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ABSTRACT
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Deformation zones developed in convergent orogens have been studied in both analogue
models and in nature. These studies have focused on a number of important factors
controlling strain accommodation during orogenesis. The models show that the shape of the
leading edge of the indenting continent controls whether the initial suture remains active or if
an effective indenter develops, the spacing and number of faults, the width of the orogen and
the height of the mountains. All these characteristics depend on the rate and spatial
distribution of erosion and sedimentation. Erosion decreases the importance of effective
indenters and favors shearing on existing faults leading to steeper, longer lived shears
bounding narrow orogens. If sediments load the margin (e.g. foreland), the thrusts propagate
further outboard widening the orogen. The strain that is accommodated by compaction and
shearing along deep décollement and conjugate imbricate shears is episodic in time. This
work links episodes of increased rates of erosion and sedimentation to episodes of high uplift
rates, i.e. the development of new imbricate thrusts or pop-up wedges. 
Field studies encounter several complicating factors not studied in the models. Examples are
oblique convergence, heterogeneous materials and thermal softening by intruding magmas.
Within the deeply eroded Svecokarelian orogeny, studies in eastern Bergslagen indicate strain
accommodation of the N-S orogenic shortening by regional E-W folding and shear along the
conjugate Singö Shear Zone and Ornö Banded Series. Rising temperature resulted in
migmatites affecting the strain accommodation resulting in decoupling and rotation of folds
along one of the deformation zones.
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1. Introduction

The Earth is a dynamic body. According to the plate tectonic model, the
rigid outer shell of this planet is divided into a number of individual plates.
Driven by the Earth’s heat engine, these plates move and interact with each
other and the tectonic forces involved deform the plates at their boundaries
and shapes the surface of the Earth. One of the most striking and impressive
features on the Earth’s surface are its mountain chains.  Mountain chains are
formed along both convergent and divergent boundaries where the plates
move together or apart. An example of the latter are the ocean ridges. Molten
rock welling up from the asthenosphere drives the plates apart resulting in a
ridge of volcanoes and the formation of new sea floor as the molten rocks
cool. Both the Mid-Atlantic Ridge and the East Pacific Rise are parts of this
submarine mountain ridge system that winds around the globe for nearly
65,000 kilometers.  Along convergent plate boundaries, where the plates
move together, a plate of the denser oceanic crust sinks down (subducts),
often under any less dense continental crust on the non-subducting plate. As
the plate subducts, it starts to melt and is slowly consumed. The Himalayas
are an example of convergence between the Indian and Eurasian plates
where the leading edges (the contact areas) of both plates are made of
continental crust. As both plates appear to be too buoyant to undergo any
appreciable subduction the two plates merge together giving rise to the
impressive mountain chain we see today. The process of mountain building
is called orogenesis – a geologic term from Greek roots. Both the heat-flow
due to volcanism along the spreading ridges as well as orogeny at
convergent boundaries increase the elevation of the solid Earth’s surface in
opposition to destructive forces such as the interaction with the atmosphere
and hydrosphere which causes degradation such as weathering, mass wasting
and erosion.  All these forces drive a continuous process, which is episodic
in detail, i.e. a series of events. 

The subject of this thesis is “deformation zones in models and nature”.
The thesis is divided into two parts. The first part is based on experiments
whereas the second part is based on field studies. Both parts relate to
orogenic forces partitioning into deformation zones. Episodicity will be
blamed on changes in strain partitioning.  Strain is the change in shape
and/or volume of a body caused by the action of stresses on it
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(stress=force/area). Strains of rocks can be partitioned, i.e. divided into
different processes such as compaction and the formation of shear zones (±
faults or slip surfaces). It is here argued that the series of events (episodes)
shaping the orogen are strongly related to the initial shape in profile of the
convergent plates and the rate and spatial distribution of erosion and
sedimentation.  Geologists used to consider erosion and sedimentation as
passive processes, i.e. not to control tectonic evolution. The importance of
erosion or, more generally, mass redistribution by earth surface processes
during orogeny was addressed early (e.g. Elliott 1976; England &
Richardson 1977). However, extensive research in this field did not start
until the last decade (cf. Jamieson and Beaumont 1988,1989; Koons 1990;
Davy & Cobbold 1991; Beaumont et al. 1992, 2000, 2001; Cobbold et al.
1993; Merle & Abidi 1995; Mugnier et al. 1997 and others). The work in
this thesis follows these ideas and it is here shown that erosion and
sedimentation not only shape the surface of a mountain belt but also control
the rate of rise and its inner structures such as shear zone geometries and
how long those shears remain active. 

The experiments made in this study are analogue models, i.e. physical
models of natural processes designed to achieve geometric, kinematic and
dynamic similarity between model and nature.  The advantage of analogue
models is that the effect of different processes can be studied separately on a
known starting geometry. This contrasts with nature, where we often face the
complexity of several tectonic events not necessarily corresponding to the
same episode of deformation. Results from experiments within this study are
compared with seismic reflection profiles of natural orogens, which reveal
layers with different physical properties and their offsets along major shear
zones. The experiments suggest the deformation mechanisms responsible for
structures seen on seismic profiles across the Middle Urals and in the
Svecofennian crust of the Baltic shield beneath the Bothnian Bay. Results
from the experiments also fit well with geologic data from the Southern Alps
in New Zealand. 

An important factor in natural orogenic processes, but not included in the
experiments, is the effect of heat. Heat changes the behavior of rocks and
therefore how they deform. This study relates deformation along weak zones
in the Stockholm archipelago to migmatites (partially molten rocks due to
high temperatures and pressures) nearby.

The field-based studies were focused on the eastern Bergslagen region in
central Sweden. Studying the deformation of the Svecokarelian orogeny in
central Sweden means studying structures within an orogen where the
topography has long since disappeared and where structurally deep levels of
the orogen are exposed (c. 12-14 km in the Stockholm archipelago).
Nevertheless, many features typical of younger orogens remain. A regional
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N-S compression was accommodated by the development of shear zones,
large-scale folds with E-W axial surfaces and also local lateral escape. 

The thesis itself consists of a summary and five separate papers, which will
be referred to in the text by their roman numerals. The papers are:

I: Persson, K.S. (2001). Effective indenters and the development of double-
vergent orogens: Insights from analogue sand models. In Koyi, H. A. and
Mancktelow, N. S., eds, Tectonic Modeling: A Volume in Honor of Hans
Ramberg, Boulder, Colorado, Geological Society of America Memoir 193,
p. 191-206.

Paper I is based on analogue sandbox models of orogens. The experiments
were carried out in 1997-1998 at the Hans Ramberg Tectonic Laboratory
(HRTL), Department of Earth Sciences, Uppsala University. They were
made to simulate continental convergence, where a cool stiffer continent
(represented by a rigid plastic block) converges with a relatively warm weak
continent (represented by sand). In this process, the weaker continent
accommodates most of the deformation into a rising wedge, in profile bound
by thrusts. The process where one continent indents and deforms the other is
called indentation tectonics. In the experiments, the profile of the leading
edge (angle) of the stiff indenting continent was changed as well as the layer
thickness of the model in order to study their effects on fault (thrust)
geometries. After deformation, the models were divided into three groups
depending on their internal thrust geometries and from where the thrusts
propagate in relation of the toe (tip of the front face) of the indenting
continent. Two of the groups developed “effective indenters” by vertically
and laterally compacting sand in front of the rigid indenter (the stiff
continent) and below the back-thrust, where the mass of compacted sand
acted as a rigid body and its front face acted as the active back-shear (cf.
Bonini et al. 1999). The three different groups were also compared to natural
examples imaged by deep seismic reflection profiles (The Baltic shield, the
Middle Urals and the Alps). 

I made all the models myself and interpreted the data. Dimitrios Sokoutis
introduced me to sandbox modeling and schooled me in its techniques.
Dimitrios also contributed with useful discussions during the preparation of
the manuscript.  
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II: Persson, K. S. and Sokoutis, D. (2002). Analogue models of orogenic
wedges controlled by erosion. Tectonophysics, 356, p. 323-336.

Paper II discusses the effect of syn-tectonic erosion and sedimentation on
mountain building processes.  Analogue sandbox models of orogens were
constructed and deformed in 1998-1999 at the HRTL. Three different
erosion rates (limited-, moderate- and total erosion) were applied to each of
the three types of orogens discussed in paper I. However, the amounts of
erosion applied and where the sediments were deposited were arbitrary, i.e.
the top of the rising model wedge was removed and symmetrically spread on
both slopes of the evolving orogen. No account was taken of the asymmetry
of natural erosion and sedimentation that would develop with the growth of
realistic river networks.  Erosion was seen to control the lifetime of
individual faults and whether an effective indenter develops. Sedimentation
controlled the forward propagation of new faults.

In this project, I was responsible for the design and construction of all the
models as well as for the interpretation of the results. Dimitrios Sokoutis
initiated the project and contributed with useful discussions on the modeling
techniques as well as the preparation of the manuscript.  

Paper III: Persson, K. S., Garcia-Castellanos, D. and Sokoutis, D.
(Submitted to Journal of Geophysical Research). River transport effects on
compressional belts: first results from an integrated analogue-numerical
model.

In an attempt to increase the realism of erosion and deposition applied in
paper II, paper III integrates analogue- and numerical models to study the
effects of river erosion on active orogens. The analogue models provide the
tool to specify how topographic relief develops as a result of lithosphere
deformation. The numerical surface transport model provides a quantitative
approach to the spatial redistribution of the erosion products over time.
Peaks of erosion- and sedimentation-rates could here be linked to events
with high uplift rates associated with formation of new thrusts. All the
models were performed at the Netherlands Centre for Integrated Solid Earth
Science (ISES) tectonic laboratory, Vrije Universiteit, Amsterdam in Spring
2002.
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I carried out the analogue modeling, the interpretations of the models
after deformation and the writing of the main part of the manuscript. Daniel
Garcia-Castellanos contributed with his numerical model that calculated the
erosion and sedimentation at different time-intervals. The calculated values
were utilised to determine where to erode and redeposit sand in the analogue
model. The methodology was developed in collaboration with Daniel after
much trial and error. Dimitrios Sokoutis brought Daniel and I together and
also contributed with fruitful discussions during the preparation of the
manuscript. 

Paper IV: Persson, K. S. and Sjöström, H. (submitted to GFF). Late-orogenic
progressive shearing in eastern Bergslagen, central Sweden.

