The number of these solutions is quite low due to the sparse coverage of seismic
stations and the small magnitudes of earthquakes in Finland, but lately improvements
have been made in the upgrading of seismic station instruments and station coverage and
also fault plane solution techniques (Uski et al. 2003). Also, geodetic observations (Chen
1991, Kakkuri 1997) provide necessary information for understanding the existing stress
conditions in the Fennoscandian Shield.



3 Rheology

3.1 Basic concepts

In geology and geophysics the term rheology refers to the study of mechanical properties
and their role in the deformation and the flow of the materials that form the Earth. We can
describe the Earth’s rheology mathematically in many ways, but it is always a function of
intrinsic, i.e., material parameters, and extrinsic, i.e., environmental parameters. Basic
rheological equations describing deformation are called constitutive equations, which
relate stress and strain. The stress is a result of the force acting on a surface surrounding
or within a body, and comprises both the force and the reaction of the material on the
other side of the surface (Park 1989). The state of the stress at a point can be expressed by
the stress tensor, which has nine components. Stresses cause solids to deform, i.e.,
stresses produce changes in the distances separating neighbouring small elements of
solids. The amount of deformation of a body is expressed by strain. Strain is the change
in size and shape of a body resulting from the action of an applied stress field.
Constitutive equations are usually derived empirically in laboratory conditions. Many
earlier calculations were based on an approach where materials were assumed to behave
elastically. It is still a valid assumption in many cases, €.g., in thin sheet modelling.

3.2 Deformation mechanisms

Hooke’s law describes elastic behaviour, where the stress is linearly proportional to the
strain. Characteristic for the elasticity is an instantaneous and total recovery of the
deformation upon application and removal of a load, respectively. Quite often upper
crustal rocks residing in low temperature and pressure show elastic behaviour. Also,
seismic waves can be treated as elastic phenomena.

In rheology the term solid refers to a material that does not yield if the stress is below
a certain threshold value whereas a material that shows the steady-state flow under a
constant stress is called a fluid. If material is behaving like a fluid different constitutive
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equations must be used. The characteristic material parameter for a fluid is viscosity,
which is a measure of the resistance of a fluid to flow. The term creep refers to a very
slow flow under a constant stress, i.c., the materials that are creeping can actually be
considered as fluids over a long time scale. In geodynamics, viscous behaviour is often
applied for modelling the deformation of the mantle. Either the Newtonian or the non-
Newtonian description can be used. Newtonian fluid has a linear relationship between the
strain rate and the stress whereas the non-Newtonian fluid has a non-linear, quite often a
power-law dependence, where the strain rate is proportional to the nth power of the
stress. The latter is assumed to be very common at high temperatures. In addition,
between elastic and viscous deformation a stage of a transient, i.c., time dependent flow,
can exist. Combinations of these three phases can be modelled with analogue models like
the Maxwell’s viscoelastic body and the Burgers general linear body (see e.g., Mase
1970, Ranalli 1995).

Failure of material takes place when permanent deformation occurs. Material fails
when deviatoric stress reaches a certain critical value called the yield strength or the yield
stress. Failure can occur as discontinuous deformation, i.e., fracturing or continuous
irrecoverable deformation, i.e., plastic flow (Ranalli 1995). Material that fails by
fracturing is called brittle and material that fails by a plastic flow is termed ductile.
Yielded flow and fluid flow can be considered similar, with the exception that the former
flow occurs only when the yield stress is reached. Earthquakes, faulting and folding are
thought to be examples of fracturing and plastic flow, which thus have a major role in
geodynamics, especially in the upper lithosphere.

3.2.1 Brittle deformation

The upper lithosphere can be considered to have pre-existing fracture planes, faults,
present. Brittle failure resulting from sliding along these fracture planes can be described
using Amonton’s law (Turcotte & Schubert 1982). The coefficient of friction is used as a
measure of a resistance to sliding. It is expressed with shear stress and normal stress with
the consequence that the shear stress required for sliding increases with increasing normal
stress. Perhaps a more common mechanism of brittle failure in the upper lithosphere is
shear fracture. This is often described using the Navier-Coulomb criterion (Scholz 1990,
Ranalli 1995), which states that fractures occur across the plane where the shear stress
first reaches a value dependent on the material parameters and on the normal stress. This
failure criterion resembles Amonton’s law but it refers to the formation of a new fracture
plane in contrast to failure along pre-existing planes. Another difference is that the
coefficient of internal friction is used as a measure for the increase in shear strength
caused by the increase in normal stress. The Navier-Coulomb criterion is however also
valid for sliding along pre-existing cracks as the cohesion, i.e., inherent shear strength of
the rock is negligible compared to the cohesion of the solid rock. Also, if the coefficient
of internal friction is replaced by sliding friction, the relation is reduced to Amonton’s
law (Ranalli 1995).

