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Studies on the formation of oroclines (bends of originally linear mountain belts) are
restricted to Phanerozoic examples. Here I provide a structural, metamorphic and
geochronological study of the meta-sedimentary Pohjanmaa Belt, which lies on the most
northerly limb of one of the few examples of Paleoproterozoic oroclines, the coupled
Bothnian oroclines in Finland. My primary goal is to determine if the structures in the
Pohjanmaa belt are consistent with the Svecofennian orogenic belt originating as a linear
feature that was subsequently deformed into a pair of coupled oroclines.

My detailed structural mapping focused on the geometry of F1, F2, and F3 folds within
the Pohjanmaa Belt in west-central Ostrobothnia, Finland. Over 170 measurements were
collected including interlimb angles, the attitudes of S1 and Sz foliations, and F2 fold axes.
Also, 28 oriented core samples were collected to conduct a U-Pb geochronological study of
monazites and an analysis of metamorphic textures in thin section. I first provide a review
and comparison of similar structures around the coupled Bothnian oroclines. In my
structural analysis [ address the relative timing of deformation and metamorphism and use
new U-Pb monazite geochronological data to constrain the absolute timing of
tectonothermal events. My findings suggest that: 1) D1, D2, D3 deformation stem from a
protracted event that records progressive deformation and strain partitioning from pure
shear (D1 shortening) to simple shear (D2, D3 sinistral shear) as a result of counter clockwise
rotation; 2) D2 folding and coeval garnet + staurolite metamorphism are consistent with
early Svecofennian deformation, which occurred 80-90 m. y. prior to late-stage isothermal
decompression and staurolite breakdown dated at 1.80 Ga by U-Pb monazite analysis; 3) My
analysis, in combination with subsidiary data, provides evidence that sinistral shear during
D2-3 is the result of counter clockwise rotation of the Pohjanmaa belt possibly in response to

buckling of the coupled Bothnian oroclines during the early Svecofennian Fennia event.
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Chapter 1. Introduction

1.1 Motivation

The primary motivation for this thesis is to identify and further understand oroclines
(bends of originally linear mountain belts). The term ‘orocline’ was first defined by Carey
(1955) as an orogenic belt that has been curved about a vertical axis of rotation. Orocline
formation is explained using two end-member processes that yield (Johnston et al., 2013)
progressive and secondary oroclines respectively (Figure 1-1). Progressive oroclines are
thin-skinned, meaning that they form in the crust above a basal decollement, and are
suggested to be restricted to fold and thrust belts (Johnston et al.,, 2013). Bending of a
progressive orocline is in response to ongoing crustal shortening, attributable to the original,
orogen-perpendicular, principal compressive stress. Secondary oroclines are thick-skinned,
form after initial thrusting and orogenesis has occurred, may involve deep crust and mantle,
and are attributed to a near orthogonal switch in the principal compressive stress from

orogen-perpendicular to orogen-parallel (Johnston et al., 2013).

Figure 1-1 Diagram showing a) progressive and b) secondary models of orocline formation. (Johnston et al., 2013).



Previous studies provide examples of oroclines in Phanerozoic orogens (Johnston,
2001; Aerden, 2004; Van der Voo, 2004; Shaw et al,, 2012; Shaw and Johnston, 2012;
Johnston et al., 2013) and suggest that map-view curvature of orogens can be explained by
syn- to post-orogenic buckling about vertical axes of rotation. Oroclines in Precambrian
orogens are however, poorly documented, and the question of how they might differ from
younger oroclines remains. This is due to a lack of well-exposed Precambrian terranes, and
prolonged exposure to crustal recycling and erosion of the upper crust. Furthermore,
paleomagnetic analysis, a standard test of oroclines, is commonly unavailable due to re-
magnetization of Precambrian terranes during subsequent tectonothermal events.
Therefore, when studying Precambrian oroclines, detailed structural analysis and mapping
is required. Here [ aim to provide a comprehensive structural and geochronological study of
a hypothesized pair of Paleoproterozoic oroclines, the coupled Bothnian oroclines in

Finland.

(a)

Archean crust

Archean Karelian

Domain
Paleoproterozoic

cover+ granitoids

oroclines
500 km

1.95-1.92 Ga arc rocks [ 1.95-1.88 Ga metasedimentary [T 1.90-1.87 Ga arc rocks
rocks and granitoids

1.89-1.78 Ga plutonic rocks [l 1.65-1.47 Ga rapakivi —_ Mesoproterozoic to Cenozoic
granites sedimentary cover

Figure 1-2 a) The major geological domains of the Fennoscandian Shield and the coupled Bothnian oroclines. b)
The hypothesized trace of the coupled Bothnian oroclines as shown by sinuous crustal conductance anomaly (solid
curved black line) and geological belts of the Svecofennian Orogenic Domain. Modified after Lahtinen et al. (2014).



Studying sinuous Precambrian orogens from the perspective of orocline processes can
provide new insight into Precambrian plate tectonics. As an example, Lahtinen et al. (2014)
have re-interpreted a well-studied portion of the Fennoscandian Shield in Finland as
recording oroclinal buckling. They suggest that the Paleoproterozoic coupled Bothnian
oroclines are comprised of two linked arcuate segments of the Svecofennian orogen, a
northern convex-to-the east bend and a southern convex-to-the west bend that characterizes
the Svecofennian Orogenic Domain (Figure 1-2). Lahtinen et al. (2014) provide a
palinspastic restoration of the oroclines suggesting that the orogen originated as a 1000 km
long, NW striking, linear orogen that was formed during arc-continent collision, and which
was subsequently buckled into its present arcuate geometry (Figure 1-3). The Lahtinen et al.
(2014) model proposes that the coupled Bothnian oroclines are secondary and formed as a
result of an orthogonal switch in the orientation of principal compressive stress, initiating
buckling of the Svecofennian orogen at 1.87 Ga. This thesis aims to test the aforementioned
model through detailed analysis of the structures and metamorphism along the north limb of
the northern of the two coupled Bothnian oroclines. My hypothesis states that structures
around the oroclines are consistent with the linear Svecofennian orogen being subsequently
deformed into its current arcuate geometry. Establishing the timing of, and the structures
that characterize, the tectonothermal events throughout this segment of the Svecofennian
orogen are important steps in validating the model for the formation of the Paleoproterozoic

Bothnian oroclines in Finland.



;/D/irection of material flow

in middle/lower crust and mantle

1.88-1.87 Ga 1.87-1.86 Ga

Figure 1-3 Model for the formation of the coupled Bothnian oroclines and buckling of the linear Svecofennian
Orogen. Modified after Lahtinen et al. (2014).

1.2 Location of the study area

The study area is located in Central Ostrobothnia, which is a cooperative municipal
region along the coast of the Gulf of Bothnia. My field area spanned approximately 100 x
100m and was located 5 km NE of the municipality of Himanka. There is little to no
topographic relief as most of the area has been subjected to extensive glacial scouring and is
< 50 m elevation above sea level. I conducted my study on a portion of the Pohjanmaa Belt
that lies on the north most limb of the northern Bothnian orocline. In map view, the
Pohjanmaa Belt is bent around the northern Bothnian orocline (Lahtinen et al,, 2014) and is
interpreted as one of a series of meta-sedimentary belts that make up a continuous and

arcuate forearc complex in the Svecofennian Orogenic Domain (Figure 1-2).



1.3 Methods of Investigation

Fieldwork for this study was carried out from August 3rd to 12th, 2015. My field
accommodation was located near the town of Lohtaja, while the town of Himanka was the
main base for field operations. Besides initial guidance and setup from Dr. Sayab
Muhammad, all fieldwork and mapping was carried out by the author with support from
Tuomo Turunen, (Senior Field Assistant, GTK) who also operated the hand drill for core
samples.