Paper IV presents results of fieldwork in northeastern Bergslagen, central
Sweden. The aim was to study deformation zones in an attempt to improve
the current understanding of the regional tectonometamorphic evolution.
The project focused on two recently discovered deformation zones: the
Österbybruk-Skyttorp Zone and the Gimo Zone. During the field studies
another deformation zone was discovered within the area by Håkan
Sjöström. Paper IV discusses the relationship between the studied
deformation zones and the long-known Singö Shear Zone to the north. 

I contributed with extensive fieldwork (in the summers of 1998-2001).
Håkan Sjöström supervised the fieldwork and also contributed with his own
field data.  Thin-sections, aeromagnetic maps and existing bedrock maps
were analyzed by me. The data was interpreted by both authors in close co-
operation. I also wrote most of the Ms. I partly supervised Anna Engström’s
Honours thesis of which some results are referred to in this work.

Paper V: Persson, K. S. and Sjöström, H. (in manuscript). Fold and shear
accommodated convergence in eastern Bergslagen, central Sweden.

Paper V presents results from fieldwork in southeastern Bergslagen, central
Sweden. The data was collected in collaboration with Håkan Sjöström
between 1998 and 2002. The main subject concerns the Ornö Banded Series
(OBS) – a spectacular zone of banded rocks that can be traced for at least 80
km through the Stockholm archipelago (from Ålö in the south to
Skarprunmarn in the north). The OBS had previously been interpreted as a
supracrustal sequence or as formed due to magmatic- or chemical
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differentiation. Here we have demonstrated that it is the result of intense
deformation of various magmatic- and sedimentary rocks. Both the OBS and
the large-scale E-W folds and contemporaneous shears on the mainland are
interpreted in the framework of a regional N-S shortening affecting the
majority of the Svecofennian rocks in Sweden. 

I contributed with extensive fieldwork under the supervision of Håkan
Sjöström. I also analyzed thin-sections, aeromagnetic maps and existing
bedrock maps. The data were interpreted and reported by both authors in
close co-operation.

Papers I and II are reproduced with kind permission of the original
publishers.

Related papers/reports produced during the course of this Ph.D. program, but
not included in the thesis are:

Persson, K.S. and Sokoutis, D. (2001). Erosion of Orogenic Wedges – A
Sandbox View. Bulletin of the Geological Society of Greece, Vol XXXIV/1,
p. 467-473.

Sjöström, H. and Persson, K.S. (2001). Deformation zones in Eastern
Bergslagen (Uppland-Sörmland). Research report to the Geological Survey
of Sweden, 80 pp.
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2. Episodicity in orogenic growth, erosion and
sedimentation 

2.1 Analogue models – previous work
Analogue models, although often very simplified, have improved our
understanding of many tectonic processes, particularly where continents
converge to form mountain belts. One of the earliest publications about
analogue models I have come across was by Rimbach (1913). Although long
before the concept of plate tectonics, his results were very similar to those of
Malavieille (1984) seventy years later (Fig. 1). Both authors used sand as an
analogue for the brittle crust. Pop-up wedges bound by fore- and back-shears
with dips of about 30° appeared during the deformation of these models – a
result also seen by many others (Bonini et al. 1999; Paper I, and references
therein). 

Figure 1: Sketches of models after (a) Rimbach (1913) and (b) Malavieille (1984),
both showing development of pop-up wedges during shortening. The model
mountains were asymmetric as a result of the asymmetry in convergence.

(a)

(b)
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The concept of indentation tectonics became accepted in the late 1970s, soon
after a publication of a spectacular analogue model by Tapponier and Molnar
(1976). In this process, a cool stiff continent indents a warmer, weaker
continent where the weaker continent accommodates most of the
deformation (Tapponier & Molnar 1976; Tapponier et al. 1982). The process
of indentation soon became a target for further analogue modeling and the
process of convergence was seen to lead to vertical escape (crustal
thickening) with lateral escape if the boundary conditions were weak (Davy
& Cobbold 1988).  An example of the latter is seen in Asia. Here, as India
indents Eurasia, parts of eastern Asia escapes eastwards to the weak
subduction zones bordering the west Pacific. 

Most models of indentation tectonics focused on thrust belt systems and
many of them have been made in close cooperation with the oil industry as
they reveal the geometries of potential oil traps. Early models visualized the
indenter as a bulldozer  (cf. Davis et al. 1983) where the indenter is much
higher than the indented plate and pushes a one-sided wedge (Fig. 2a). These
models have been very useful for describing the overall partitioning of strain
in fold- and thrust belts and accretionary prisms. Because converging
continents are of approximately the same height, most models in this work
use an indenter of the same height as the indented material. This allows the
upward escaping material to spread not only forward but also over the
indenter as imaged in many natural orogens by modern geophysics. These
models develop a pop-up wedge that is more related to the overall shape of
most orogens (Fig. 2b) (cf. Koons 1990). 

During indentation, model wedges of both types partition strain by
compaction, shear along thrust planes and slip along the basal décollement
(Malavielle 1984; Mulugeta 1988; Mulugeta & Koyi 1987, 1992, Paper I). A
décollement is a slip surface or zone of detachment between strata which
deform above rocks which do not deform – a so called thin-skinned
deformation. In models, the basal décollement is usually represented by a
flat bottom of a container made of Plexiglas or other material depending on
the required coefficient of friction. Deformation is always partitioned to use
energy in the most efficient manner (Prigogine 1955). Paper I describes the
strain partitioning of double-vergent orogenic wedges and how that strain
partitioning depends on the indenter shape. Even though the convergence is
steady, the strain partitioning is seen to be episodic (cf. Mulugeta & Koyi
1992). The state when the wedge is pushed stably along the basal
décollement without internal deformation is called the critical state of the
wedge (cf. critical taper, Davis et al. 1983).  
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Figure 2: (a) Bulldozer type model where the accreted sand can only be transported
up and forward. (b) Double vergent wedge model where the sand can spread over
both the indented and indenting “plates”. 

However, during the last decade, both numerical- and analogue models have
demonstrated that syn-tectonic erosion and sedimentation affects the critical
state of orogenic wedges. This has resulted in a number of papers using both
analogue models (Koons 1990; Davy & Cobbold 1991; Cobbold et al. 1993;
Merle & Abidi 1995; Mugnier et al. 1997) and numerical modeling
techniques (Jamieson & Beaumont 1988, 1989; Beaumont et al. 1992, 2000,
2001; Avouac & Burov 1996; Thompson et al. 1997; Willett 1999;
Cloetingh et al. 2002; Garcia-Castellanos 2002; Willett & Brandon 2002).
Analogue models have revealed that erosion changes how the wedge
deforms by reactivating old faults (Leturmy et al. 2000), “allowing” existing
faults to remain active for longer (Cobbold et al. 1993; Merle & Abidi 1995).
This lead to the faults steepening as their surroundings compacted. In
addition, deposition of sediments in front of an orogen forces new thrusts to
develop further outboard (Cobbold et al. 1993; Leturmy et al. 2000).
However, previous analogue models have not taken into the account the
spatial differences in erosion and sedimentation induced by a realistic river
network, nor changes in erosion rate over time.  

Both papers II and III address the problem of syn-tectonic erosion and
sedimentation. Paper II repeats the models from paper I (which were
deformed without erosion) with the addition of symmetric erosion and
deposition. Paper III introduces a new method that integrates analogue with
numerical models. The analogue model contributes the lithospheric
deformation whereas the numerical model calculates the consequent river
network and the resulting spatial distribution of erosion and sedimentation.
Paper III therefore gives a more realistic picture of the interplay between
tectonics and erosion. The results from Paper III confirm the importance of
erosion on tectonics and further emphasize that the episodicity in mountain
building also imposes episodicity on the rates of erosion and deposition of
growth sediments.

"orogenic wedge"

Rigid 
indenter

(a) (b)Bulldozer type model Double vergent wedge model
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2.2 Analogue modeling: set-up and procedure
As is very common in analogue modeling (at 1g), all the experiments
described here were performed using well rounded quartz sand ≤0.297 mm
in diameter, a Mohr-Coulomb material with an internal friction angle of c.
30°, to represent the brittle and broken upper continental crust (Byerlee
1978). Sand was sieved into a Plexiglas box in layers of different colors. The
color stratigraphy was introduced to visualize the deformation during and
after indentation.  

In paper I and II, a rigid plastic block, with the same vertical dimension
as the indented sand (i.e. double-vergent orogenic wedge; Fig. 2b), was used
to represent the stiff indenting continent. However, the dip of the front face
of the rigid indenter was changed systematically, i.e. so that frontal dips
were 15°, 30°, 45°, 60° and 90° respectively.  This profile was changed in
order to explore its influence on the thrust geometries within the wedge.  In
paper III, a vertical indenter higher than the indented plate was used (i.e.
bulldozer-type; Fig. 2a) in all but the last experiment where the indenter had
a front face of 30° and the same vertical dimensions as the indented sand.
The rigid plastic block was driven laterally into the sand at a constant
displacement rate of 1.8 cm h-1 (Paper I & Paper II) or 2.6 cm h-1 (Paper III).
However, because Coulomb materials like sand have a yield envelope
essentially independent of strain-rate, there is little need to scale the rate of
displacement precisely (Kusznir & Park 1984a, b; Sonder & England 1986).
The details of scaling the models are specified in the individual papers;
however, the length scale is where 1 cm in the models approximates 15 km
in nature when using a small Plexiglas box (paper I and II) and 10 km when
using a large Plexiglas box (Paper III). Such scaling means that the
deformation zones developing within the models simulate natural
deformation/shear zones from less than 0.5 km up to zones c. 5 km wide.

After deformation, the models were soaked in water, frozen (in Papers I
and II) and cut to observe and photograph longitudinal cross sections.

All the models were designed to focus on the brittle deformation of the
upper crust and took no account of any ductile strains within the extruded
material. Increase in vertical loading as the wedge rises would normally
result in isostatic adjustment of the whole crust, which sinks into the
underlying ductile rocks. Having a rigid base beneath the model crust does
not take this factor into account.
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2.3 Effects of varying indenter shape (Paper I)
The models were deformed at a steady rate – but deformed by mechanisms
that changed in character, place and time. During the first increment of
displacement, the sand pack compacted laterally and thickened in front of
the rigid indenter. With further deformation the compacted mass slipped
along the basal décollement followed by localization of strain into narrow
imbricate thrust zones (the small-scale fault-like structures of Mandle 1988
and Willett et al. 1993) that propagated from the bottom to the top surface.
This process of thrust propagation alternated with slip along the basal plane
of the model followed by a new period of compaction (Fig. 3). 