Faulting is the result of shear fracture and sliding under stress. Combining Amonton’s
law and the Navier-Coulomb criterion, we can derive a widely used relation for
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describing brittle failure. This is often presented by Byerlee’s law, which can be written
in terms of the principal stress difference, lithostatic pressure and pore fluid pressure
(Sibson 1974, Ranalli 1995)

r_—l) normal fault
r
o, — oy =apgz(l— /1), where o =7 r-1, thrust fault (1)
r——l’ strike slip fault
1+ B(r-1)

andr:[(1+,u2)y2—,u]2, )

o, and o3 are the maximum and minimum principal stresses [Pa], respectively, p is the
density [kgm™], g is the gravitational acceleration [ms?], z is the depth [m], o is a
parameter depending on the faulting type, A is the hydrostatic pore fluid factor, [ is the
magnitude of the intermediate stress (between 0 and 1), and p is the sliding friction
coefficient. This relation strictly applies to sliding along pre-existing faults and to the
uppermost crust only. Shimada (1993) has concluded that, particularly for granites, a
change in fracture mechanism from a typical Navier-Coulomb type to a high-pressure
type takes place as pressure increases in the brittle regime. High pressure fracturing is not
so dependent on pressure and it decreases as the temperature increases. This implies that
the brittle zone should be divided into two different brittle regimes.

Brittle-ductile transition (BDT) is a regime in the lithosphere, above which rocks
exhibit brittle deformation and below which they fail by plastic (or ductile) flow. This
layer is probably gradual, where the deformation mechanism changes slowly. This zone is
quite often correlated with the maximum depth of crustal earthquakes, as the earthquakes
are assumed to be a consequence of brittle fracture. However, the real lower boundary of
crustal earthquakes is connected to changes in frictional behaviour in the fault zone from
stick-slip to stable sliding (from velocity weakening to velocity strengthening) (Scholz
1990). Correlation between the critical temperature and the BDT depth, together with a
known distribution of earthquake focal depths, can be used for analysis and verification
of the rheological models. This is why good and reliable earthquake data is valuable. The
critical temperature for a frictional behaviour change for granitic composition is between
300 and 400 °C (Scholz 1990, Blanpied et al. 1991). Fig. 1 shows the BDT depth, depth
of the critical temperature of 350 °C and the earthquake epicentres with focal depths
based on data from Paper 1. However, earthquake data in Fig.1 has been updated and it
covers the time from the beginning of 1965 until the end of January 2005.
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Fig. 1. The depth (km) distribution of the crustal brittle-ductile transition (BDT) (white
contour lines) on the contour map of the depth (km) of the 350 °C isotherm for the
compressional wet rheology. The percentage distribution of focal depths classified into three
groups is also shown in the figure. (updated from Paper I).



18

3.2.2 Ductile deformation

Ductile flow occurring in lithospheric rock is usually described using empirical
relationships, i.e., creep equations. These empirical relations are verified to lithospheric
conditions, which are usually beyond any laboratory limits, by microphysical models of
creep. The two most important classes of creep mechanism are diffusion creep and
dislocation creep (see e.g., Turcotte & Schubert 1982, Kirby 1983, Tsenn & Carter 1987,
Ranalli 1995). Diffusion creep results from the diffusion of atoms and crystal lattice
vacancies through the interior of crystal grains or along grain boundaries subjected to a
deviatoric stress. These are thermally activated processes and they exhibit a linear
relationship between stress and strain rate and they can be considered equivalent to
Newtonian fluid flow. Typically these mechanisms are connected to low stress regimes
but they are also grain size dependent. Low grain size (< 100 um) favours diffusion creep
which enables the existence of creep, for example in the shear zones.