Fieldwork methods included mapping and measuring the geometry of folds along a
series of transects (transects AB, CD, EF, GH), from 6-20m in length, on the flat glacially
polished bedrock (Figure 1-4a). This method allowed for me to sketch the folds in detail and
accurately record the location of structural measurements and core samples (Appendix:
Figure A-1, Figure A-2, Figure A-3, Figure A-4, Figure A-5, Figure A-6). All structural
measurements were taken with a CST Berger compass. My data consisted of interlimb angles
and the attitudes of S1 and S: foliations as well as Fz fold axes. In some cases supporting data
were acquired from oriented photographs (Sz, S3, and interlimb angles). All structural
analyses were completed using Stereonet® (Cardozo and Allmendinger, 2013). In total, 28-
core sample locations were decided upon by the author and extracted by Tuomo Turunen
using a hand held power drill (Figure 1-4b) with a 2.5 cm diameter diamond drill bit. All
samples were oriented for north and any vertical discrepancy greater than 11° was
corrected for using a Pomeroy orientation device. From the cores, 25 horizontal and 8

vertical thin sections were prepared and cut for SEM and LA-ICP-MS analysis.



Figure 1-4 Methods of investigation. a) Cleaning and exposing transects, featuring Sayab Muhammad; b) Operating
the hand held drill, featuring Tuomo Turinen; c) Locating monazites on the SEM using EDS methods at the GTK
headquarters; d) Operating the LA-ICP-MS system at the GTK headquarters; e) The laser ablation machine by
Photon-Machine at the GTK headquarters; f) The ATTOM mass spectrometer machine by Nu-Instruments at the
GTK headquarters.



Lab analysis took place from August 13t to August 28, 2015, using the lab facilities
at the Geological Survey of Finland (GTK) headquarters located in Espoo, a neighbouring
municipality of Helsinki in southern Finland. After cutting and polishing thin-sections they
were prepared for SEM scanning (Figure 1-4c), which was assisted by Senior GTK Lab
Scientist Bo Johanson. Using energy dispersive spectrometry (EDS) analysis monazite grains
were located within a coordinate system that was defined for each sample thin section. U-Pb
isotope dating of the monazites was subsequently carried out using the LA-ICP-MS
techniques. A laser-ablation system manufactured by Photon-Machine and a high-resolution
Attom mass-spectrometer manufactured by Nu Instruments (Figure 1-4e, f) were used in the
analysis. The LA-ICP-MS software recognizes the coordinates of each monazite grain and
positions the machine in the precise location to ablate each grain individually. The ablated
material is then carried to the mass spectrometry unit in a helium gas for isotope analysis.
The isotope data is analyzed using Glitter software, and the age data was plotted using
ISOPLOT concordia diagram software. All work on the LA-ICP-MS machine (Figure 1-4d),
isotope analysis, and geochronological results was completed under the supervision of

Senior GTK Isotopes Scientist Hugh O’Brien.

1.4 Previous Work
1.4.1 The Svecofennian Orogenic Domain in the Fennoscandian Shield.

The Fennoscandian (Baltic) Shield as defined by Gaal and Gorbatschev (1987)
encompasses present-day Scandinavia and is comprised of late Archean to early Paleozoic
continental crust. In Finland, the constituents that make up the Fennoscandian Shield

(Figure 1-2) are the Archean Karelian Domain, the Lapland-Kola Orogen and the



Paleoproterozoic Svecofennian Orogenic Domain. The evolution of the Fennoscandian Shield
began in the Paleoproterozoic with rifting and division of Archean crust into cratons,
separated by newly developed ocean basins, from 2.5-2.0 Ga (Mouri et al.,, 1999; Lahtinen et
al., 2008). Many studies (Nironen, 1997; Korja et al., 2006; Lahtinen et al., 2009b) have
focused primarily on the subsequent amalgamation of rifted Archean cratons and
Paleoproterozoic magmatic arcs to form the Svecofennian Orogenic Domain from 1.94- 1.79

Ga.
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Figure 1-5 Tectonic model of arc accretion and sedimentation during the early Svecofennian orogenic phase.
Modified after Lahtinen et al. (2009a).



In a tectonic synthesis published by Lahtinen et al. (2009b) it is suggested that growth
of the Fennoscandian Shield is the result of multiple arc-continent collisional events from
1.92-1.79 Ga (Figure 1-5). This model explains the Svecofennian Orogenic Domain as the
product of the closure of ocean basins, contemporaneous arc magmatism, and the accretion
of exotic crustal segments to the Karelian Domain. Lahtinen et al. (2009b) divides the
Svecofennian Orogenic Domain into four separate sub-orogens including: the Lapland-Savo,
the Fennia, the Svecobaltic, and the Nordic. The Lapland-Savo (Figure 1-5a) and Fennia
(Figure 1-5d) sub-orogens are interpreted to record arc-continent collisional processes
during the early Svecofennian orogenic phase from 1.92-1.86 Ga (Ehlers et al.,, 1993; Skytta
etal., 2006). The Svecobaltic and Nordic sub-orogens in the southeast and northwest
portions of the Svecofennian Orogenic Domain, respectively, are interpreted to record
continental collisions during a late Svecofennian orogenic phase from 1.835-1.79 Ga (Ehlers
et al.,, 1993; Claesson and Lundqvist, 1995; Skytta et al., 2006).

Metamorphism throughout the Svecofennian Orogenic Domain is dominantly high-
temperature/ low-pressure Buchan-type (Korsman et al,, 1999). Thermodynamic modeling
studies suggest that PT conditions range from 4-5 kbar and 650-700°C and, in some cases,
exceed 6 kbar and 800°C (Vaisanen and Holttd, 1999; Lind, 2013, unpublished data). A
detailed metamorphic map of Finland (Ho6ltta and Heilimo, 2017) shows the regional
distribution of low to high amphibolite grade and isolated granulite grade metamorphic
assemblages. Two distinct metamorphic events, differentiated by timing and location, are
outlined by Korsman et al. (1999). The first is an amphibolite grade event from 1.89-1.88 Ga,
which is well documented in the western and central Svecofennian Orogenic Domain

(Kilpelainen, 1998; Mouri et al., 1999; Rutland et al., 2004; Williams et al., 2008). Models
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suggest prograde assemblages of aluminous phases are coeval with syn-orogenic
magmatism, migmatization, and the development of D2 structures during an early
Svecofennian event. The second is a high-grade amphibolite to granulite event initiated at
1.835 Ga, which transitions to a high temperature/low pressure retrograde event until 1.79
Ga, primarily in the southern Svecofennian Orogenic Domain (Vaisanen and Holtta, 1999;
Vaisanen et al.,, 2002; Mouri et al,, 2005; Skytta and Manttari, 2008; Torvela et al., 2008).
Tectonic models suggest decompression and high geothermal gradients in areas that

underwent crustal thinning and gravitational collapse (Nironen, 1997; Korja et al., 2006).

1.4.2 The Pohjanmaa Belt

The Pohjanmaa Belt in the vicinity of Himanka was first described by Salli (1964) as a
package of supracrustal rocks consisting of pillow basalt, mica-quartz-feldspar schist to
schistose greywacke with locally abundant metamorphic porphyroblasts. Salli (1964)
suggested that the rocks have experienced as many as two near isoclinal folding events that
exhibit orthogonal fold axes. Williams et al. (2008), based on a structural and
geochronological study of the Evijarvi and Lappfors sub-groups of the Pohjanmaa belt
surrounding Himanka, suggests that the Lappfors group lies unconformably below and
records pre-1.91 Ga deformation and metamorphism not seen in the Evijarvi group.
Williams et al. (2008) interpret the dominant ESE-WNW to NW-SE trending folds in the
Evijarvi meta-sediments as products of a D2 event, the timing of which is constrained by the
1.88 Ga age of peak metamorphism. Pre-1.91 Ga populations of detrital and metamorphic
zircons in Svecofennian meta-sedimentary rocks were investigated by Lahtinen et al.

(2009a). Their model suggests that Neoarchean and Paleoproterozoic zircon grains and their
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metamorphic overgrowths are the result of sediment recycling from multi-phase orogenic
events (Figure 1-5). Lahtinen et al. (2009a) propose coeval deposition of Svecofennian

forearc basin sediments and magmatic arc volcanics.