Figure 3:  Increase of height (dh) of extruded sand wedge as a function of its width,
emphasizing episodic development (from model with indenter dip of 45° and initial
sand pack thickness of 1.0 cm).  The numbers (1, 2, 3…) are periods of extrusion
along thrusts (fore- and back-shears) bounding the wedge. Each thrusting event is
preceded by a period of compaction and slip along the basal décollement. As visible
in the diagram, the increase in height is mainly due to the wedge extruding along
thrusts.

The episodicity of a model with a rigid indenter face dip of 45° is described
in detail in figure 3. After a period of compaction in front of the rigid
indenter, the first thrusts developed defining the first wedge or pop-up
structure. The top of the first wedge had a width of c. 2.4 cm (Fig. 3). The
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wedge extruded along the thrusts and this first rise (number 1 in Fig. 3)
continued until the wedge reached a critical geometry. Following this phase,
the wedge slipped steadily along the basal décollement. A new period of
compaction is followed by the development of new thrusts that widened the
wedge to c. 3.0 cm (number 2 in Fig. 3). These alternating events were
repeated as the wedge grew both wider and higher (Fig. 3). This episodicity
in strain partitioning is in agreement with previous work (e.g. Malavielle
1984; Mulugeta 1988; Mulugeta & Koyi 1987, 1992). The terminology used
here follows Malavielle (1984) and is based on the direction of movement of
the rigid indenter. The thrusts that propagate in the same direction as the
moving rigid indenter are called fore-kinks, whereas structures that
propagate backwards towards the indenter are called back-kinks. As new
fore-kinks form, older fore-kinks inactivate and are carried up and along a
single constantly reactivated back-kink that narrows to a back-shear (i.e.
back-thrust) with continued deformation. 

By using indenters with varying profiles (front face dips), Bonini et al.
(1999) divided their models into two categories. Their first category
developed a back-shear from a propagation point, P, in front of the toe of the
rigid indenter when the rigid indenter face dip was ≥60°. These models
developed an effective indenter (e.g. Bonini et al. 1999) by compacting sand
between the rigid indenter and the back-shear. As described in the
introduction, this mass of compacted sand acted as a rigid body and its front
face acted as the active back-shear throughout the rest of the deformation.
The propagation point, or P-point, is a velocity discontinuity separating
slipped and unslipped zones of the décollement and is also the point (eg.
line) from where the shears propagate. The P-point can also be compared to
Beaumont et al’s (1994) S-point, i.e. their singularity-point from where
material is “removed” from the system by subduction. No effective indenter
developed in the second category where the rigid indenter face (with dips of
<60°) acted as the back-shear throughout deformation. A succession of back-
shears propagated from the toe of the rigid indenter. However, in the
experiments presented in paper I, an effective indenter also appeared when
rigid indenter face dips were <30° with the P-point at the toe of the rigid
indenter. This allows a further division into three categories;

1. Models with rigid indenter face dips of <30°, that develop an effective
indenter with the P-point corresponding with the toe of the rigid indenter
(Fig. 4a).

2. Models with rigid indenter face dips of 30°-45°, where no effective
indenter develops and where the P-point coincides with the toe of the
rigid indenter (Fig. 4b).
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3. Models with rigid indenter face dips ≥60°, where an effective indenter
develops but where the P-point is situated in front of the toe of the rigid
indenter (Fig. 4c). 

Figure 4:  The three categories of orogenic wedges (a, b & c, respectively) divided
according to whether an effective indenter develops or not, and the location of the
propagation point (P) in comparison to the toe of the rigid indenter (S; cf Bonini et
al. 1999). 

Models with rigid indenter face dips close to the angle of internal friction of
the sand (30°) use the rigid face of the indenter as the active back-shear. As
all models shear along planes close to their angle of internal friction, the
other two categories are forced to compact sand between the back-shear
dipping about 30° and the rigid indenter face, i.e. to build an effective
indenter. The models were repeated with three different initial sand
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thicknesses (0.6 cm, 1.0 cm & 1.4 cm). The same internal structures
developed in all models. However, more bulk lateral shortening was needed
in a model starting 1.4 cm thick to resemble the same internal structures in
thinner models. This is clearly only a scale factor. 

Models with different indenter face dips developed different numbers of
fore-kinks after the same amount of bulk lateral shortening (Fig. 5). Models
that do not develop an effective indenter (those with indenter face dips of
30°) form the greatest number of fore-kinks, whereas models with small
effective indenters develop fewer fore-kinks (models with indenter face dips
of 15° and 45°). Those that develop effective indenters with the largest
volumes develop the fewest fore-kinks (models with rigid indenter dips ≥
60°) after the same amount of shortening (Fig. 5). In other words, models
that do not develop an effective indenter partition most of the strain into
shearing, whereas models that do form effective indenters involve more
lateral compaction. The shape of the indented continent therefore controls
the relative distribution between strain by lateral compaction and shearing
along the fore- and back-shears.
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Figure 5: Histogram illustrating number of fore-kinks developed after 40% lateral
bulk shortening (B.S.). Models with rigid indenter face dips of 60°are presented with
maximum and minimum values as the number of kinks that had developed by 40%
bulk shortening varied.

2.4 Comparisons with natural orogens (Paper I)
Several crustal-scale seismic reflection profiles image double-vergent
orogenic wedges, e.g. the Urals (Juhlin et al. 1998), northwestern Canada
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(Cook et al. 1998), the British Caledonides (McBride et al. 1996) and the
Baltic Svecofennides (BABEL Working Group 1990, 1993). If the analogue
models resemble nature, wedges of the three different categories should be
represented in nature. Bonini et al. (1999) had already described the Alps as
a natural case of the last category, i.e. models with rigid indenter face dips of
≥60°. Paper I introduces two other natural orogenic wedges as possible
examples of the two other cases, first the Urals in Asia where an effective
indenter seems to be lacking (Fig. 6), and second, the Svecokarelian orogen
in Baltica (i.e. after a seismic line in the Baltic Sea east of the Skellefte
district), where an effective indenter seems to have developed above a gently
dipping initial indenter (Fig. 7).

Figure 6: (a) Migrated deep seismic reflection profile of the  Middle Urals (After
Juhlin et al. 1998) with interpretations based on the sand-box models. KFT,
Kvarkush frontal thrust; MUFZ, Main Uralian fault zone; MUTF, Main Uralian
thrust fault; SMF, Serov-Mauk fault. (b) Experimental model with rigid indenter
dipping 30° after 40% bulk shortening (B.S.). 

The Urals have been described as a late Paleozoic orogenic belt with
double-vergent thrust geometry where the thrusts are described as terrane
boundaries (Juhlin et al. 1998). Applying results from the analogue models,
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paper I suggests the following interpretation for the Middle Urals. The
orogenic wedge is between a west-verging fore-thrust (called the Kvarkush
frontal thrust; KFT in Paper I and Fig. 6a) and the east verging Deevo thrust
(Friberg 2000; Friberg et al. 2002), interpreted as the back-shear (Fig. 6a). A
volcanic arc complex is thrust westward onto Precambrian basement along
the Main Uralian Thrust Fault (MUTF).  Farther west, the Kvarkush
anticline is thrust over the East European Craton (ECC) along the Kvarkush
frontal thrust (KFT) (Fig. 6a). The Tagil oceanic and volcanic arc complex,
as well as the Salda metamorphic complex (Fig. 6a), accreted to the EEC
during Late Carboniferous to Early Permian time (Juhlin et al. 1998).
Comparison of the seismic profile with the model (Fig. 6b) suggests that the
final post suturing stage of the Ural orogenic contraction was when the KFT
deactivated as it was carried up the Deevo fault back-shear.  It is not clear
whether a later fore-thrust has developed from the P-point (marked with a
question-mark in figure 6). If so, it could have resulted in the terranes
accreted in the west being thrust over the exotic terranes of the Alapaevsk
terrane along the Deevo fault (Fig. 6a). The model also suggested that the
MUTF continues all the way down to meet with the Deevo fault, i.e. that the
MUTF could be an earlier fore-shear that deactivated as it was carried
upward along the Deevo fault when the late Kvarkush frontal fore-thrust
developed.  The presence of high-grade metamorphic rocks above the Deevo
fault to the east, and lower metamorphic grade rocks towards the west
(Friberg & Petrov 1998), supports the interpretation based on the analogue
sand-box models. This is that a single, back-shear reactivated continuously
and transported deep rocks to the surface while a succession of several fore-
shears were comparatively short-lived and therefore less successful in
extruding deep rocks.

A deep seismic reflection profile in the Baltic Sea east of the Skellefte
district can be interpreted as imaging a c. 1.9 Ga orogenic wedge in the
Svecofennian crust of the Baltic shield (Fig. 7). The asymmetry of the
structures suggests a series of fore-thrusts that have deactivated as they
traveled up a single constantly reactivated back-thrust (A-A' in Fig. 7). The
reflectic zone (B-B') is taken as the face of the underlying indenting
continent (i.e. suture) dipping c. 15° to the south. Compared to the models,
the area between the reflectors A-A' and B-B' – interpreted as an accreted
terrane of metavolcanics, the Skellefte arc (BABEL Working Group 1990,
1993) – could be reinterpreted as an effective indenter of deformed
(compacted) rocks from the indented continent.  A later paper (Juhlin et al.
2002) has also emphasized the bi-vergent crustal structure of this area.
However, in their interpretation all the boundaries are considered as terrane
boundaries whereas in the model presented here some of the reflections
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within the orogenic wedge are interpreted as deformation zones (fore-
thrusts). 

Models suggest that reflections in seismic sections should be interpreted
with care as not all the major reflections may be terrane boundaries. If the
original suture between two continents was at a low or high angle (<30° and
>45°), the original suture may deactivate and the deformation localize to a
new back-thrust – the front face of an effective indenter. Models also suggest
that the number and spacing of fore-thrusts are dependent on the shape of the
rigid continent. An understanding of the mechanisms responsible for
orogenic wedges from both analogue- and numerical models combined with
surface geology will allow more detailed interpretations of seismic sections
across orogens. 