In higher stress regimes the dislocation creep is often dominant although some amount
of diffusion creep can also be influential to the overall strain rate. Dislocation creep is a
result of a motion of dislocations in the crystal lattice structure. The dislocations are
defined as imperfections in the crystal structure with two basic end members, edge and
screw dislocations. Two principal classes are dislocation glide and dislocation climb.
These mechanisms are also thermally activated. For the dislocation glide, activation can
also be attained by an increase in stress. This means that there is a finite strength in the
rocks deforming in such a manner. Ductile creep occurs only when this critical value is
exceeded either by change in temperature and/or stress. At high temperatures creep is a
result of thermal activation only and the strength of the rock has vanished. Deformation
beyond this point is characterised by some viscous flow dependent on physical and the
mechanical conditions. Dislocation creep has an exponential dependence on temperature
and pressure with non-linear stress and strain rate relation in a power-law form.
Dislocation creep can be considered as equivalent to non-Newtonian flow if the required
activation level is exceeded.

Plastic flow is a result of failure in rocks. This is usually connected to the dislocation
glide creep. Ductile steady-state (constant rate of flow under constant stress) properties of
a material can be described by an empirical constitutive equation, i.e., the power-law
creep, which is dominant in high stress and temperature conditions. The ductile flow law
gives the stress difference necessary to maintain a given strain rate (Kirby 1983)

1
e n E
01_0'3:[A_J eXp[anTj’ 3)
p

where A, [Pa™s"], n and E, [Jmol™] are empirically determined material parameters for
the power-law, T is the temperature [K], R = 8.314 Jmol'K™' (universal gas constant) and
& is the strain rate [s™']. At higher stresses (>200 MPa) the power law breaks down into
the other strain rate-stress relationship (Tsenn & Carter 1987). For an olivine mineralogy,
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which is typical for conditions in mantle, this relation is well described by the Dorn law
(Goetze & Evans 1979)

1
)2
o~ 05 = op 1—(—?1{%}} , )
D D

where Ap [s"'] Ep [Jmol '] and op [Pa] are material parameters for the Dorn law.

The yield strength and the failure of material are affected by many intrinsic and
extrinsic parameters. Temperature and pressure have a major influence on how the
material fails. Increasing temperature has a strong effect on reducing the ductile strength
while increasing pressure has a major effect on increasing brittle strength. Also, the
presence of fluids (water, melts, gaseous phases) in the pore space of rocks drastically
reduces the brittle strength. Pore fluid pressures are usually assumed to be hydrostatic
when the pore fluid factor, defined as a ratio of pore fluid pressure to overburden
pressure, has a value of about 0.4. Higher pore fluid pressures are however possible and
they reduce the fracture strength dramatically. For a dry rock the pore fluid factor is
assumed to be zero.



4 Numerical modelling

4.1 Rheology

Rheological profiles, sometimes referred to as strength envelopes, are constructed by
calculating the brittle and the ductile strengths for a certain faulting type and a strain rate
as a function of depth. The lowest value of the brittle and the ductile strength at a current
depth is referred to as rheological strength. A faulting type between compressional and
extensional ones can be assumed from fault plane solutions if available. Also, whether the
rock is dry or wet must be taken into account. For the brittle regime, wet rock affects the
strength of the rock through the action of pore fluid pressure. The pore fluid factor is
usually chosen based on earlier studies, as a determination of an in-situ value is not
possible or practical. For the ductile regime there is a similar effect on creep strength and
the conditions are often referred to as hydrous. The mechanism of hydrolytic weakening
is assumed to be responsible for this softening. Usually the upper or even the middle crust
is assumed to exhibit wet conditions but this depends greatly on the tectonic and
geological environment. In Fig. 2 the effects of two different pore fluid factor values for a
thrust fault regime are shown for a typical strength envelope. Also, the brittle and the
ductile regions and the BDT zone are illustrated. This strength envelope has many
sources of uncertainties which are reviewed in the next chapter. However, one uncertainty
is worth mentioning here as it is connected to the maximum stresses, i.c., peaks shown in
Fig. 2. It is generally understood that the maximum stresses in the lithosphere are
unlikely to exceed values of 200 MPa (Lamontage & Ranalli 1996, Ranalli 2000) and in
this sense the use of ordinary brittle failure criteria most likely results in unrealistic
strength values if extrapolated to and below depths of the middle crust. This is also
discussed more in Paper V.
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Fig. 2. Typical strength envelope calculated for thrust fault regime with pore fluid factors A =
0 and A = 0.9 Label ‘ductile region’ corresponds only to profile calculated with A = 0.