1.5Structure of Dissertation

Chapter 2, “Relative and absolute timing of tectonothermal events in the Pohjanmaa
Belt: A structural study of the Paleoproterozoic coupled Bothnian oroclines, Finland”,
presents the results of a detailed analysis of deformation and metamorphism in the
Pohjanmaa Belt, coupled with a U-Pb monazite geochronological study. I discuss the relative
timing of D1, D2, and D3 deformation and metamorphism, and place an absolute age
constraint on a post-D2 tectonothermal event. I then discuss the implications of my findings
within the tectonic framework of the Svecofennian Orogenic Domain and propose a model
for the formation of the coupled Bothnian oroclines. Chapter 2 was co-authored by Dr.
Stephen T. Johnston and Dr. Sayab Muhammad, both of whom helped define the project and
provided counsel throughout the writing process. Johnston supervised and helped the
author highlight the importance of the project with regards to oroclinal processes.
Muhammad assisted with fieldwork and data collection, and helped with the
geochronological analysis. As first author, I led fieldwork and data collection, prepared
samples, conducted SEM scans, preformed LA-ICP-MS analysis, undertook the analysis of
fold geometries and metamorphic textures, and wrote the paper.

Chapter 3, “Conclusion” provides a summary of the findings of this thesis. My
recommendations for future work suggests potential research ideas that may provide

further insight to formation of the Paleoproterozoic coupled Bothnian oroclines.
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Chapter 2. Relative and absolute timing of tectonothermal events in the
Pohjanmaa Belt: A structural study of the Paleoproterozoic coupled
Bothnian oroclines, Finland.

2.1 Introduction

Curvature, in map-view, is a common characteristic of orogenic belts, and Precambrian
orogens are no exception. Precambrian orogens are events that stich together cratonic
provinces and form geometrically equant portions of continental crust. The generation of
continental crust is widely attributed to magmatic arcs. This, however, is problematic
because magmatic arcs form long, linear tectonic features and how they become molded into
equant continents is unclear. One explanation is that linear arc systems experience syn- to
post-magmatic oroclinal buckling about a vertical axis of rotation (Johnston et al., 2013). The
process of orocline formation, although still a topic of debate, provides a mechanism for
developing equant portions of continental crust. Previous studies (Johnston, 2001; Aerden,
2004; Van der Voo, 2004; Shaw et al.,, 2012; Shaw and Johnston, 2012; Johnston et al., 2013;
Weil et al,, 2013; Del Greco et al.,, 2016) have documented Paleozoic and younger orogenic
belts characterized by oroclines. Given the assumption that oroclines are products of plate
tectonic processes and that plate tectonics was active in the Precambrian, then Precambrian
orogens should also be characterized by oroclines (Van der Voo, 2004).

There remains, however, few well-documented Precambrian oroclines, for which there
are several reasons. Foremost is the paucity of well-exposed Precambrian terranes as a
result of younger rock cover overlying cratonic basement and the recycling of older crust.
Secondly, the available exposures commonly comprise the mid- to deep-crust, meaning that

tectonic vectors recorded in upper crust (i.e.; thrust sheets, carbonate-shale facies
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transitions, shallow level intrusives and volcanics) of an orogen have been eroded away.
Furthermore, testing models of Precambrian oroclines is difficult. Paleomagnetic techniques
used as a tool for understanding oroclines (Eldredge et al., 1985; Van der Voo, 2004) are
commonly unavailable because of secondary re-magnetization during younger
tectonothermal events. Therefore, testing models of Precambrian oroclinal buckling relies
on detailed mapping and structural analysis.

At least two potential Precambrian oroclines have been identified in the Archean -
Paleoproterozoic Fennoscandian Shield of Scandinavia, including the Bergslagen orocline of
Sweden (Beunk and Kuipers, 2012), and the coupled Bothnian oroclines of Finland (Lahtinen
etal,, 2014). To test the coupled Bothnian orocline model, I studied the structural evolution
of the Pohjanmaa belt, a geological unit of the Paleoproterozoic Svecofennian Orogenic
Domain (Figure 2-1 and Figure 2-2) that lies along the hypothesized north limb of the
northern of the two coupled Bothnian oroclines. Also, I undertook a detailed
geochronological analysis of monazites, allowing me to constrain the timing of deformation
and metamorphism. Here a review of previously established constraints is provided on the
nature and timing of Svecofennian deformation and metamorphism. I then present my new
structural and metamorphic data, and provide a structural analysis, including addressing the
relative timing of deformation and metamorphism. New U-Pb monazite geochronological
data is then used to constrain the absolute and relative timing of tectonothermal events. The
main question addressed is did the Svecofennian orogenic belt originate as a linear feature
that was subsequently deformed into a pair of coupled oroclines. Finally, I discuss whether
the structures and metamorphism are consistent with coupled Bothnian orocline model and

what the implications of my findings are.
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2.2 Geological Setting
2.2.1 Regional Geology

A large portion of the Fennoscandian Shield is comprised of the Paleoproterozoic
Svecofennian Orogenic Domain (Figure 2-1 and Figure 2-2) . The Svecofennian Orogenic
Domain is thought to have formed between 1.92 to 1.79 Ga (Korja et al., 2006), with the bulk
of the crustal growth occurring during two main orogenic phases: 1) the early Svecofennian
from 1.92-1.86 Ga and 2) the late Svecofennian from 1.835-1.79 Ga. The time period in
between the early and late Svecofennian orogenic phases, from 1.86-1.84 Ga, is interpreted
as a period of shield-wide extension and gravitational collapse (Lahtinen, 1997; Korja et al,,
2006). The early Svecofennian orogenic phase (Ehlers et al., 1993; Skytta et al., 2006) is
described by Lahtinen et al. (2009b) as a combination of microcontinental and magmatic arc
collision with the Archean Karelian Domain during the Lapland-Savo event from 1.92-1.91
Ga, and subsequent accretion of exotic crustal segments to the Fennoscandian continent
during the Fennia event from 1.89-1.86 Ga (Figure 2-1 and Figure 2-3). The late
Svecofennian orogenic phase (Ehlers et al.,, 1993; Claesson and Lundqvist, 1995; Skytta et al,,
2006) is described by Lahtinen et al. (2009b) as a period of collision between the
Fennoscandia and Sarmatia crustal blocks during the Svecobaltic event from 1.835-1.79 Ga,
and between the Fennoscandian and Amazonian crustal blocks during what has been
referred to as the Nordic event from 1.82-1.79 Ga (Figure 2-1). Evidence of crustal
deformation attributed to the early Svecofennian ‘Fennia’ and late Svecofennian ‘Svecobaltic’
events is recorded in three critical geological regions (Figure 2-2): the Southern
Svecofennian Arc Complex, the Central Svecofennian Arc Complex, and the Bothnian Arc

Complex . The following provides on overview of these regions.



15

Bothnian
oroclines

Lapland-Kola
Orogen

Sveco-Norwegian
Orogen

!

500 km

Figure 2-1 The major geological domains of the Fennoscandian Shield, The Paleoproterozoic Svecofennian
Orogenic Domain (blue) is comprised of 4 major orogens; the LSO, Lapland-Savo orogen; FO, Fennia orogen; SBO,
Svecobaltic orogen; NO, Nordic orogen. The location of the coupled Bothnian oroclines is indicated by the green
line. Modified after Lahtinen et al. (2014)

The Southern Svecofennian Arc Complex (Figure 2-2) is immediately south of and is
separated from the Central Svecofennian Arc Complex by what is inferred to be a suture
zone. The Southern Svecofennian Arc Complex is characterized by three E-W trending
geological belts. These belts are, from north to south, the Hime, Uusimaa and Turku, and

together they constitute a collage of arc-type volcanic rocks, intermediate to felsic intrusive
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rocks, rift related basalts and marine sediments (Vaisanen and Héltta, 1999; Skytta et al.,
2006). Rocks of the Southern Svecofennian Arc Complex have been metamorphosed to
amphibolite to granulite grade and are complexly deformed (Vaisanen et al., 2002; Mouri et
al., 2005; Skytta and Manttari, 2008). The Southern Svecofennian Arc Complex belts are
interpreted as exotic crustal segments, which were first amalgamated and then were
subsequently accreted to the Central Svecofennian Arc Complex.