Figure 7: (a) Part of BABEL reflection profile (migrated, after BABEL Working
Group 1990) with interpretations based on sandbox modeling. Line A-A' is
interpreted as a back-shear and the line B-B' is then a gently dipping indenter. The
P-point is where kinks are initiated and S is the toe of the rigid indenter. (b)
Experimental model resembling structures in the BABEL profile. Erosional surface
is introduced to ease comparision. B.S. is bulk shortening.

2.5 Symmetric erosion and sedimentation (Paper II)
In order to study how erosion and sedimentation of the emerging relief affect
the internal structures of orogens (i.e. the three categories of orogenic
wedges presented in figure 4), more sandbox models were made and
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described in paper II.  The upper levels of the rising wedge was scraped both
towards the indenter as well as onto the indented sand, i.e. both on the
foreland and hinterland. Three levels of erosion were applied here: limited-,
moderate- and total erosion (for detailed description, see paper II).

This work found that effective indenters of accreted sand, which develop
in models without erosion if the rigid indenter face dips are 15° (Fig. 4a) or
75° (Fig. 4c), are strongly affected by erosion. Figure 8 compares the effects
of three different rates of erosion on a model with a rigid indenter face dip of
75° with the same model without erosion. Models with rigid indenter dips of
75° produce fewer fore-kinks that remain active for longer if erosion is
applied. Additionally, less strain is partitioned to lateral compaction of
effective indenters. An effective indenter is only visible when limited
erosion and local deposition is applied (striped area in Fig. 8b). The growth
of effective indenters therefore depends not only on the face dips of the rigid
indenter (Bonini et al. 1999; Paper I), but also on the amount of erosion. In
fact, the rate of erosion and redeposition of the emerging relief seem to be
equally important in shaping the internal geometry of the rising wedge as the
initial face dip of the rigid indenter.

A local decrease in load disturbs the development of the critical taper
(Jamieson & Beaumont 1988, 1989). The wedge undergoes forward and
vertical compaction and shear until it reaches a critical taper locking the
shear so that movement along it ceases. Decreasing the load on the active
shear plane allows it to shear further before it locks (cf. also Cobbold et al.
1993; Merle & Abidi 1995). Re-deposition of the eroded material increases
the vertical load on the outer wedge and contributes to the higher efficiency
of strain partitioning along the existing shear plane without the need for
forming a new shear.  One might expect that all eroded models would show
a decreasing number of fore-kinks with increasing erosion, as seen in models
with rigid indenter face dips of 75° (Fig. 8). However, this is not always the
case. Models with rigid indenter face dips of 15° subjected to high erosion
rates (total erosion) develop one more fore-kink than equivalent models
without erosion by 40% bulk shortening (Fig. 9). As in models with rigid
indenter face dips of 75°, the effective indenter is very small and therefore
the strain is partitioned less by lateral compaction and more by shear.
However, models without sedimentation to load the margin tend to develop
an extra fore-kink instead of reactivating the existing shear plane. The same
can be seen in models with a rigid indenter face dip of 30° and total erosion.
In totally eroded models, there was no re-deposition to increase the vertical
load on either the foreland or the hinterland. This lack of sedimentation
eased the formation of new fore-kinks and, consequently, more fore-kinks
developed than in models with sedimentation after limited and moderate
erosion. Strain partitioning is clearly a close interplay between lateral and
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vertical compaction, basal slip and shear, all of which depend on the rate of
erosion and amount of sedimentation.

Figure 8: Sketches of models with rigid indenter face dips of 75° after (a) no
erosion; (b) limited erosion and local deposition; (c) moderate erosion and local
deposition; and (d) total erosion without deposition, and after 40% bulk shortening
(B.S.). The effective indenter is shaded. The dotted fields represent deposited debris.

Erosion had already been identified as playing a major role in the
development of the Southern Alps in New Zeeland (cf. Koons 1990). This
mountain range is narrow with summit heights up to 3470 m, formed within
the last 5 million years. The Australian plate has acted as a rigid indenter
converging with the Pacific plate, which is translated southwestward parallel
to the Alpine fault (Norris et al. 1990; Koons 1990). Heavy rainfall rapidly
erodes the northwestern side of the orogen (Griffith & McSaveney 1983;
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Norris & Cooper 1997). High-grade schist and gneisses are exposed beside
the back-thrust (the Alpine thrust) where an exhumation rate of 5-10 mm/yr
has been calculated (Norris & Cooper 1997, and references therein). Low
uplift rates have been calculated on the southeastern side of the Southern
Alps where the erosion rates are low. 

Figure 9:  Sketches of models with rigid indenter face dip of 15° after (a) no
erosion; (b) limited erosion and local redeposition; (c) moderate erosion and local
redeposition; and (d) total erosion, after 20% and 40% bulk shortening (B.S.). The
fore-kinks are numbered in the order they develop.  The model with total erosion
develops 8 fore-kinks compared to the other models that develop six fore-kinks by
40% bulk shortening. The importance of effective indenters is seen to decrease with
erosion.

As in the Southern Alps, rates of erosion are not likely to be symmetrical
across many mountain belts. Therefore, an additional model was deformed
in which erosion was localized to the side of the wedge where the back-shear
reaches the surface. Such erosion unloaded the back-thrust so that it stayed
active for longer. Furthermore, fewer longer-lived fore-kinks developed.
However, asymmetric uplift can be due to factors other than lateral
variations in erosion rates. Asymmetry within the orogenic wedge may also
result from several short-lived fore-kinks developing on one side of the
wedge and a single, long-lived, constantly reactivated, back-shear on the
other.  The rapid transport of deep hot material along the back-shear would
also supply thermal energy, further localizing strain partitioning into the
high-strain deformation zones in this area (cf. Koons 1987, 1990). 
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In all the models in paper II, the rates and locations of erosion and
sedimentation were arbitrary. No account was taken of spatial differences in
erosion and sedimentation that would develop with a river network. Models
with total erosion are also unlikely in nature as no mountains develop to
localize the rainfall. 

2.6 River erosion and transport – an integrated
analogue-numerical approach (Paper III)
To overcome the limitations described above in paper II, a new method was
developed by integrating a numerical model with analogue modeling. The
method integrates the best aspects of analogue- and numerical modeling
techniques and allows for the simultaneous, self-consistent modeling of the
interaction between tectonics and surface transport. The numerical model
provides a process-based quantitative approach to predict the amount and
spatial distribution of erosion and sedimentation. Analogue models can
incorporate lateral variations of erosion and sedimentation rates through time
based on a dynamic topography rather than by a-priori assumption.
However, the models do not take into account the flexural foreland basin that
would normally develop in front of the mountain belt. This leads to
sedimentation within the model being underestimated as most erosion
products leave the system.

This study used models of both “bulldozer type” simulating fold-and
thrust belts as well as “double-vergent orogen-type”. The analogue model
was regularly scanned with a 3D laser to produce a Digital Topographic Grid
(DTG) of its surface. The change of topography was used as input to the
numerical model that in turn calculated the resulting river network as well as
the spatial distribution of erosion and sedimentation. The analogue model
was then eroded using a vacuum-cleaner with a fine nozzle to fit the
calculations from the numerical model. The collected sand was weighed and
redeposited as calculated by the numerical model. The analogue model was
scanned both before and after the erosion in order to calculate the
erosion/sedimentation increment for each erosive step. The accumulated
erosion/sedimentation calculated from the analogue model was compared
with that calculated for the numerical model for comparison. Erosion of the
analogue model was repeated until its erosion fitted that predicted in the
numerical model. The methodology is presented in figure 10.

All models were tilted slightly (c. 0.2°) to control the initial direction of
river-drainage. 
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Figure 10: Methodology for the integration of analogue and numerical models.

The higher peaks along the evolving mountain belt were subject to higher
erosion-rates (cf. Ahnert 1970; Barry 1981; Garcia-Castellanos 2002). Areas
with higher erosion rates partitioned more strain to shear along their existing
thrusts than did areas with lower erosion rates. The unloading of the shear
planes hindered the wedge reaching criticality, i.e. reaching a stable critical
taper. As the activity along the already existing thrusts continued
transporting sand from depth to the surface, the thrusts were steepened by
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lateral compaction of their surroundings. Areas with less erosion favored
strain partitioning by compaction and the development of new shears. As a
consequence, areas with high erosion-rates maintained steeper topographies
and areas with lower erosion rates widened by the development of new
shears. These results are similar to the earlier results from Paper II and
confirm that more realistic erosion (no longer arbitrary) controls the internal
structures of orogens.

Figure 11: Sketch of three profiles of model 1. Deformation in the distant profile has
propagated further forward (12cm) than in the nearest profile (9 cm). The distant
profile was subject to less erosion but more sedimentation than the nearest profile.
The nearest profile has somewhat more closely spaced and steeper faults. The
vergence of the main thrust (thick line) defining the youngest pop-ups (pop-up 3)
differ from one profile to another.

The induced lateral tilt of the model (c. 0.2°) controlled the direction in
which the river system drained and this in turn controlled where the
sediments were deposited. The sediment distribution was also seen to control
lateral changes in the tectonic evolutions of both models 1 and 3. The
additional load of sand deposited in front of these model mountain belts
controlled the vergence of the main thrust as well as the forward propagation
of later thrust wedges, i.e. how far outboard the next thrust developed (Fig.
11). We are underestimating the amount of sedimentation by not having a
flexural basin in our models. Such a crustal flexure would further accentuate
this forward propagation of new thrusts. This can be seen in model I where
both the amounts of erosion and sedimentation predicted by the numerical
model were exaggerated by a factor of 1.5 (Fig. 11). 

As in paper II, higher erosion rates could not always be linked to fewer
fore-kinks. In model 4, nine closely spaced fore-kinks were all successively
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deactivated and pushed up a constantly reactivating back-thrust (Fig. 12A).
In a similar model, after the same amount of shortening but without erosion,
only eight fore-thrusts developed (Fig. 12B). In model 4, erosion unloaded
the back-thrust so much that it became an efficient machine transporting
sand to the surface. The unloading of sand from above the thrust made it
easier for the shear along this back-thrust to continue while a conjugate fore-
thrust developed simultaneously. It is therefore of great significance where
the erosion takes place. Unloading the back-thrust increases its slip-rate and
accelerates the initiation of new conjugate fore-kinks to raise the wedge. 