4.2 Thermal modelling

Temperature has a major importance in rheological and the tectonic modelling as, for
instance, ductile flow is dependent on temperature in a non-linear way. Thus, the
temperature in the lithosphere must be known in order to resolve the rheological structure
properly. Conductive heat transfer, understood to be the main mechanism of the heat
transport in the lithosphere, is described with Fourier’s law of heat conduction where the
heat flow is directly proportional to the temperature gradient

=k—, 5
q % (%)

where q is the heat flow [Wm™], T is the absolute temperature [K], k is the coefficient of
thermal conductivity [Wm™'K™'], and z is the depth [m]. This equation can be used to
determine the heat flow density (HFD) with temperature measurements in boreholes as a
function of a depth, together with the laboratory estimates of thermal conductivity.
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Taking into account heat production and expanding the equation into three
dimensions, we can write the heat conduction equation in a general form as

2 2 2
Cpa_T:k 8_T+8_T+8_T +A’ (6)
ot o’ ot o

where t is the time [s], p is the density [kgm™], cp is the specific heat capacity [Tkg'K™]
and A is the volumetric rate of the heat production [Wm™]. Heat production for the
lithosphere can only be indirectly estimated. For example, measurements from outcrops
and till samples provide estimates of heat production values in the uppermost part of the
crust. Relationships between heat flow-heat production, seismic P-wave velocity-heat
production and lithological models of the lithosphere based on the DSS data can be used
to estimate proper values for the rest of the lithosphere.

If we assume steady state conditions (0T/0t = 0), i.e., no temperature change over
time, we end up with an equation that can be used to calculate the stable geotherms of the
lithosphere. This differential equation can be solved in many analytical and numerical
ways (see e.g., Turcotte & Schubert 1982, Fowler 1990, Ranalli 1995). We have used the
finite element method, to which a short introduction is given later. More complexity is
brought to the solution if temperature dependence of the thermal conductivity is taken
into account. This non-linear relationship is

k(T)= km{[l +1ij +¢(T +273. ISK)S} , 7)

where T is the temperature [°C], k. is the thermal conductivity at the room temperature
[Wm'K '] and b (0.0015 1/K) and ¢ ( 1x10™"* Wm™'K™*) are empirical constants. Values of
b and c are taken from the data by Schatz and Simmons (1972) and Zoth and Haenel
(1988).

4.3 Structural modelling with the finite element method

The finite element method is a numerical approach by which partial differential equations
can be solved in an approximate manner. The differential equations, which describe the
physical problem considered, are assumed to be applicable over a certain region. A
characteristic feature of the finite element method is that instead of seeking
approximations that hold over the entire region, the region is divided into smaller parts,
so called finite elements, and the approximation is then carried out over each element. By
this way even non-linear behaviour can be approximated to behave linearly over single
elements.

In static problems, which is often the case in tectonic studies, the static equilibrium
equation can be presented in a form where displacements are the basic unknowns (in the
following parentheses correspond to a matrix form of a parameter)
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[K][u]=[f] ®

where K is a stiffness matrix, u is a vector of unknown displacements, f is a vector of
forces.
Basic procedures in the finite element method (Zienkiewicz & Taylor 1989) are

1. The continuum is divided into finite elements for which expressions for the stiffness
matrix can be easily derived. These element stiffness matrices can be assembled into
the global stiffness matrix with the demand of internal continuity for the assembled
structure.

2. The elements are interconnected at a discrete number of nodal points (nodes) situated
on their boundaries. The displacements of these nodes will be the basic unknown
parameters of the problem.

3. Interpolation (shape) functions are chosen to uniquely define the state of
displacement within each element in terms of its nodal displacements.

4. The shape functions now uniquely define the state of strain within an element in
terms of the nodal displacements. These strains, together with any initial strains,
stresses and the constitutive properties of the material, define the state of stress
throughout the element and also on its boundaries.

5. With the principal of virtual work, for example a formulation for the stiffness matrix
can be derived.

In the following, a brief formulation of a finite element problem is presented.
(1)-(2) After the region is divided into m elements, the global stiffness matrix and the
global force vector can be assembled from individual elements e with nodes i

K= ZKE ja fi= ifie )
e=1

(3) The displacement vector can be approximated with shape functions N;, which
describe the behaviour of the unknown parameter, in this case the displacement inside the
individual element. Usually, different types of polynomials are used. Thus, the
displacement vector in the element defined with n node points is

r e
a

[u]z[ﬁ]=ZNiaf:[Nl,Nz,N3,-~,Nn] a3 :[N][a]ea (10)

where a° are the discrete displacements of the nodes.
(4) When the displacements are known at every point in the element we can derive the
strains at any point based on the chosen relation between the displacement and the strain
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[¢F = [S][u]. (1)

where the matrix S is a suitable linear operator. Using the shape function definition
above, we can approximate the strain as