The Central Svecofennian Arc Complex (Figure 2-2) in central Finland is characterized
by two E-W trending geological belts, the northerly Tampere and the more southerly
Pirkanmaa. These belts lie south of the Central Finland Granitoid Complex that makes up the
core of the Svecofennian Orogenic Domain. The Tampere Belt is composed of arc type meta-
volcanic rocks that overlie turbiditic meta-greywackes and MORB/WPB basalts. The
Pirkanmaa Belt, also referred to as the Vammala Belt (Nironen, 1989; Kilpelainen, 1998),
consists of migmatites and gneisses of sedimentary origin and syn-kinematic granitoids.
Although separated by a sharp boundary, Lahtinen et al. (2009a) suggested that the
Tampere and Pirkanmaa belts evolved contemporaneously and represent an early
Svecofennian south-facing volcanic arc overriding a N to NE directed subduction zone
(Figure 2-3) and a more ocean ward forearc accretionary wedge, respectively (Nironen,
1997; Lahtinen et al., 2009b; Chopin et al., 2014).

The Bothnian Arc Complex lies north of the Central Svecofennian Arc Complex (Figure
2-2) and encompasses primarily Paleoproterozoic supracrustal rocks. It is characterized by
the Robertsfors Group and Skellefte District of eastern Sweden and the Pohjanmaa Belt of
western Finland. The Skellefte District is characterized by felsic volcanic rocks and is bound

to the south by the meta-sedimentary Robertsfors Group (Rutland et al., 2001a; 2001b). The
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Robertsfors Group is interpreted to represent an accretionary wedge that lay in the forearc
of a south-facing Skellefte district magmatic arc (Figure 2-3). Together, the Robertsfors
Group and Skellefte District are interpreted as being a continuation of the Tampere-
Pirkanmaa Belts of the Central Svecofennian Arc Complex (Lahtinen et al., 2014). The
Pohjanmaa Belt consists of migmatitic, amphibolite grade mica schists and gneisses.
Protoliths include turbiditic greywackes and mud-rocks (Lehtonen et al., 2005; Williams et
al., 2008; Lahtinen et al.,, 2009a). Metamorphosed basalt, shale, chert, carbonate and
granitoid intrusions are also present. The rock associations and metamorphism of the
Pohjanmaa Belt are similar to the Robertsfors Group and the Pirkanmaa Belt. The
Pohjanmaa Belt has a curved map profile and it is suggested that together, with the
Robertsfors and the Pirkanmaa, these belts form a larger continuous albeit highly curved
early Svecofennian meta-sedimentary belt (Figure 2-2)(Lahtinen et al., 2014). This
sedimentary belt preserves a record of a closed back-arc basin and voluminous deposition of
sediments eroding ocean-ward off of adjacent magmatic arc systems along a newly
developed subduction zone. Such an interpretation implies that the combined Robertsfors -
Pohjanmaa - Pirkanmaa Belt is part of a continent-scale forearc complex (Figure 2-3).
Lahtinen et al. (2014) argued that the continuity of the highly sinuous volcanic and
forearc meta-sedimentary belts was best explained as a result of oroclinal buckling of a
formerly linear, NW-SE striking early Svecofennian Fennia orogen (Figure 2-2). Evidence of
buckling is shown by the change in the direction of prograde metamorphism and tectonic
vectors as a function of strike around the coupled Bothnian oroclines. Their model involves
oroclinal buckling shortly after arc-continent collision at around 1.87 Ga and requires a post-

orogenic switch in compressive stress. Lahtinen et al. (2014) also attribute tightening of the
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southern oroclinal limb and coeval thermal overprinting to NW-SE continental collision

during the 1.83-1.80 Ga Svecobaltic orogen.

i’

Himanka

Figure 2-5a

.85-1.79 Ga plutonic
rocks

-1 .95-1.92 Ga arc rocks 1.95—-1.88 Ga metasedimentary
rocks and granitoids

-1 :89-1.85 Ga plutonic rocks |:|1.90—1.87 Ga arc rocks
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Figure 2-2 Geological regions and belts across the Paleoproterozoic Svecofennian Orogenic Domain (see Figure 1).
The coupled Bothnian oroclines are indicated by dashed lines, which outline the arcuate Geological regions; BAC-
Bothnian Arc Complex, CSAC-Central Svecofennian Arc Complex, SSAC-Southern Svecofennian Arc Complex. The
geological belts that make up these regions are also shown; PojB-Pohjanmaa Belt, SD-Skellefte District, RG-
Robertsfors Group, TB-Tampere Belt, PB-Pirkanmaa Belt, CFGC-Central Finland Granitoid Complex, SB-Savo Belt,
HB-Hime Belt, UB-Uusimaa Belt, TuB-Turku Belt. Location of study area at Himanka. Modified after Lahtinen et al.
(2009a) and Lahtinen et al. (2014).
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2.2.2 Early Svecofennian Orogenic Phase / ‘Fennia’ Event

The following data are compiled from previous studies. D1 and D2 structures in the
Southern Svecofennian Arc Complex, Central Svecofennian Arc Complex, and Bothnian Arc
Complex are inferred to have developed during, and provide a record of the early
Svecofennian Fennia event. Throughout the Svecofennian Orogenic Domain, D1 fabrics
commonly consist of layer-parallel schistose foliations So//S1 (Nironen, 1989; Kilpelainen,
1998; Vaisanen and Hoélttd, 1999; Rutland et al., 2001a; Williams et al., 2008). F1 folds are
tight to isoclinal and vary from upright to recumbent. F1 fold hinges are rare and are
commonly obliterated by subsequent deformation. The S1 foliation is interpreted to have
developed as a sub-horizontal cleavage that was axial planar to isoclinal recumbent F1 folds
formed during the early Svecofennian orogenic phase (Kilpelainen, 1998; Lahtinen et al.,
2009b). D1 metamorphism varied from greenschist to amphibolite facies. Syn-D1 garnet-
cordierite-andalusite-staurolite assemblages are common in meta-sedimentary rocks
throughout the Bothnian Arc Complex and the Central Svecofennian Arc Complex
(Kilpelainen, 1998; Rutland et al., 2004; Williams et al., 2008).

The timing of D1 is poorly constrained. Volcaniclastic and pelitic sedimentary rocks
were deposited in pre-orogenic basins between 1.95-1.92 Ga and during syn-orogenic
crustal subsidence between 1.92 and 1.87 Ga (Lundqvist et al., 1998; Rutland et al., 2001b;
Lahtinen et al,, 2009a). Basalts (WPB and MORB), shales and the lowermost turbidites (1.92-
1.91 Ga) of the Bothnian Arc Complex and the Central Svecofennian Arc Complex are syn-
orogenic and were deposited during the collisional Lapland-Savo event (Figure 2-3). These
rocks are overlain by an upper arc-derived turbidite sequence (<1.90 Ga) that makes up the

Robertsfors - Pohjanmaa - Pirkanmaa forearc complex (Lahtinen et al., 2002). Deposition
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within the forearc complex was deposited coeval with subsidence and deformation during
the Fennia event (Lahtinen et al., 2009a), and likely marks the initiation of D1. Syn-kinematic
D2 intrusions crystallized as early as 1.896 Ga (Williams et al., 2008), but more commonly
yield emplacement ages of 1.88-1.86 Ga in the Bothnian Arc Complex, Central Svecofennian
Arc Complex and Southern Svecofennian Arc Complex (Nironen, 1989; Claesson and
Lundqvist, 1995; Kilpelainen, 1998; Rutland et al., 2001b; Vaisanen et al., 2002) and provide
a minimum age constraint for D1. Hence, D1 is constrained to the 10 m.y. period between
1.90 and 1.89 Ga (Kilpelainen, 1998) (Figure 2-4).