Figure 12: Sketch of model 4 after 9 cm shortening (corresponding to 18 Myr) (a)
after erosion, (b) and without erosion. Erosion in (a) unloaded the back-thrust and
increased the rate of extrusion along this fault. This faster extrusion required nine
fore-thrusts whereas the model without erosion in (b) only developed eight fore-
thrusts after the same amount of shortening.

Apart from developing a new modeling technique, one of the most
important aspects in paper III is the episodicity of erosion rate and its
consequent record in the growth of syn-tectonic sediments. Even though the
compression of the model was steady, the rates of both erosion and
sedimentation calculated by the numerical model varied with time. The
resulting peaks in the rates of both erosion and sedimentation could be
linked to episodes of high uplift rates in turn related to the development of
new thrusts or the reactivation of older thrusts (Fig. 13). The results from
this integrated model therefore question the necessity of attributing peaks of
sediment delivery to the basin to discrete shortening events. 
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Figure 13: Erosion rates (g/”Myr”) of the analogue model (model 3) and their
changes in “2 Myr” episodes despite a constant shortening rate. The rate of erosion
increased in 3 distinct episodes (4 Myr, 8 Myr and 12 Myr), which coincided with
episodes of high uplift rates due to the development of new thrusts and pop-up
structures. The small schematic sketch shows the corresponding structures after 14
Myr.

2.7 A few conclusions drawn from analogue models of
orogenic wedges

I If models resemble nature, orogens partition strain due to steady
shortening into lateral compaction, slip along the basal
décollement, and shear along imbricate thrusts, to a degree that
depends on the shape of the indenting continent. When the face
of the indenting continent is close to the angle of internal friction
of the indented brittle crust, the orogen partitions strain to
imbricate shears to a somewhat higher degree than orogens that
develop effective indenters which instead partition more strain to
lateral compaction.

II Rigid indenters with face dips of 30°are the most efficient at
building fore-thrusts but raise the orogenic wedge the least for a
particular bulk shortening convergence. Models that develop
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effective indenters develop fewer imbricate shears but compact
more. 

III Tectonic uplift has long been known to control erosion. This
work has demonstrated that erosion controls the internal structure
of the orogen as well as its topography. In other words, climate,
erosion and tectonics are mutually dependant. 

IV High erosion rates do not always lead to fewer thrusts but usually
extend the lifetime of the unloaded faults that steepen with
increased shortening.

V Erosion favors strain partitioning to imbricate shears rather than
compaction and consequently decreases the size and relevance of
effective indenters. 

VI The integration of numerical and analogue models is a powerful
tool to study the interplay between river transport and tectonic
deformation. Adding isostasy and the development of flexural
basins would further improve this method.

VII The differences in surface transport of sediments along orogen-
parallel rivers in the foreland reflect the style of deformation in
the analogue orogen.  The rivers and the morphology control
where the sediments are deposited and the load of these
sediments in turn controls the vergence of the main thrust as well
as the forward propagation of later thrusts.

VIII Even though compression applied to these model orogens was
steady, the calculated erosion- and sedimentation-rates were not.
Peaks of erosion and sedimentation could be linked to tectonic
episodes of high uplift rates.
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3. Deformation zones in eastern Bergslagen 

Although convergent orogens differ from each other in detail, they all share
the same basic features. Lateral compression leads to folding and shearing of
sedimentary and magmatic rocks from both the continental margin as well as
from deep-water marine deposits. Some of these rocks are strongly
metamorphosed, i.e. they undergo changes in mineral composition and rock
texture where and when they are subjected to high temperatures and
pressures within the earth; they are also intruded by somewhat younger
igneous bodies.  The whole mountain building processes can span a time-
scale greater than 100 million years (Tarbuck & Lutgens 1993). Paper IV
and V describe two areas of south central Sweden where Svecofennian rocks
have been affected by the Svecokarelian orogeny. The results presented are
compilations from existing maps of bedrock, aeromagnetic anomalies and
structural data supplemented by studies in the field and under the
microscope. Contrary to the models described above, here we start with a
deep horizontal section of the present deformed orogen and work backward
in time to recover how the orogen deformed. 

3.1 The Svecokarelian orogeny
The Svecokarelian Domain (SD) makes up the central part of the Baltic
Shield (Fig. 14a). The Svecofennides are attributed to the Paleoproterozoic
Svecokarelian orogeny (c. 1.88-1.80 Ga; Lindström et al. 2000) inferred to
be the result of convergence between a juvenile island arc complex or a
collage of several island arcs in the south with the older and stable, cratonic,
Archean domain to the north (Gaál & Gorbatschev 1987; Nironen 1989;
Park 1991). Island arcs are chains of volcanic islands forming where oceanic
plates converge and one subducts and melts beneath the other.  Electrical
conductive structures as well as seismic reflectors in the upper and middle
crust of the Svecofennides have been interpreted as terrane boundaries
implying several local collisions during the assembly of the island arc(s) and
the Archean craton (Korja et al. 1993). 
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Figure 14: (a) The Svecokarelian Domain forms the central Baltic Shield. (b) The
eight (A-H) structural domains in Sweden defined by formlines and major
deformation zones (from Sjöström & Bergman 1998 based on Stephens et al. 1994).
SFDZ = Sveconorwegian Frontal Deformation Zone. (c) The Bergslagen arc and
the Sörmland Basin. Regions investigated within this thesis are outlined. Broken line
separates high-grade metamorphic rocks (south) from the medium grade
metamorphic rocks (north).
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The SD represents several episodes of rock formation often referred to as the
early orogenic-, late orogenic-, and post orogenic periods. The early-
orogenic intrusions range in age from 1.91 to 1.84 Ga (Lindström et al.
2000), with a peak of activity in the time span of 1.90-1,86 Ga as
Svecofennian crust accreted to the Archean nucleus in the northeast
(Hietanen 1975; Patchett & Arndt 1986; Gaál 1990; Andersson 1997). The
oldest rocks consist of partly migmatized metasediments, dominantly felsic
volcanic rocks, granodiorites and tonalities. The main regional
metamorphism in the SD resulted in migmatisation of the gneisses during
and shortly before (c. 1.83-1.77 Ga; Gaál & Gorbatschev 1987; Öhlander &
Romer 1996) the late orogenic period  (Andersson 1997 and refs. therein).
This period also resulted in widespread magmatism characterized by
granitoid intrusions, essentially granites (Andersson 1997) with numerous
pegmatites (Romer & Smeds 1994; Andersson 1997). The post-orogenic
intrusions may be genetically linked to the orogeny and are often grouped
together with the late orogenic intrusions in a period from c. 1840 to 1770
Ma (Lindström et al. 2000).

The Svecokarelian structures of east central Sweden are characterized by
E-W regional folds with a variably plunging E-W stretching lineation and
late-orogenic (c. 1.8 Ga; Högdahl 2000) WNW-ESE dextral shear zones.
Both the E-W folds as well as the shear zones have been interpreted as
accommodating approximately N-S or NNE-SSW oblique convergence
towards the Archean  craton in the north (eg. Stephens et al. 1997; Sjöström
& Bergman 1998). 

Proterozoic Sweden can be divided into eight structural domains based on
patterns of formlines representing the trends of tectonic foliations and major
deformation zones in addition to characteristic rock associations and
metamorphic features (A- H; Fig. 14b) (cf. Sjöström & Bergman 1998). The
field areas of this study lie within domains D and E (cf. Figs 14b & 14c). 

3.2 The Bergslagen arc and the Sörmland Basin

Domain D (Fig. 14b) covers most of the Bergslagen region and was
historically one of the most prosperous mining areas in Sweden (Stephens et
al. 1997). The Bergslagen region has been interpreted as a continental
extensional back-arc region that was formed near an active continental
margin (Allen et al. 1996). Back-arc basins are basins forming on the
overriding (non-subducting) plate behind a volcanic arc at a migrating
subduction zone. Allen et al. (1996) proposed the Taupo volcanic zone in
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New Zealand as a modern analogue of Bergslagen and suggested that the
main differences are that extension and extensional subsidence was more
intense in the Bergslagen region resulting in subaqueous environments
(Allen et al. 1996). Earlier interpretations also suggested continental margin
environments (Lundström 1987; Gaál & Gorbatschev 1987).

In the Bergslagen arc, linear, commonly mineralized, belts of (low to)
middle metamorphic grade supracrustal successions envelope syn- to post-
tectonic intrusions. This pattern has been attributed to the intrusion of
granitic plutons (or gravity driven diapirs) between supracrustal septa
(“granite tectonics”) (Högbom 1910; Geijer 1916; Stephansson 1975;
Berthelsen 1987: Kupiers 1987; De Groot et al. 1988). 

Stålhös (1991) interpreted the structures as being both related to “granite
tectonics” as well as west- or northwestward directed folding and thrusting.
In his model, the earliest fold phase (F0) was attributed to magmatic
intrusions (Stålhös 1991). The two later fold phases were contemporaneous
(cross-folding), where the first phase (F1) was due to E-W compression and
F2 due to a secondary perpendicular stress caused by already solidified
competent granitoid bodies (Stålhös 1991). 

None of the above models recognized shear zones as significant
components in the structural framework. Some of the intrusions and the
supracrustal rocks show a penetrative foliation and lineation (cf. map sheets
Östhammar 12I; Stålhös 1986, 1987, 1988, 1989). This, together with
integrated interpretations of formlines, aeromagnetic anomalies and
topographic data (Bergman et al. 1996), show that the whole region has been
subjected to pronounced Svecokarelian deformation after the solidification
of the intrusions. 

My field studies within the Bergslagen arc were concentrated to the
northeast of the region (Fig. 14c). The most prominent shear zone in that
area is the steep NW-SE Singö Shear Zone (SSZ). Rock-units and structures
are rotated clockwise into this zone (cf. Stålhös 1988; Talbot & Sokoutis
1995), meaning that pre-existing folds and associated lineations are sheared
into the SSZ. A 3D strain analysis in the SSZ indicates that early (inferred at
~1.86-1.83 Ga) ductile deformation was transpressional (oblique
convergence resulting in a combination of pure- and simple shear) with a
dextral horizontal component (Talbot & Sokoutis 1995). Shear sense
indicators at a few localities in the zone also record a dextral/southwest side
up component (Bergman et al. 1996; Sjöström & Bergman 1998). Local
post-Svecokarelian reactivation has been recorded by the development of
pseudotachylites and faults (Talbot & Sokoutis 1995).