[¢]° =[B][a]", (12)

where B is a strain-displacement matrix, i.e., [B]: [S] [N] . When the strains are known,
the stresses can be derived based on the chosen constitutive equation. For elastic
behaviour, i.e., Hooke’s law, there is a linear relationship between the stress and the strain

lo]=[P]e], (13)

where D is the constitutive matrix, i.e., in the elastic case the matrix containing the
material properties as elastic constants. If we add initial strains g, e.g., thermal strain and
also initial stress oy we get

[o]=[D]e - 2]+ o0 ] (14)

(5) The last step is to derive expressions for the stiffness matrix and the force vector in
order to solve the basic equation (8), for the unknown displacements.

The principle of virtual work states that a virtual (very small) change of the internal
strain energy must be offset by an identical change in external work due to the applied
loads

oU =6V, (15)

where: U = U+U,= strain energy (internal work), V=V, + V, + V; = external work and
d is a virtual operator. The virtual strain energy is defined as

1
U, ZE&TG av (16)

if neglecting energy U, connected to moving surface resistances. Next, the external
virtual work will be considered. Neglecting the inertia term V| leaves body forces Fz and
surface stresses F o

5V, :—J'ETFB v
. (17)
5V, = —jﬁTFA dA,

A
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Combining the earlier Equations (10), (12) and (14) results in

8U, = I&gTa dv = J(Bé a)'[DBa-De, -, |dV
\' \

e IBTDBdVa—IBTDgodV+IBT00dV (18)
A% A% A%
=5a"[Ka-¥,+3,]
and
8V, +6V, :—jaﬁTFB dv-jsﬁTFA dA
\ A
=—J'5aTNTFB dV—J'aaTNTFA dA
) ) (19)
=—5aTINTFB dv-5aTJ'NTFA dA
\ A
=—5a'Py-5a'P,

By using the relation of the principle of virtual work 6U =dJV we obtain a linear system
of Equations

(20)

K= J-BTDBdV
Vv
where f =P + P, + ¥, + %,

- —j NTE, dV — j N"F, dA - IBTDgOdV + I B 5,dV.
\'% A \'% v

After the nodal displacements u have been solved, the strains and the stresses in the
element can be obtained from Equations (12) and (14), respectively.



5 Sources of error

Results of numerical rheological modelling are subjected to many uncertainties and thus a
brief review of the most important error sources is given next. One of the major sources
of error is connected to the uncertainties associated with lithospheric geotherms as
temperature has a major influence in controlling ductile deformation. Fernandez &
Ranalli (1997) have divided the uncertainties related to rheological calculations into two
groups: operational and methodological errors. Operational errors include inaccurate
estimation of lithospheric structure and composition, errors in temperature, improper
material and rheological parameters, pore fluid pressure and friction coefficient etc.
Methodological errors originate from the basic assumptions used in the rheological
calculations. They include, for example, inaccurate rheological flow laws both in the
brittle and ductile regimes and also assumption of the uniform strain and constant strain
rate.

The measured surface HFD value is the parameter that indicates what the deep
geothermal structure is like. The surface HFD is quite often used as a constraint when
geotherms are derived in a numerical or analytical way. The surface HFD values are
evaluated from temperature measurements taken in the boreholes and large uncertainties
can be connected to these estimations. For example, groundwater flow, erosion, climatic
temperature change (from annual to ice-ages) and topography bias measured values (see
e.g., Kukkonen 1989, 1995). Furthermore, the sites of the HFD measurements cannot
usually be chosen randomly resulting in unevenly distributed and possible large distances
between the measurement sites that complicate the evaluation of the two- (2-D) or three-
dimensional (3-D) geothermal structure. Quantitatively speaking variation in the surface
HFD with an amount of +10 mW/m? can result in a temperature change of £100 °C at the
depth of 50 km Moho depth. Thermal conductivity and heat production values are also
required in lithospheric thermal modelling. These values are derived from laboratory
measurements of rock samples but they usually only correspond to the conditions in the
uppermost crust. For the rest of the lithosphere they are usually indirectly estimated, e.g.,
from relationships between the heat flow - heat production, the seismic P-wave velocity -
heat production and the lithological models of the lithosphere based on the DSS data.
Inaccurate values for these parameters can also result in a temperature change of £100 °C
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at the 50 km depth similarly as the surface HFD variation of £10 mW/m” (Jokinen &
Kukkonen 1999).