D2 structures include shear zones and open to isoclinal, steeply plunging to recumbent
folds in the Bothnian Arc Complex (Rutland et al., 2001a; 2001b; Williams et al., 2008), and
open to isoclinal, typically upright folds in the Southern Svecofennian Arc Complex and
Central Svecofennian Arc Complex (Nironen, 1989; Kilpelainen, 1998; Vaisanen and Holtt3,
1999; Skytta et al., 2006). F2 folds are commonly refolded and their fold axes plunge
moderately to steeply east and west. Sz is an axial planar, often sub-vertical, micaceous axial
planar schistosity (Nironen, 1989; Kilpelainen et al.,, 1994; Rutland et al., 2001a; Skytta et al.,
2006). The development of Sz involved the crenulation and local obliteration of the So//S1
foliation, and F2 folds result in steepening of the S1 foliation. The strike of F2 axial traces
commonly sub-parallels the arcuate margins of geological belts (Lahtinen et al., 2017).
Regional amphibolite grade metamorphism was coeval with D2. Garnet-staurolite-andalusite
and garnet-cordierite-sillimanite commonly grow along and define the Sz axial planar
foliation. D2 shortening has been attributed to prolonged compression during NE to ENE
directed subduction in the Bothnian Arc Complex (Nironen, 1997; Lahtinen et al., 2009a)

and N to NNE directed subduction in the Central Svecofennian Arc Complex (Lahtinen et al,,
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2009a) (current coordinates). Subduction in the Central Svecofennian Arc Complex is
assumed to have led to island arc collision and the closure of the ocean that separated the
Central Svecofennian Arc Complex and the Southern Svecofennian Arc Complex (Kilpelainen
et al,, 1994; Koistinen et al., 1996; Vaisanen et al., 2002; Skytta et al., 2006; Lahtinen et al,,
2009b). Minor gravitational collapse following the early Svecofennian Fennia event (Korja
and Heikkinen, 2005; Lahtinen et al., 2009b), and the resulting extension explains post-
orogenic intrusions (Nironen et al., 2000) in the Central Finland Granitoid Complex (CFGC,
Figure 2-2).

The D2 tectonothermal event is well documented, and its timing well constrained
throughout the Svecofennian Orogenic Domain. In the Bothnian Arc Complex, 1.896 Ga
granitoids intrude the Finnish Pohjanmaa Belt and are deformed by a 1.88 Ga D2 event,
which is dated by metamorphic zircon and monazite (Williams et al., 2008). Syn-orogenic
intrusions from the Swedish portion of the Bothnian Arc Complex provide younger ages for
D2 from 1.877-1.86 Ga (Claesson and Lundqvist, 1995; Rutland et al., 2001a; 2001b). In the
Central Svecofennian Arc Complex metamorphism peaked at 1.880 Ga, the age of D2
metamorphic monazite and zircon from migmatites (Mouri et al.,, 1999; Rutland et al., 2004),
and was coeval with syn-orogenic intrusions that crystallized between 1.885 and 1.880 Ga
(Nironen, 1989; Kilpelainen, 1998). In the Southern Svecofennian Arc Complex, D2 is slightly
younger than in the Central Svecofennian Arc Complex and is constrained by 1.88 to 1.86 Ga

(Vaisanen et al.,, 2002; Skytta et al., 2006) syn-orogenic intrusions (Figure 2-4).
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Figure 2-3 Cross-sectional views of the tectonic setting in the Bothnian Arc Complex and Central Svecofennian Arc
Complex during the early Svecofennian orogenic phase. Modified after Chopin et al. (2014).

2.2.3 Late Svecofennian Orogenic Phase / ‘Svecobaltic’ Event

The following data are compiled from previous studies. D3 and D4 structures in the

Bothnian Arc Complex, Central Svecofennian Arc Complex, and Southern Svecofennian Arc

Complex are inferred to have developed during, and provide a record of, late Svecofennian

orogenesis during the Svecobaltic event. Deformation associated with the Nordic event is

only observed in northern Lapland and Sweden (Korja et al., 2006; Lahtinen et al., 2009b).

The geometry of D3 structures varies throughout the Svecofennian Orogenic Domain. In the
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Central Svecofennian Arc Complex, F3 kink folds have steeply dipping axial planes that strike
NW-SE and NNE-SSW. The folds are asymmetric and show dextral and sinistral vergence
(Nironen, 1989). In the Southern Svecofennian Arc Complex, F3 folds are the dominant
regional structures. Although F3 varies in structural style, from upright to inclined to
recumbent, the F3 axial traces trend consistently E-W (Vaisanen and Hoélttd, 1999; Vaisanen
etal., 2002; Skytta et al,, 2006; Skytta and Manttari, 2008). Intrusive dikes and pegmatite
veins (1.835-1.825 Ga) are syn-kinematic with F3 folding in the Uusimaa Belt (Skytta et al,,
2006; Skytta and Manttari, 2008; Torvela et al., 2008). Garnet-cordierite-andalusite-
sillimanite porphyroblasts post-date and overgrow S1 and S: foliations and indicate peak
metamorphism coeval with D3 at 1.832-1.816 Ga (Mouri et al., 2005) and 1.824 Ga (Vaisanen
et al., 2002). In the Bothnian Arc Complex, Claesson and Lundqvist, (1995) describe late-
orogenic 1.822 Ga granite plutons that are geochemically similar to granites of the Southern
Svecofennian Arc Complex granitoid-migmatite belts (Figure 2-4). D4 is characterized by
upright to inclined, E-W striking folds that deform D3 foliations and are coeval with crustal
melting and syn-kinematic granite/pegmatite intrusions from 1.82-1.81 Ga (Skytta and
Manttari, 2008). D4 brittle-ductile N-S and NW-SE striking shear zones are characterized by
related folds, faults, and fracture sets (Vaisanen and Holttd, 1999; Skytta et al., 2006).

D3 and D4 structures are characteristically distinct, however, they may be at least in
part coeval. Lahtinen (unpublished data, 2017) suggests that 1.83 Ga D4 structures are
common across the Fennoscandian continent. Complex folding during D3 and the subsequent
development of D4 folds and shear zones has been interpreted to reflect N-S shortening
followed by a switch to more E-W directed transpression as a result of oblique continental

collision during the Svecobaltic event (Vaisanen et al., 2002; Skytta et al., 2006). Following
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collision, the crust underwent major re-stabilization in the form of gravitational collapse,
which is attributed with high temperature/low pressure metamorphism of the lower crust
of the Svecofennian Orogenic Domain and subsequent exhumation after 1.79 Ga (Korja et al,,
2006; Torvela et al., 2008)( Figure 2-4). In summary, D3 and D4 fabrics and structures found
throughout Fennoscandia formed between 1.835-1.81 Ga and partially overlapped with

decompression and rapid cooling, which marked the end of Svecofennian orogenesis.
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Figure 2-4 Geological time-line for the critical regions of the Svecofennian Orogenic Domain.

2.2.4 The Pohjanmaa Belt in Himanka
The study area is situated 5 km NE of the Himanka Township, in the Bothnian Arc

Complex of western Finland (Figure 2-5). Rocks near Himanka have been included in the
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Pohjanmaa belt and consist of mafic meta-volcanics and meta-sedimentary schists that range
from quartz-feldspar to mica schist with locally abundant porphyroblasts (Salli, 1964). The
sequence is divisible into the Evijarvi and the Lappfors groups. The Lappfors Group is
thought to represent a basement complex (Williams et al., 2008). The Evijarvi Group
consists of metamorphosed turbiditic greywackes and mud-rocks with a maximum
depositional age of 1.92-1.91 Ga (Lahtinen et al.,, 2009a) that are inferred to be younger than
and to unconformably overlie the Lappfors Group. In the area surrounding Himanka, the
Niska granitoid (1.896 Ga) and the Rautio batholith (1.883 Ga) are interpreted as early
Svecofennian plutons that intruded during and formed part of a thermal event that is also
recorded by ~1.88 Ga zircon overgrowths in the Pohjanmaa meta-sediments (Williams et al.,
2008).

The study area is underlain by amphibolite grade biotite schists of the Evijarvi Group
that are exposed on sub-horizontal, flat, glacially scoured, surfaces (Figure 2-5c). Primary
sedimentary bedding is locally recognizable and consists of turbiditic, fining-upward,
interbedded psammitic and pelitic layers (Figure 2-6a). Bedding is folded; overprinting
relationships indicate as many as three deformational events. The earliest foliation is a
layer-parallel So//S1 biotite schistosity. So//S1 was folded; a pervasive Sz biotite schistosity
is axial planar to upright, steeply east plunging F2 folds (Figure 2-7). Fs kink-bands are
characterized by vertical axial planes and deform the F folds. Quartz veins and felsic and
mafic dikes are folded by F2 and are sub-parallel to the So//S1 foliation (Figure 2-6b, c, d).
The felsic dikes are granodioritic to tonalitic in composition and have 1-2 cm thick chilled
margins. The presence of biotite, garnet, staurolite, cordierite and andalusite porphyroblasts

(Figure 2-10) in metapelites is indicative of high temperatures and medium to low
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pressures, during amphibolite grade metamorphism.