Recently, two more shear zones have been discovered (Bergman et al.
1996; Antal et al. 1998) – the Österbybruk-Skyttorp Zone (ÖSZ) and the
Gimo Zone (GZ). These two NNE-SSW to N-S striking zones were my main
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targets for study in the Bergslagen arc with the goal of sorting out their
kinematic histories as well as their relationship to the SSZ. The results are
presented in detail in paper IV. 

The broken line in figure 14c separates the low- to medium metamorphic
grade rocks of the Bergslagen arc from the higher grade rocks of the
Sörmland Basin (Stålhös 1991). My second field area was within Sörmland
Basin (Fig. 14c). Also here, both bedrock and aeromagnetic maps reveal
dominant E-W structures (Fig. 15). Magnusson (1936) and Lundegårdh
(1959) related these E-W structures as well as the granitic intrusions in the
central Sörmland Basin and the region further west (Östergötland) to an
orogenic peak linked to N-S compression. Wikström (1979) also regarded
the E-W structures as due to N-S shortening, but in his model the plutonic
rocks were already solidified to competent bodies flowing in a less
competent supracrustal matrix. It was in this area that Stålhös (1981, 1991)
first developed his model of cross-folding based on a previous model by
Sundius (1939). Stålhös interpreted the deformation as having occurred
under high-grade metamorphic conditions late in the orogeny (c. 3-4 kbar
and 700°C, Stålhös 1975). He also considered the foliation and lineation in
all the early Svecofennian rocks throughout central Sweden to be closely
related to the F1 and F2 cross-folding. Only one regional, generally E-
plunging lineation was recognized in the Sörmland Basin where it is less
steep than in the Bergslagen arc.  Stålhös’ (1981, 1991) model also assumed
intrusion and solidification of the granitoids prior to F1-F2 deformation and
that the folds with E-W axial traces visible on aeromagnetic maps (Fig. 15)
formed in response to his secondary stress, i.e. the stress caused by the
competence contrast between the granitoids and their surroundings.

In 1921 Asklund introduced the term “kustzonsveckningen” (coastal-
zone folding) for a N-S fold-belt extending along the coast near Stockholm,
from northern Sörmland approximately 150 km southwards. He believed that
this fold-belt recorded a late E-W compression following an earlier N-S
compression. Stålhös (1991) partly adopted this idea and inferred that this
fold-belt continued also 300 km northward from the Stockholm region.
Stålhös considered this fold-belt to be an F1 fold front and described these
folds as tight to isoclinal and W- or NW-verging and as related to thrusting.
A spectacular zone of banded rocks in the islands just offshore – the Ornö
Banded Series (OBS) – was interpreted by Stålhös as a subparallel fold front
(Fig. 16), that can be traced at least 80 km along the coast, from Ålö in the
south to Skarprunmarn in the north (Fig. 16). 

Geologists have discussed the origin of the OBS for more than a hundred
years. Most of them have interpreted its banded appearance in primary
terms, such as undisturbed or slightly modified bedding in supracrustal rocks
(Holst 1882; Dietrich 1963), magmatic differentiation (Cederström 1893;
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Högbom 1910) or chemical differentiation (Sundius 1939). Like Stålhös,
Wenk (1937) also considered deformation in his interpretation of the OBS.
He described the OBS rocks as B-tectonites (nowadays L-tectonites:
deformed rocks dominated by a linear fabric) and attributed the OBS to both
magmatic (migmatization) and tectonic processes. We suggest that the OBS
is a composite deformation zone that accommodated the inferred N-S
convergence, together with the E-W folds and other shear zones in the
region. 

Figure 15: Aeromagnetic map of the coastal part of the Sörmland basin. (a) The
Norrtälje synform. (b) The Värmdölandet antiform. (c) The Ingarölandet synform.
(d) The Södertörn antiform.

Seismic reflection profiles (BABEL profile B and C [Baltic and Bothnian
Echoes from the Lithosphere]; BABEL Working group 1990 & 1993) of the
central and southern Swedish Svecofennides have been interpreted to image
an accretionary continental margin in front of a NE-dipping subduction zone
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retreating to the south-west (Korja & Heikkinen 2001). In that picture, the
structures of the Sörmland Basin are compared to an accretionary prism.
Further, the subduction zone is described as dipping beneath stacked
(imbricated) older crustal blocks over which the Bergslagen arc and the
migmatite belts of the Sörmland Basin have been thrust (Korja & Heikkinen
2001). Loberg (1993) has proposed a similar model where this NE-dipping
subduction zone would correspond to his southern subduction zone. The
model of Korja & Heikkinen (2001) is also in agreement with a tectonic
model based on igneous associations (Stephens and Ahl 2001).

Figure 16: The coastal zone folding (Stålhös 1991) and its northern continuation
including the subparallel Ornö Banded Series (OBS) traced from Ålö in the south to
Skarprunmarn in the north. SSZ = the Singö Shear Zone, HSZ = the Hassela Shear
Zone
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Paper V focuses on the OBS and a selection of shear zones within the
mainland folds in the southern Stockholm coastal region (Fig. 14c). We try
to relate the development of both the folds and shears to the regional N-S
shortening. Furthermore, we also address the significance of migmatisation
and the possibility that migmatising areas may have acted as soft cushions
accommodating high strains.

3.3 Late-orogenic progressive shearing in northeastern
Bergslagen (Paper IV)
The bedrock within northeastern Bergslagen is dominated by early
Svecokarelian intrusions of mainly tonalitic and granodioritic compositions
(Fig. 17). Felsic metavolcanic rocks including marbles and some bodies of
iron ore make up linear belts within the granitoids. Some of the skarn related
iron ores have been of great economic importance for the region (e.g. the
Dannemora and Ramhäll mines) even though none of them are being
exploited today. 

The structures identified from existing maps and mapped in the field fit
well into the picture of an overall N-S compression inferred for the central
and southern Svecofennides. The more competent granitoids deformed
together with the less competent metavolcanic rocks which localized strain
into narrow zones. The area is bounded to the north by the transpressional
SSZ which may be a splay from a more profound E-W zone to the north
(Tirén 1989; Tirén and Beckholmen 1990) separating domain D from C (Fig.
14b). 

A compilation of magnetic- and foliation formlines presented in paper IV
shows the SSZ to include lenses of less deformed rocks in the northeastern
part of the area (Fig. 18). In the central part of the area, a large distorted
(folded) lens can be distinguished. This lens is bound to the north by the SSZ
and to the west, south and east by distinct formline patterns partly coinciding
with linear metavolcanic belts: the Österbybruk-Skyttorp Zone (ÖSZ), the
Ramhäll Zone (RZ) and the Gimo Zone (GZ) (Fig. 18). 

Both the ÖSZ and the GZ had already been interpreted as shear zones
although their kinematics were unknown (Bergman et al. 1996; Antal et al.
1998). This study added the RZ as a shear zone. The ÖSZ and the GZ splay
from the SSZ and the formline pattern has been rotated clockwise towards
both zones. Formlines in the junction between ÖSZ and the RZ indicate a
fold closure, to which overprinting NE-SW formlines are axial planar. In
summary, formline trends indicate apparently dextral shear zones outlining
shear lenses deformed by large-scale folds.
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Figure 17: Schematic bedrock map of northeastern Bergslagen. Three fold phases
are indicated where the F2 and F3 correspond to F1 and F2 in the generally applied
model of Bergslagen.

Rock distributions indicate two distinct fold phases (F2 and F3) and a
possible earlier F1-folding. The first folds (F1) are detected, on scales of
meter to decimeter, in the E-W trending sequence of metavolcanis rocks
close to Ramhäll (cf. location on Fig. 17).  The penetrative foliation is axial
planar to these folds and there is no sign of an earlier foliation. Although,
these folds may only reflect shearing along an irregular primary contact
between the metavolcanic and granitoid rocks, arrow-head fold interference
patterns in mafic volcanic rocks 30 km further northwest also imply two
fold-phases predating F3. On a larger scale, way up determinations (Stålhös
1987) indicate refolding prior to F3 within the meta-volcanic rocks 3 km east
of Vattholma (Fig. 17). In the generally applied structural model of
Bergslagen, our F2 and F3 correspond to F1 and F2 (Stålhös 1991; Allen et al
1996).
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Figure 18: Formline map of the Eastern Bergslagen. The SSZ in the north, and the
Österbybruk-Skyttorp Zone (ÖSZ), Ramhäll Zone (RZ) and Gimo Zone (GZ) towards
the west, south and east outline a central lens.

The regional lineation in domain D is generally steeper than the regional
lineation in domains C and E (Fig. 14) to the north and south. We have not
been able to establish the relationship between the fold phases and the
regional lineation in the northeastern Bergslagen. However, the significance
of the SSZ is evident in the northern part of the area with a pronounced NW-
SE foliation and a dominantly SE plunging lineation. To the south of the
SSZ, both the regional lineation and foliation rotate into the steep-dipping
ÖSZ and GZ. Well developed kinematic indicators parallel to the stretching
lineation along both the ÖSZ and the GZ support the idea that this lineation
marks the direction of transport.  

Our observations support Stålhös (1991) in that the region shows a strong
imprint of late-orogenic deformation which involved folding and the
development of a more or less pervasive metamorphic lineation in all rocks
except the c. 1.8 Ga late orogenic anatectic red granites that probably show a
magmatic lineation. In other words, the “granite tectonic” models by
Högbom (1910), Geijer (1916) as well as the model of polydiapirism by
Stephansson (1975) are all contradicted as fabrics related to folding and
shearing dominate the area rather than magmatic fabrics.

Kinematic indicators along both the ÖSZ and the GZ indicate that eastern
block up movements were dominant. In a few places along the ÖSZ an
earlier W-up pattern within E-up shear lenses has been observed (Fig. 19).
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This is also indicated by a detailed study of the ÖSZ (Engström 2001). The
elongated, often symmetric, shear lenses are common in both vertical and
horizontal sections of the metavolcanic rocks but are sometimes also seen in
the granitoids (Fig. 19). Shear sense along the ÖSZ is characterized by a C/S
fabric with chlorite along both the S and C planes; together with only
partially recrystallized quartz-ribbons, these indicate greenschist facies
metamorphism. Highly strained quartz porphyroclasts show undulose
extinction with incipient development of optically oriented subgrains as well
as recrystallized tails in a typical mylonitic metarhyolite.  By comparison to
the ÖSZ, the GZ sheared at a higher metamorphic grade (amphibolite facies)
indicated by C/S fabric with biotite and hornblende along both planes.
Metamorphic grain growth of hornblende is also common and locally rocks
in the GZ are striped gneisses with almost entire recrystallized quartz-
ribbons.