From the operational errors, one significant error is related to rheological parameters
themselves. Fernandez and Ranalli (1997) have compiled widely used parameters for
different lithospheric layers and rather significant variations can be found among them
(Kirby & Kronenberg 1987a, 1987b, Ranalli 1995). Also, the parameter values
themselves seem to differ slightly from each other depending on the literature used (e.g.,
Cloetingh & Burov 1996). As the correct value is difficult to estimate, selecting a proper
value for the rheological parameter can be of major importance as large variations in
rheological strength can be generated. Other uncertainties are introduced, as the existence
of possible hydrous environments is difficult to estimate. The upper crust is quite often
assumed to have some amounts of water occupying pore spaces. A pore fluid pressure
reduces the strength required for fracturing significantly. Hydrous environments can also
occur deeper in the crust and the mechanism of hydrolytic weakening reduces the ductile
strength considerably. An assumption of the proper tectonic setting, i.e., a faulting type
for the brittle deformation, has to be estimated from the available earthquake data.

From the methodological errors, the inaccuracy of rheological flow laws must be kept
in mind as those expressions are derived from experimental data, which are furthermore
extrapolated to lithospheric conditions. The brittle failure criterion of Byerlee’s law has
been derived from results that are confirmed only to the depths of the upper crust.
Therefore, using it to much larger depths results in strengths that are most likely
somewhat unrealistic. Different brittle mechanisms are also very likely to occur in the
deeper parts of the lithosphere as pressure increases (Ord & Hobbs 1989, Shimada 1993).
Also, ductile flow mechanisms can differ from those commonly used, at least for some
compositions, e.g., peridotite (e.g., Drury et al. 1991). Assuming a constant strain rate in
the evaluation of rheological strength is not necessarily realistic. This is because in
tectonically active areas different rates of deformation, together with anisotropic strain
rates, are more likely to exist (e.g., Beaumont et al. 1994). Fig. 3 shows the strength
envelopes calculated with four typical strain rate values for tensional and compressional
faulting.
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Fig. 3. Effect of the varying strain rate on the strength envelope. Used lithology and
structural layers are shown next to the vertical axis and geotherm below right.



6 Summary of the original papers

In these original papers several lithospheric 2-D rheological models along the different
DSS profiles together with the 3-D rheological model were calculated for the central
Fennoscandian Shield. Analysis of the rheological structure and its consequences in the
Shield were discussed. The rheological structure was furthermore used as a non-linear
elastoplastic material property in different structural models, which were solved using the
finite element method. Results give indications of the state of stress and possible
deformation at the lithosphere. Next, a brief summary of each paper is presented.

6.1 Paperl

In this paper the present-day thermomechanical structure of the central Fennoscandian
Shield was studied. The strength envelopes, i.e., theological profiles, were calculated for
35 points located in different DSS profiles with the purpose of creating a map for
indicating the rheological conditions in the central Fennoscandian Shield. The one-
dimensional geotherms were calculated by solving the heat conduction equation for a
steady state condition. Also, geotherms calculated by Jokinen and Kukkonen (1999,
2000) were used for 6 points for verification and comparison with our thermal and
rheological models. The geotherms and the strength values at these common points
correlated rather well. The strength envelopes were mainly calculated for a
compressional, i.e., thrust fault regime, for both dry and wet conditions. A compressional
condition was assumed as it is thought to be the dominating stress component in
Fennoscandia (e.g., Kakkuri 1997). Results of this paper are presented with different
rheological parameters describing the differences and the areal variations in the
rheological structure of the central Fennoscandian Shield. Such parameters were the ICS
(integrated crustal strength) and the ILS (integrated lithospheric strength), the MSC and
MSL depths (depths of the mechanically strong crust and lithosphere, respectively), the
RHTL (the rheological thickness of the lithosphere) and the BDT depth (brittle-ductile
transition). These all show that the lithosphere in the central Fennoscandian Shield can be
considered to be rather strong rheologically. For example, BDT depth for dry
compressional conditions varies between 15 and 40 km and for wet compressional
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conditions between 11 and 32 km. The depth of the critical temperature where the
frictional behaviour changes, i.e., depth of the 350 °C isotherm, varies between 25 and 44
km. Comparison of the earthquake focal depth data with the rheological parameters
shows that the conventional mechanism of earthquakes, i.e., brittle fracture, is responsible
for the earthquakes in the central Fennoscandian Shield.