Regional Pohjanmaa Geology
1 Granite

I Granodiorite, tonalite

M Gabbro and diorite

Ml Pyroxene granitoids

[ Intermediate and felsic metavolcanics
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Figure 2-5 a) Regional geology of the Pohjanmaa belt and location of field site. b) Orthophoto of the Himanka field
site and location of transects AB, CD, EF, GH. C) Transect CD at Himanka field area. The line trends along a 030° NE
heading and the cobble markers on the tape measure are 1 meter apart.
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2.3 Structural Analysis and Interpretations
2.3.1 Field Methods

Collection of structural data was accomplished by detailed mapping of flat, glacially
polished exposures along a series of transects (AB, CD, EF, and GH) 6-20 meters long and 2-4
meters wide, trending 030° (Figure 2-5b, c). The location of structural measurements and
core sample locations were recorded along each transect. The geometry of F2 and F3 folds
(interlimb angles, dip angle of foliations and strike of axial planes) was constrained by field
measurements and oriented photographs. All structural data measured from the field and
oriented photographs was analyzed using Stereonet® software (Cardozo and Allmendinger,
2013). Fold sets and foliations, and their attributed deformation events are described

sequentially below.

2.3.2 D1 Structures

Bedding (So) is defined by turbiditic fining upwards sequences, which indicate that the
sequence is upright and youngs to the East (Figure 2-6a). A NE-dipping, NW-striking (Figure
2-6 and Figure 2-7) foliation (S1) defined by aligned biotite grains is sub-parallel to the
primary bedding (So//S1). Parallelism of So and S1 imply that F1 folds are isoclinal. Quartz
veins and felsic to mafic dikes are also sub-parallel the So//S1 foliation and are boudinaged
(Figure 2-6Db, c, d). Although difficult to measure, the long axes of boudins (L1), which can be
used as a proxy for F1 axes, plunge steeply and are roughly parallel to the plunge of F2 fold
axes. The So//S1 sub-parallel veins and dikes are interpreted as early magmatic and
metamorphic products of D1 that were flattened into parallelism with and extended and
boudinaged along the S1 axial plane during F1 isoclinal folding (Figure 2-6). The style of D1

deformation is consistent with early Svecofennian structures observed by Williams et al.
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(2008) that are characterized by isoclinal fold hinges.

Figure 2-6 a) Turbiditic bedding sequences and So//S1 foliation (transect EF). b) Interlimb angles of F2 folds of a
felsic dike, quartz veins and Si foliation in host rock (transect CD). c) F2 folds of D1 boudins of felsic (transect AB)
and d) mafic dikes (transect GH). Dikes sub-parallel So//S1 foliation (red lines). e) Pelitic beds (red lines) parallel
to So//S1. The So//S1 and Sz (dashed black lines) foliations are folded by F3 kink folds (transect GH).

2.3.3 D2 Structures

So//S1 is folded. In the low strain hinge regions of F2 folds, S1 strikes ~N to NNE and
dips steeply east (Figure 2-8a), which may reflect the original orientation of S1 prior to F2
folding (Sayab, 2009). An S2 axial planar foliation is defined by the parallel alignment of
biotite (S2) and by aligned quartz and minor muscovite and chlorite. Sz is sub-vertical and

strikes WNW-ESE (Figure 2-7and Figure 2-8b). In thin section, the Sz foliation in F2 fold
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hinge regions are defined by stage 3-4 crenulation cleavage development (Figure 2-10f)
(terminology after Bell and Rubenach, 1983), whereas along F2 fold limbs, Sz is sub-parallel
to So//S1. F2 folds plunge moderately to steeply towards ESE (Figure 2-7and Figure 2-8c)
and exhibit asymmetrical, SE verging, Z-geometry fold trains. Where the F2 folds affect
quartz veins and dikes (Figure 2-6b), they are tight to isoclinal (Interlimb angle= 26°-0°,
n=12), whereas F2 folds of the meta-sedimentary host rock are close to tight (Interlimb
angle=60"-18°, n=12). The Z-geometry fold trains consist of tightly folded hinge regions that
step laterally and are connected through elongate, planar F2 fold limb regions (Figure 2-7).
Within the tightly folded hinge regions, D1 boudins are deformed and stacked (Figure 2-6b, c,

d). In F2 fold limbs, layer parallel veins are thinned and stretched along the So//S1 foliation.

Figure 2-7 Photomosaic of transect EF
showing F2 folds (upper) and overall F2 fold
train geometry of the study area (lower).
So//S1 foliation (red lines), boudinaged
quartz veins (L1, blue polygons and lines),
and S: foliation (dashed black lines). For
scale, cobble markers on the tape measure
are 1 meter apart, as are yellow painted
lines from the measuring tape.

So//S1 é
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2.3.4 D3 Structures
Locally So, S1, and Sz are buckled, forming 5-10cm wide kink bands (Figure 2-6e). The
plunge of the F3 kink folds is near vertical and the strike of axial planar kink bands (S3) is

NW-SE (Figure 2-8d).

Figure 2-8 Stereonet of plotted data from Himanka. a) The ~N-S to NNE striking S1 measured in F2 hinge regions. b)
WNW-ESE striking sub-vertical Sz foliation. c) Steeply east plunging, tight to isoclinal F2 fold geometry. F2 fold limbs
(great circles) and F: fold axes (red dots). d) NW-SE striking S3 axial planes.

2.3.5 Summary
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Isoclinal folding during D1 is interpreted as recording dominantly pure shear (coaxial)
deformation. The original orientation of So//S1 prior to D2 is speculative; previous studies
hypothesize a NW-SE striking orogen and associated D1 structures (Lahtinen et al., 2014). I
make the assumption that the ~N to ~NNE striking S1 preserved in F2 fold hinges provides a
sense of the original orientation of S1. Hence, So//S1 is predicted to be originally ~N to ~NNE
striking and subsequently transposed to its current NW striking position, implying a
progressive switch to simple shear (non-coaxial) deformation at some point towards the end
of D1 and beginning of D2. The initial manifestation of this transposition towards the NW is
depicted in Figure 2-9a.

D2 is characterized by progressive deformation, which initiates as pure shear and
partitions to a dominantly simple shear regime. The F2 fold trains are interpreted as a series
of discrete shear zones comprised of shear related folds. The F2 fold trains accommodate
shear strain in the limb regions and shortening in the hinge regions during an inferred
counter clockwise rotation (Figure 2-9b). When applying an overall sinistral sense of shear
to F2 fold trains, the relative shear across these discrete zones provides a mechanism for the
formation of F2 folds, and stretching and thinning of the limbs. Furthermore, during
progressive counter clockwise rotation the area between discrete shear zones undergoes
shortening, forming F2 folds and the S: foliation (Figure 2-9b). The sub-parallel plunge of L1
boudins and F2 fold axes indicates that F1 and F2 are coaxial. F3 kink folds are interpreted as
developing through prolonged NW-directed sinistral shear. Therefore, I conclude that F2 and
Fs folds record a progressive counter-clockwise rotation of the proposed N to NNE striking

S1 foliation (Figure 2-9).
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Figure 2-9 Progressive structural evolution in map view a) Steeply dipping NNW-SSE trending So//S1 foliation and
boudinaged dikes depicted prior to Dz folding and early in the counter clockwise transposition of an originally N-S

to NNE-SSW striking So//S1 foliation. b) F2 fold train geometry. Development of F2 tight to isoclinal ESE plunging

folds, sub-vertical, Sz axial planar foliation. Folding and repositioning of boudins. Thinning and stretching of F2 fold

limbs recording sinistral shear and counter clockwise rotation. A fixed E-W compressive stress is proposed.