Figure 19: Block diagram of the ÖSZ showing lens shaped structures within a
metarhyolite (gray) and a granodiorite (white). Shearbands and porphyroclasts
within the lenses indicate an early W-up kinematics overprinted by E-up shear. M;
Mylonite.

Paper IV suggests the following evolution for the area. As the Singö Shear
Zone developed, strain beside the SSZ was localized within the metavolcanic
belts that anastomosed around more competent granitoid lenses on various
scales (Fig. 20a). These shears and the lenses they enclose, were
subsequently folded (Figs 20b & 20c). Early W-up shear along the ÖSZ (cf.
Engström 2001) was contemporaneous with E-up shear along the GZ and S-
up shear along the RZ as they enclosed a block that moved relatively
downward (Fig. 20a). Subsequent fold-related shear on the ÖSZ was mainly
E-up with a sinistral horizontal component that explains the E-up overprint
on earlier W-up structures. It is not clear whether the later E-up shear along
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the ÖSZ follows the lens shaped structure or continues southwards as
indicated by the formline interpretation (cf Fig. 20c and 18).

Figure 20: Tectonic model of northeastern Bergslagen. (a) After F1 and F2, strain
localized along narrow zones south of the SSZ difining shear lenses. (b) The shear
lenses started to rotate by F3 folding. (c) Present day configuration of the shear
lenses. As the shear lens folded, the shear sense along the ÖSZ changed to E-up. 

The SSZ and the anatectic granites locally within it (Fig. 20c), share the
same stretching lineation and cylindrical folding of paleosome fabrics. These
shared structural imprints demonstrate that the SSZ was still active at c. 1.8
Ga when the granites intruded. Southwards distribution of the strain lead to
rotation and folding of the lens (Fig. 20). As the lens was folded, both the
lineation and the foliation rotated around steep axes. The general steep to
moderate lineation and the development of lenses may indicate
transpression, probably with a large pure shear component (cf. Talbot &
Sokoutis 1995). Symmetrical sinistral and dextral shear within a diorite lens
south east of Vattholma may indicate this pure shear component. Our
observations do not support Stålhös’ (1991) suggestion of E-W shortening.
Instead, the folding and shearing is consistent with late-orogenic c. N-S
shortening. 

Large-scale listric deformation zones indicated by the BABEL 7 seismic
sections might reach the surface in eastern Bergslagen (cf. Korja &
Heikkinen 1995). The deformation zones in the sections have apparent strike
directions of 035°-040° and 040°-045° (Korja & Heikkinen 1995) and shears
striking 305° are interpreted as transfer systems linking the listric shears. In
that picture the SSZ can be interpreted as a transfer structure and the ÖSZ
and the GZ as shears in an extensional “duplex” making the shear lens a
negative horse, still under transpressional conditions (Talbot & Sokoutis
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1995). However, the lengths of the ÖSZ and GZ and the lack of
metamorphic breaks across them, do not justify them being crustal-scale
shear zones. 

Much later brittle reactivations of the ÖSZ resulted in chlorite-epidote-
laumonite-prehnite infilled faults and in W-down offsets of the Precambrain
peneplain with extensive brecciation (Stålhös 1991; Engström 2001), that
have been recorded regionally (Welin 1964; Tullborg & Larsson 1982;
Talbot & Sokoutis 1995; and others). 

3.4 Shear and fold accommodated convergence in
southeastern Bergslagen (Paper V)
Most of our field studies in the Sörmland Basin focused on the Ornö Banded
Series (OBS). We ascribe the spectacular banding (Fig. 21:1) to intense
deformation of composite lithologies at high-T solid-state conditions. The
deformation zone is not constrained to only the zone of banded rocks. Areas
with more homogeneous rocks, like augen-gneisses, are also strongly
deformed. 

The conspicuous banding in the OBS includes macroscopically extreme
mylonites. Some of these contain φ-type, K-feldspar porphyroclasts with
tails up to 20 cm long (Fig. 21:2). Microstructurally, the mylonites are
striped gneisses and the rounded K-feldspar porphyroclasts have local
myrmekitic intergrowth at their margins. These textures are typical of high-
temperature deformation (Passchier & Trouw 1996), an inference supported
by thermobarometry based on garnet-biotite-plagioclase from a metapelite
indicating that the OBS has been metamorphosed at c. 730° and 400-600
MPa (Sjöström & Persson 2001).  

Sheets of “porphyrites”, with apparently zoned plagioclase phenocrysts
2-3 mm across, are interlayered with mylonitic felsic bands. The so called
porphyrites partially account for the previous syn-magmatic interpretations.
However, under the microscope, these also show a pronounced metamorphic
foliation defined by amphibole and biotite and the plagioclase “phenocrysts”
have core and mantle textures. We have interpreted these “porphyrites” as
deformed versions of diorites that underwent grain size reduction.
     Kinematic indicators within the OBS are complex, obscured by
recrystallization, and often contradictory.  The complexity of the kinematic
pattern is here attributed to shear zones anastomosing around lenses and later
folding. Such lenses are more common than shown on published maps (e.g.
Sundius 1939) and appear to be reflected by the topography with mylonites
bounding many lens-shaped topographic highs. Some of lenses preserve F1 +
F2 interference patterns in their cores.  
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We interpret the refolding of older, intrafolial folds within the OBS as
indicating that it originated as a D2-structure that was later refolded by F3 S-
folds (Table 1). These F3-folds have E-W to SW-NE steep axial surfaces and
are here interpreted as equivalents of the regional-scale folds on the
mainland (cf. Fig. 15). These F3 S-folds folding the mylonitic foliation
record the most consistent kinematic pattern along the OBS. In the long limb
of the S-fold on northern Runmarö (e.g. its extension on Skarprunmarn; cf.
Figs 21 & 22), flames on mafic enclaves (Fig. 21:3) indicate sinistral/N-up
shear. An sinistral/S-up pattern in the short limb of the F3-fold is overprinted
by dextral, fold-related D3-shear. Along the eastern shore, the sense changes
to sinistral in the long limb of the fold, overprinting neosome-bearing (D2?)
E-down shearbands slightly to the south. 

Figure 21: Sketch map of the Stockholm archipelago, along the coast of
southeastern Bergslagen. (1) North northeastward view of the Ornö Banded Series,
Timmerudd, Ornö. (2) Subhorizontal section of φ-type, K-feldspar augen in steep
NNE-SSW felsic mylonitic bands derived from pegmatites. Lens cap is 60 mm.
Hässelmara, Ornö. (3) Horizontal W (left)-E (right) view of mafic enclaves/or sheets
in felsic fine grained granite recording sinistral shear, Skarprunmarn. (4) North
northeastward view of pegmatites cross-cutting the mylonitic OBS fabric.
Depending on their orientations, the pegmatites have been deformed by pinch-and-
swell (left) or by asymmetric boudinage (right) at a late stage of the OBS
deformation. Timmerudd, Ornö. Broken line outline the OBS.
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Table 1: Summary of the structural evolution of the OBS and the mainland folds.

General features Sense of shear
D1 S1 bedding-parallel cleavage. F1 possibly

recorded by pinching out of biotite-rich,
pelitic layers (Skarprunmarn) and as
refolded folds within tectonic lenses.

D2 S1 is folded by F2 as intense shear forms
the OBS and the strong S2 mylonitic
foliation. F2 is locally preserved within the
deformation zone, especially within
tectonic lenses. 
Development of a strong stretching
lineation (L2) and sheath folds

Kinematic indicators
vary on different sides
of tectonic lenses.
Possibly sinistral/NW-
up shear dominates but
the indicators are
almost impossible to
discern through a
strong later overprint
(by D3).

D3 Refolding of the OBS by large-scale F3 S-
folds (and Z-folds?). Formation of
migmatites that acts as a “soft cushion”
accommodating the main part of the shear.
1816-1820 Ma pegmatites cross-cut the
OBS mylonitic fabric and are themselves
dextrally sheared indicating a minimum
age of the OBS deformation. The mainland
F3-folds are rotated into the OBS.

Kinematik indicators
are dominantly
sinistral/NW-up along
the long limbs and
dextral in the short
limbs of the Runmarö
S-fold. A sinistral sense
of shear is also inferred
by the rotation of
mainland structures
into the OBS.

D4 Approximately E-W zones on the
mainland accommodate hinge-escape
(WNW) of the Värmdölandet fold.

Development of several NNE-SSW (≤15m
wide) retrogressive deformation zones

On western Ornö, oblique sinistral/NW-up kinematics also dominate the
most intensely deformed parts of the OBS. However, it is not clear to what
extent the older D2-shear contributes to this pattern, because of a strong
imprint by D3. Therefore two phases of shear can only be separated where
overprinting relationships are recognizable. The anticlockwise rotation of the
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E-W regional pattern of the mainland structures into the OBS also
demonstrates a late stage sinistral/W-up shear. 

Figure 22: Bedrock map of northern Runmarö (after Sundius 1939). The large-
scale, F3 S-fold is outlined by broken lines. The arrows show the horizontal
component of the D3-shear.

The F3-folds in the archipelago are not totally coherent with the mainland
folds (cf. Fig. 16). These differences are probably due to “structural
decoupling” related to the formation of migmatites during D3. In other
words, the migmatisation may have formed a weak cushion between the
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mainland and the OBS on the islands (Utö-Ornö-Runmarö-Skarprunmarn)
causing the structural disharmony seen between the two zones.

Z-folds on Ornö have puzzled us throughout this study. They fold the
OBS foliation suggesting that they are F3 folds. On the other hand, they have
an inappropriate symmetry with respect to their location in the limb of the
east plunging antiform on the mainland (Värmdölandet antiform; Fig. 15)
suggesting that they predate F3 and are F2-folds. Based on the recognition of
two phases of intrafolial folds within the OBS we suggest that they are either
F3 shear-folds formed due to eastward growth of the Södertörn antiform –
possibly enhanced by migmatite formation – or F3-hinges dismembered by
shear zones. 