6.2 Paper 11

This paper is partly based on the previous one as the rheological profiles calculated in
Paper I for the DSS profiles BALTIC and SKJ were used in a structural model of this
study. Numerical modelling was applied for studying the present-day state of stress and
deformation under different tectonic loading conditions at the seismic profiles in
question. The finite element method was used for solving the structural problem for the
2-D model, which was constructed from existing seismic data along the profiles. One-
dimensional geotherms were used in the calculation of the rheological vertical profiles
which furthermore were applied to the 2-D structural model. Modelling was applied to
different models with linear elastic and nonlinear elasto-plastic material properties.
Calculated strength profiles were used as nonlinear material parameters in the elasto-
plastic case where creep strength was translated into plastic yield stress. Different
tectonic load cases were analysed with displacement, force and pressure type boundary
conditions in a compressional setting.

The elastic case showed that the highest stress intensities accumulate in the middle and
the lower crust. The elasto-plastic case was used to analyse if the generated stress field is
high enough to overcome the yield strength. If the wet rheological conditions were
applied to the entire crust, the lower crust attained a high enough stress field resulting in
plastic deformation. The dry model showed different results with no significant plastic
deformation in the crust. As in Paper I, we used the Monte-Carlo simulated geotherms in
the structural model. This modelling gave consistent results compared to earlier ones and
confirmed that our thermal models were accurate enough. The comparison between the
rheological behaviour and geophysical investigations, e.g., electromagnetic, seismicity
and seismic studies on the BALTIC-SKI profile, was also considered.

6.3 Paper 111

In this paper, a similar modelling procedure to that of Paper II was used. Finite element
modelling was applied for the DSS profile SVEKA, for studying the structural present-
day conditions in the lithosphere. Modelling basically followed the same procedure as in
Paper II, with the exception that the thermal and the rheological calculations were made
in two dimensions. The structure of the model was based on the seismic model of the
SVEKA profile (Yliniemi et al. 1996, Kozlovskaya and Yliniemi 1999). The thermal and
the structural models were both solved with the finite element method using the same
mesh in both problems. Different model cases were analysed with varying properties, i.c.,
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composition, boundary condition and thermal structure always assuming compressional
condition.

Rheological calculations showed that the lower crust was characterised by a weak
ductile layer. Numerical modelling revealed what kind of variations are to be expected in
rheological response with varying conditions. Results also showed that the highest stress
intensities were found in the lower crust and that different cases showed only minor
ductile deformation in the lowermost crust in the Proterozoic part of the profile. These
calculations implied that ductile lower crust is highly unlikely in the central
Fennoscandian Shield.

6.4 Paper IV

In this paper a similar procedure to that described earlier was applied to the DSS profile
FENNIA for studying rheological structure and modelling the present-day stress field and
the state of deformation. The 2-D thermo-structural model for the FENNIA profile was
constructed using the seismic P-wave velocity model as a basis for the model. This model
has a higher resolution, i.e., element sizes are smaller than in the previous papers. The
thermal finite element model was solved assuming 2-D conductive steady-state
conditions and the solved temperature was furthermore used in the calculation of
rheological strength. In contrast to the previous papers, the temperature dependence of
the thermal conductivity was also taken into account in the thermal model. Strength
values were included into the structural finite element model as elastoplastic non-linear
material parameters. The structural model had the same geometry and element
distribution as the thermal model. Compressional pressure simulating tectonic loading
was applied for generating the stress field.

The 2-D rheological model showed that in the central Fennoscandian Shield
rheologically weak crustal layers could be generated under suitable conditions. A very
important factor is an assumption of wet crustal conditions for ductile creep properties.
Results of the structural modelling implied that no significant crustal deformation is
generated with the used thermal, material and boundary conditions. The crustal
deformation is limited, with both the wet and the dry conditions, to very narrow zones in
the upper and middle crust. Uncertainty analysis of the effects of the temperature on
rheological and structural models was also done with 3 thermal model variants with large
uncertainty bounds. This showed that the effect of temperature on modelling rheological
and stress conditions is significant.