Structural analysis demonstrates that D1, D2, and D3 structures stem from one

protracted event where strain was initially accommodated by shortening (D1), while

becoming later partitioned into a larger component of simple shear (D2 and D3)(Figure 2-9).

Assuming that the fold geometries developed in a simple shear regime, the inferred
structural evolution can be explained as products of a constant or fixed E-W compressive

stress (Figure 2-9). This interpretation implies that D1, D2, and D3 events occurred in

succession with little to no time gaps in between them. Given the similarities of folding style

between the analysis herein and well documented D1 and Dz events in the Bothnian Arc
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Complex (Rutland et al., 2001a; 2001b; Williams et al., 2008), I postulate that D1, D2, and D3

events occurred during the Early Svecofennian Fennia event.

2.4 Metamorphism

The Svecofennian Orogenic Domain is characterized by high-temperature/ low-
pressure mineral assemblages. Here, metamorphic textures (Figure 2-10) in the
amphibolite-grade, meta-psammites and pelites are described and used to establish relative

growth between porphyroblasts and their relationships with foliation sets.

2.4.1 Garnet

Garnets are common, forming 1-2mm wide, subhedral to euhedral porphyroblasts with
internal inclusion trails (Si) of quartz + plagioclase. The Si inclusion trails are typically
straight and are semi-continuous with an external (Se) biotite foliation that exhibits
sigmoidal geometry in garnet pressure shadows (Figure 2-10a, b). Hence, Si and the Se
matrix counterpart are interpreted as S1, which was developed prior to being overgrown by
garnet. Another distinct matrix foliation, interpreted as Sz, shows biotite deflected around
garnet porphyroblasts and overprints S1 (Figure 2-10a, b). The textural relationships
indicate that garnet post-dates Si. Garnet is inferred to have crystallized during the early
stages of D2 overlapping with incipient deformation of the pre-existing S1 foliation (Zwart,

1962; Bell and Rubenach, 1983; Passchier et al., 1992; Passchier and Speck, 1994).
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2.4.2 Staurolite

Staurolite crystals are skeletal and are mantled, and locally pseudomorphed by quartz
+ plagioclase + andalusite + cordierite aggregate porphyroblasts (Figure 2-10d, e).
Pseudomorphed porphyroblasts of andalusite + cordierite exhibit deformed fish-shaped
grain boundaries (Figure 2-10d, e) and are restricted to pelitic beds (Figure 2-6e). In the
matrix, isoclinal F2 microfolds strongly crenulate S1 biotite and the Sz biotite foliation is
deflected around the pseudomorphed porphyroblasts (Figure 2-10d, e). The textures
indicate that relic staurolite crystals were deformed during D2, prior to being replaced by
aggregate pseudomorphs. Staurolite is inferred to have crystallized during and after garnet
growth and to represent syn-D2 prograde metamorphism. The prograde assemblages
constrain peak conditions between the staurolite-in and -out reaction boundaries (reactions
4 and 5, Figure 2-11a petrogenetic grid) to temperatures between 500-575°C and pressures
above 3 kbar. Andalusite + cordierite replacement of staurolite is discussed in the following

section.
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Figure 2-10 Photomicrographs of thin sections, oriented and cut perpendicular to biotite foliations. Red lines are
F2 micro-folds of So//S1 foliations and dashed black lines are S: foliation. a) Microphotograph and annotation of
garnet porphyroblasts and matrix foliations with internal garnet foliation Si. Sample AB6, XPL, horizontal section.
c) Fish shaped cordierite (Crd) porphyroblast with curved to sigmoidal poikiloblastic inclusions (Si). Sample AB11,
PPL, horizontal section. d) Fish shaped pseudomorph clast (Psd) aggregate of cordierite (Crd), quartz, plagioclase,
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biotite and tourmaline after skeletal staurolite (St) porphyroblast. Sample GH8, PPL, horizontal section. e)
Pseudomorph (Psd) clast of aggregate of cordierite (Crd), andalusite (And), quartz, plagioclase, and biotite after
skeletal staurolite (St) porphyroblast. Sample VAB11, XPL, vertical section cut along N-S plane. f) So//S1 foliation
defined by aligned biotite grains and folded by F2 micro-folds, Sz axial planar cleavage is similarly defined by
aligned biotite grains. Sample AB2, PPL, horizontal section.

2.4.3 Cordierite and Andalusite

Cordierite crystals are anhedral and commonly fish-shaped or disseminated
throughout the matrix (Figure 2-10c). Cordierite is also found in the mantle rims of
pseudomorphed staurolite (Figure 2-10d, e). In all cases, cordierite crystals have
poikiloblastic inclusions of quartz and biotite, which in rare cases define sigmoidal trails (Si).
Andalusite occurs as a pseudomorph after staurolite and shares crystal boundaries with and
is texturally controlled by skeletal staurolite crystals (Figure 2-10e). Cordierite and
andalusite are inferred as the dominant post-deformational (post-D2-3) phases and are
coeval with aggregate pseudomorphs, which replace fish-shaped staurolite porphyroblasts
that were deformed during D2. My interpretation is supported by similar metamorphic
textures observed in the Pohjanmaa Belt (Savunen, unpublished data, 2015; Holtta and
Heilimo, 2017, Fig 33a).

Assemblages of muscovite + staurolite + cordierite + biotite are not stable in meta-
pelites (Pattison et al.,, 1999). Rocks that host these assemblages are inferred to be the result
of two decompression reactions that follow a single P/T path (assemblage C, reaction 6 and
7, Figure 2-11b).

1) Ms + St + Qz = And + Bt + H20 (reaction 6)

2) And + Bt + Qz + H20 = Ms + Crd (reaction 7)

The first reaction produces andalusite after staurolite and the second produces cordierite

after andalusite. The suggested breakdown reactions (Pattison et al., 1999) correspond to
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the decompression textures observed in metamorphic assemblages (Figure 2-10c, d, e).
Therefore, | interpret that post-deformational staurolite breakdown to cordierite and
andalusite at Himanka is characteristic of isothermal decompression. The magnitude of
decompression can be constrained by a decrease in pressure to below 3 kbar, which follows
along the staurolite-out reaction boundary towards the cordierite-in reaction boundary

(reaction 5 and 6 respectively, Figure 2-11a).

a) By b) Medium grade metamorphism followed by
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Figure 2-11 a) Petrogenetic grid showing major metamorphic reactions. Modified after Bucher & Frey (1994). b)
Schematic P/T path modified after Pattison et al. (1999). Possible development of Ms+ Crd + St + Bt assemblages as
aresult of polymetamorphism. Paths A-D represent assemblages of Chl (A), St (B), St + And (C), and St + Sil (D).

2.5 U- Pb Monazite Geochronology
2.5.1 Sampling

A total 28 core samples were extracted in the field using a hand-held power drill with a
2.5 cm diameter diamond bit. All core samples were oriented towards north using a compass

and any vertical discrepancies greater than 10 degrees were corrected for using a Pomeroy
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orientation device. From the cores 25 horizontal and 8 vertical thin sections were prepared
for SEM and LA-ICP-MS analysis. The majority of monazite grains were located in core
samples taken from pelitic beds that also host metamorphic porphyroblasts of staurolite,
andalusite and cordierite (Figure 2-6e). Monazite crystals are anhedral to euhedral and
elongate to spherical. They occur as small (5-25um) crystals that grow amongst quartz,
plagioclase, and S1 and Sz biotite crystals in the matrix (Figure 2-12). Monazite often grow

along the margins of, and in rare cases as inclusions within, the biotite crystals.

Figure 2-12 SEM images of textural variability of monazite a) GH6-1 and b) VAB11-7.

2.5.2 Analytical Methods

Thin sections were scanned using the scanning electron microscope (SEM) machine at
the Geological Survey of Finland laboratory facilities. Monazites were identified by energy
dispersive spectrometry (EDS) analysis (Scherrer et al.,, 2000). Other minerals rich in REE
can be filtered out based on their brightness and the chemistry of their emission spectrum.