The absolute timing of the structures and metamorphism in the region has
not been determined. The long period (1.88-1.80 Ga; Lindström et al. 2000)
ascribed to the regional metamorphism of the Svecokarelian Domian does
not help constrain the evolution. Detailed studies on Utö, SW of Ornö, have
shown that the greywackes have been affected by two, possibly three
separable episodes of migmatisation related to separable deformation events
(C. J. Talbot, Uppsala, pers. comm. 2002). It is therefore likely that the long
period of regional metamorphism comprises a sequence of events. However,
our study has not focused on the separation of different migmatisations but
refers to the relative timing of the late orogenic migmatisation and the shear
fabric of the OBS. 

White neosomes formed locally during OBS deformation and some of
these neosomes were later dismembered to augen by progressive shear. The
most extreme mylonites along the OBS predate the major migmatisation, in
turn considered to have formed shortly before the late orogenic period
commencing at c. 1.83 Ga (Andersson 1997; Öhlander and Romer 1996). A
somewhat younger age for the migmatisation event is derived from
tourmaline pegmatites (1816-1821 Ma) close to Ornö and a younger set of
pegmatites to c. 1.79 Ga (Romer & Smeds 1997). Romer & Smeds (1997)
attributed these tourmaline pegmatites to crustal melting during the
migmatisation.  This indicates a minimum age of c. 1.82-1.79 for D2-shear
and early D3. That the mylonitic OBS predate the late orogenic
migmatisation is locally beautifully displayed on Fåglarö, W of Ornö. There,
the only rocks not to have melted are mylonitised mafic rocks. Pegmatites
related to the late orogenic migmatites also cross the OBS mylonitic fabrics
and display late dextral shear (Fig. 21:4).

Our observations imply that the OBS was partly coeval with the Singö
Shear Zone (SSZ) during the late-orogenic evolution (Talbot & Sokoutis
1995; Bergman et al. 1996). Both the SSZ and the OBS are spatially related
to metamorphic variations. The OBS is the approximate eastern boundary to
migmatites (cf. Fig. 14) and the SSZ is the southern boundary to rocks of
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higher metamorphic grade to the north. The SSZ is characterized by a SSE-
plunging stretching lineation (Stålhös 1989), while the OBS is characterized
by a NNE-plunging lineation. The OBS  (sinistral/NW-up) possibly made a
conjugate (D3) shear system with the SSZ (dextral/NE-down), that together
with the E-W folds, accommodated the N-S shortening of the older
accretionary prism (cf. Korja & Heikkinen 2001). The SSZ differs from the
OBS in that the former is not folded. A recent aeromagnetic compilation
(Korhonen et al. 1999) indicates that the SSZ crosscuts the OBS. Possibly
the longer-lived SSZ may have acted as a buttress to the OBS (Fig. 23). 

Figure 23: Principle sketch of the D3 evolution. The E-W folding together with a
conjugate shear zone system, the Singö Shear Zone and the Ornö Banded Series,
accommodated the regional shortening. Late D3 hinge escape of the Värmdölandet
fold affected the OBS on northern Runmarö where structures rotated and steepened.
The weaker migmatites apparently accommodated strains as the OBS decoupled
from the mainland. The longer lived SSZ possibly acted as a buttress to the OBS.

Studies of the Värmdölandet antiform on the mainland have revealed
shearing in the fold limbs indicating a late eastward (lateral) hinge escape of
the fold. A N-S pure shear component in both limbs is indicted by symmetric
conjugate shearbands. The hinge escape has also steepened and rotated older
structures within the OBS on Runmarö. The character of associated
mylonites, truncating neosomes and pegmatites, show that this hinge escape
occurred after the metamorphic peak. Similar post-orogenic shears (D4) also
crosscut most rock-types at several localities in the archipelago.
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The OBS and its sugested structural equivalent on the mainland (cf.
Stålhös’ fold fronts 1991) may have originated as components of a thrust
complex in the accretionary complex image by BABEL data (cf. Korja &
Heikkinen 2001). If so, we can still not suggest a direction of thrusting due
to the strong overprint by D3 deformation. Moreover, the oblique sinistral
shear recorded in the most intensely sheared parts of western Ornö (the type
area) is not consistent with such an evolution as this shear component
indicates extension (sinistral/SE-down). However the existence of oblique
dextral shear zones may be attributed to remnants of earlier thrusts whereas
the sinistral zones record the overprint of a later deformation.  Stålhös (1981;
1991) suggested west-vergent folding on the mainland and inferred a
regional relationship to thrusting. If the OBS originated in the same system
of major deformation zones as the fold fronts indicated by Stålhös (1991),
unfolding this system recovers a major deformation zone approximately
parallel to the Svecokarelian-Archean boundary in the northern part of the
Baltic Shield. Its maximum age is then constrained by its proposed
continuation into the 1.85 Ga Ljusdal granites (Delin 1993, 1996; Welin et
al. 1993) to the north of the Bergslagen district. However, if the Bergslagen
arc, together with the Sörmland Basin accretionary prism (Korja &
Heikkinen 2001), is a separate terrane, the maximum possible age of the
OBS is c. 1.89 Ga requiring the early orogenic intrusives to be syntectonic.

Compared to the model by Stålhös (1991), which also involve three fold
phases (F0, F1, F2), our results differ mainly in that our F2- and F3-folds (i.e.
Stålhös F1 and F2) are not coeval and that our F3-fold with E-W fold axes are
attributed to N-S shortening.  Our F2 and F3 are essentially comparable with
the two major fold-phases previously established in the Bergslagen region
(e.g. Allen et al. 1996; Stephens et al. 1994). However, the nature of D1 is
not regionally understood. Based on detailed structural work on Utö it is
suggested to be a major fold-thrust event coeval with the emplacement of the
early orogenic intrusives (C. T. Talbot, Uppsala, pers. comm. 2002).

A summary of our results is presented in table 1.
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4. Deformation zones in models and nature – a
summary.

In models we can observe the forward evolution during deformation whereas
observations in nature require working backwards, i.e. beginning with the
result and going backwards towards the undeformed state. The complexities
in nature emphasize the importance of simplifying analogue models to
demonstrate the interaction of a limited number of processes under known
boundary conditions. In this thesis, analogue models and field observations
were used to investigate a number of important factors controlling strain
partitioning during orogenesis. Whereas the models represent an entire
simplified orogen scaled down to individual shear zones, the studies in
nature reveal details comparable in size to or smaller than individual sand
grains in the experiments. In addition, the field areas correspond to a small
fraction of the orogen as a whole and are far from totally exposed. The
present day surface geology in the field area of Bergslagen arc and Sörmland
Basin represents a deeply eroded horizontal section c. 12-15 km below the
Svecokarelian topography. 

The model orogens are constrained to escape vertically by rigid planar
boundaries. No lateral escape along strike-slip shears was possible in these
models. The face dip of the leading edge of the indenting continent controls
whether the original suture remains active or if an effective indenter
develops. It also controls the spacing and numbers of shear planes, as well as
the width of the orogen and height of the mountain. However, all these
characteristics depend on the rate and spatial distribution of erosion and
sedimentation. Erosion decreases the importance of effective indenters and
favors shearing on existing faults leading to steeper, long-lived shear zones.
The long-lived shears resulting from immense erosion of model orogens
steepened and rotated with compaction resulting in a narrow orogen bound
by steep shears. Sediments loading the margin of the model orogens lead to
the propagation of shear zones further outboard and in turn to wider orogens.  

In general, the topography has been considered to control climate and
therefore erosion. This work has demonstrated that erosion controls the
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internal structure of the orogen as well as its topography.  In other words,
climate, erosion and tectonics are mutually dependant and the interplay
between these processes is far more complicated than yet understood.

Even though the convergence rate in the models was steady, the strain
partitioning was episodic. The strain accommodated by compaction, slip
along the basal plane of the model and shear along thrusts. Erosion- and
sedimentation rates were also seen to be episodic. Peaks of erosion- and
sedimentation-rates are here linked to phases with high uplift rates, i.e.
shearing events. Consequently, lower erosion- and sedimentation rates are
linked to periods where strain is accommodated by compaction or slip along
deep décollements not resulting in uplift.

Compared to the models, studies of natural orogens add several
complexities such as temperature gradients, heterogeneous materials, oblique
convergence, and less well defined boundary conditions.  In our studies
within parts of the deeply eroded Paleoproterozoic Svecokarelian orogeny,
we have not been able to distinguish the individual episodic events seen in
the models. However, different phases of deformation can be distinguished
(D1, D2, D3…) based on overprinting criteria. Regional E-W folds and
several dextral shear zones have been attributed to oblique convergence
during the Svecokarelian orogeny. The oblique convergence resulted not
only in vertical escape as in the models, but was also accommodated by
strike-slip shear, i.e. lateral escape reflecting other boundary conditions. 

Within the field area, the approximately N-S shortening was
accommodated by several E-W folds, and for part of the time also along a
conjugate shear zones system – the Singö Shear Zone and the Ornö Banded
Series. Migmatites that developed at a late stage (during D3 at c. 1816-1795
Ma) changed the rheology of the rocks, i.e. their deformation properties.  D3-
migmatites acted as a weak cushion between the OBS and the mainland and
accounts for a structural disharmony caused by mechanical decoupling
across the cushion. The heat from the migmatisation outlasted deformation
resulting in recrystallization obscuring the diagnostic features of preceding
deformation episodes.  At a late stage in the deformation, the N-S shortening
was also accommodated by the local lateral hinge escape of the
Värmdölandet antiform. This hinge escape developed, or was at least active,
during a late stage of the deformation as indicated by retrogressive shear
fabrics overprinting preexisting structures.

The models have taught me about episodicity during growth of
“complete”, convergent orogens, whereas the field studies have addressed
problems that evolve when interpreting individual deformation zones
complicated by oblique convergence where heat played a major role.
However, even in the field, episodicity is reflected by separable fold phases
and the composite activity of conjugate shear zones. The pop-up wedge seen
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in vertical profiles through the models resulted in vertical escape. The wedge
defined by maps of eastern Bergslagen by the Ornö Banded Series and Singö
Shear Zone along the coasts resulted in late Svecokarelian tectonic escape.
This important difference between the models and nature is attributed to
different boundary conditions during lateral shortening.

Results gained from the model studies can also ease interpretation of
seismic reflection profiles which reveal wedge-shaped orogens. 
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