6.5 PaperV

In this paper the previously described modelling procedure was conducted in the three
dimensions for the thermal, rheological and structural models. In this way the limitations
met in the 2-D models, namely the incorrect direction of the applied boundary condition,
can be avoided. The finite element mesh was oriented so that its longest axis is
approximately in the same direction as the assumed maximum horizontal stress, i.e., NW-
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SE and so the applied boundary conditions were optimally oriented in comparison to the
in-situ stress conditions. The horizontal boundaries of the mesh were derived from
several seismic measurements done it the central Fennoscandian Shield. These
boundaries divide the crust into the upper, the middle and the lower crust. As rheological
calculations require knowledge of thermal structure, the 3-D conductive steady-state
model was first solved using the finite element method. Temperature values were then
used in the calculation of rheological strength, which were subsequently used as non-
linear material parameters in the structural finite element model having the same
geometry and element distribution as the thermal one. This structural model was
subjected to compressional boundary conditions in order to simulate the tectonic stress
conditions in the area.

The calculated rheological structure in the 3-D model has similar features as seen in
the earlier 2-D rheological models. A cross-section of rheological strength showed a
layered structure in the crust with two individual rheologically weak layers in the granitic
upper and the dioritic middle crust. A comparison of the rheological structure with
earthquake focal depth data showed that the earthquake events are located in the brittle
regime as most of them occurred between the depths of 3 and 10 km. Also, it was
possible to conclude that as the earthquakes are infrequently below a depth of 15 km, the
stress conditions at these depths were such that tectonic stress is not large enough to
exceed the true strength. Resulting stress conditions, after the model was subjected to
compressional boundary conditions, had values of around 50 MPa. However, in
comparison with the earlier 2-D modelling, this 3-D model did not result in any
significant deformation. The largest differences between the 2-D and 3-D models were in
the distribution of the stress field. Although the same boundary condition was used the
results were quite different. The degree of deformation was much closer to that of earlier
modelling. This was however also affected by the worse resolution of the 3-D model



7 Conclusions

Understanding rheological conditions throughout the entire lithosphere and even deeper
is the key for understanding the deformation of the lithosphere. Thus, investigating
rheological structure and possible consequences resulting from tectonic loading is in
some sense required when interpreting geophysical data into tectonic models. The
thermal, rheological and structural models investigated in this thesis are only a scratch on
the surface of tectonic modelling. However, they provide important information in
describing possible areas of deformation, the distribution of the stresses, in understanding
the occurrence of the earthquakes and also for developing more sophisticated and
complex models. This thesis also discusses the uncertainties connected to the various
parameters needed in the modelling. Thus, the results of these models should be analysed
with caution as values of different parameters can generate rather large variations to
them. Also, the verification of the thermal, rheological and structural models is very
difficult as in-situ data about the conditions deep in the lithosphere are difficult to obtain.
This, together with the error sources, is one of the major problems in these studies.
Xenoliths give some estimation of the thermal conditions to a depth of a few hundred
kilometres. Fault plane solutions provide information about the tectonic setting and focal
depth data is very valuable as well. In addition, high quality stress-measurements would
also be useful although they would be limited to very shallow depths.

This thesis has shown that rheological structure depends strongly on the thermal
conditions resulting in significant areal variations. Generally, the central Fennoscandian
Shield can be considered rheologically rather strong. Depending on the applied
properties, rheologically weak layers are however usually found in the lower crust and
also in the upper and the middle crust, although these layers are very thin in most cases.

Ranalli (1995) connects the existence of the weak lower crust to lateral extrusion, i.e.,
the horizontal flow of ductile lower crustal material. This process relaxes the topography
of the Earth’s surface and affects the topography of the Moho. At longer wavelengths
lateral extrusion also depends on the rheology of the lower crust. The observed present
day features of the Moho are thus not necessarily a result of the last tectonic event, i.e.,
post-orogenic ductile flow should also be considered.

The correlation between rheological structure and earthquake focal depth data in the
central Fennoscandian Shield showed that brittle fracture is the relevant mechanism in
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earthquake generation. The BDT depth in our models is usually well below the depth
where most of the earthquakes occur. Also, non-occurrence of deep earthquakes implies
low stress or high strength conditions deeper in the crust. Numerical structural models
used to simulate the stress and strain conditions in the lithosphere showed how stresses
are distributed and whether any major deformation is possible. Based on the several
models, it is highly unlikely that any considerable ductile deformation in the crust exists
and it seems that the present-day thermal and mechanical conditions in the central
Fennoscandian Shield do not favour such processes in significant amounts.
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