The largest and best quality monazites were selected and mapped using a coordinate system
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referenced to each thin section. U-Pb dating was performed on the LA-ICP-MS machine at the
Geological Survey of Finland laboratory facilities, using methods described by Rosa et al.
(2009). For the laser ablation procedure a 10 pum beam size, a 5 Hz repetition rate and an
energy density of 3.32 ] /cm?2 were used. The analysis was run using in house (Geological
survey of Finland) monazite standards A49, A276, and A1326 for calibration and quality
control.

The majority of monazite grains are small and/or narrow (short axis <10um), and
provide difficult targets for a 10um beam size resulting in two limiting factors. First, other
minerals bounding the monazites could have been ablated by the laser and incorporated into
the analysis. Second, the laser could have overlapped significant features in the monazites,
such as fractures or zoning. [sotope data was processed by Glitter data reduction software
(Jackson et al., 2004). From 174 analyses there were 60 (34%) with high common Pb2%4 or
high discordance that were discarded from the age calculations. All together there are good
data from 114 analyses of 100 monazite grains. The U-Pb ages are calculated using ISOPLOT
concordia diagram software. Apparent ages are given (Table 2-1a, b) with 2-sigma errors

and 95% confidence.
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28.05
26.77
28.26
26.75
28.03
25.00
27.14
25.47
26.55
29.69
27.38
30.65
20.29
20.67
20.71
20.67
20.61
20.37
20.16
20.73
20.91
20.84
20.83
21.05
21.02
20.78
21.09
20.83
21.08
23.81
21.34
21.07
2117
20.92
21.51
21.60
21.47
2248
22.49
21.88
22.44
23.07
22.59

age
P
1856.01
1814.35
1799.23
1805.06
1821.90
1799.45
1811.39
1801.46
1801.86
1787.67
1792.21
1804.34
1800.97
1796.61
1774.89
1826.14
1842.72
1786.63
1793.59
1803.44
1851.54
1799.71
1840.40
1794.99
1830.87
1852.65
1830.80
1820.94
1818.33
1840.43
1846.00
1831.00
1857.27
1811.96
1824.06
1825.40
1812.67
1794.23
1818.40
1848.59
1824.14
1809.14
1808.10
1796.48
1789.17
1814.13
1805.21
1795.57
1817.20
1790.20
1803.64
1808.51
1809.39
1782.45
1772.47

1s

9.42

10.39
10.64
11.04
10.94
11.07
11.68
11.74
12.90
12.74
13.51
12.99
13.90
13.15
13.96
13.39
14.02
12.54
13.53
12.90
13.69
14.85
13.97
15.36
9.96

10.16
10.14
10.07
10.06
10.02
9.97

10.21
10.30
10.17
10.17
10.28
10.18
10.10
10.31
10.29
10.36
11.46
10.37
10.22
10.29
10.25
10.40
10.48
10.45
10.81
10.90
10.70
10.93
11.02
10.82

age
PB2e/US
1870.77
1796.86
1795.68
1806.07
1842.06
1797.83
1807.68
1770.90
1806.99
1786.41
1810.06
1848.26
1813.03
1822.46
1765.85
1845.45
1809.33
1772.37
1803.24
1787.63
1829.80
1765.51
1834.55
1771.78
1874.78
1866.92
1859.04
1838.04
1829.21
1866.09
1862.81
1840.42
1881.18
1821.69
1854.31
1849.86
1854.70
1825.67
1829.02
1880.27
1809.28
1792.22
1814.88
1817.26
1799.49
1830.96
1860.74
1797.68
1860.35
1810.01
1817.12
1790.27
1778.63
1810.50
1783.82

1s
17.43
17.54
17.64
17.90
18.19
17.92
18.58
18.29
19.26
19.08
19.30
19.81
20.11
19.70
19.77
20.11
19.69
19.07
19.90
19.51
20.40
20.31
20.48
20.73
17.66
17.69
17.61
17.43
17.40
17.69

Table 2-1a U-Pb isotopic LA-ICP-MS data of monazites from horizontal thin sections in the Pohjanmaa schist at

Himanka.
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sample
GH11-11
VAB11-5
VAB11-7
VAB11-8
VAB11-9
VAB11-10
VAB11-11
VAB11-12a
VAB11-12b
VAB11-14b
VAB11-15
VAB11-16
VAB11-18
VEF4-1a
VEF4-3b
VEF4-4b
VEF4-5
VEF4-6a
VEF4-6b
VEF4-7
VEF4-8

VGH8-13

Pb2%/pb7%
4455.09
-156142.41
515983.00
-33535.42
307014.50
10131.82
-57550.77
1389216.32
76987.79
214599.00
221197.00
-17019.54
-12687.92
389044.00
-10339.70
361360.00
4867.36
244995.00
-622103.69
256043.00
-40280.89
127132.39
6630.93
11956.32
-7074.18
232231
62912.20
50159.40
3474.32
5392.29
-28969.63
-19991.43
20532.47
6596.21
11222.77
7907.26
3636.48
6434.67
15524.69
3531.89
14099.43
38121.07
33214.78
-65208.40
11602.34
6778.06
15904.88
19493.28
24022.54
-35675.44
15278.65
9607.73
11859.26
-34407.15
145608.47
9712.88
22232.77
105869.00
62631.30

P27 /pb2
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

25%
2.52
212
218
2.14
211
2.16
2.15
2.19
2.20
2.28
217
2.20
2.18
2.25
2.28
2.23
2.56
2.40
231
2.34
237
233
2.39
234
2.39
2.50
2.30
2.16
2.23
237
212
2.10
2.20
217
2.18
2.14
232
217
2.09
2.25
2.18
212
2.18
2.20
2.24
231
2.37
2.29
2.19
2.36
2.27
2.22
2.27
2.44
2.26
2.23
2.33
2.23
2.27

Pb*7/U
4.77
4.87
4.85
4.85
4.77
4.83
4.76

4.97

235

2s%
2.62
2.15
2.22
217
2.16
219
2.20
2.25
2.26
2.34
2.24
2.27
2.26
233
237
2.34
2.64
2.49
2.42
2.44
2.50
2.47
2.52
2.48
2.52
2.62
245
2.23
2.29
237
2.16
217
218
2.25
219
221
233
2.30
2.18
2.30
2.23
221
225
232
235
2.44
2.49

235
2.47
2.42
237
2.45
2.60
2.43
2.42
251
2.42
2.46

P2/
0.33
0.32
0.32
0.32
0.31
0.32
0.31
0.32
0.32
0.32
0.32
0.32
0.31
0.33
0.33
0.31
0.32
0.33
0.33
0.32
0.33
0.32
0.33
0.33
0.33
0.33
0.33
0.32
0.32
0.33
0.33
0.33
0.33
0.33
0.32
0.33
0.32
0.32
0.32
0.31
033
0.32
0.32
0.33
0.33
0.32
0.33
0.32
0.33
0.32
0.33
0.33
0.33
033
0.33
0.33
0.33
0.34
0.33

238

25%
2.26
2.06
2.08
2.07
2.07
2.08
2.08
2.10
2.11
213

2.12
212
2.14
2.16
2.16
2.21
2.19
2.18
2.19
2.21
2.21
2.22
221
222
2.24
2.21
212
212
2.08
2.08
2.09
2.03
213
2.05
211
2.09
2.19
212
212
2.09
213
211
217
2.18
222
2.21
221
2.22
2.20
222
2.20
2.25
2.26
2.24
2.25
2.26
2.26
2.25

% Concordance
-4.90
0.58
2.53
3.07
4.23
1.62
3.96

1.99
-5.79
-2.65
-3.60
-2.67
-4.77
-3.32

age
P27 /Py
1738.63
1802.54
1814.87
1819.77
1814.87
1803.53
1811.43
1804.03
1798.24
1806.66
1808.64
1813.07
1818.47
1806.17
1779.25
1789.61
1763.75
1825.31
1800.23
1820.75
1821.08
1784.94
1820.75
1759.17
1779.42
1794.60
1806.99
1817.16
1793.60
1782.60
1789.11
1791.94
1846.45
1767.30
1812.58
1801.55
1822.71
1810.44
1830.34
1862.23
1752.35
1818.14
1804.19
1766.96
1824.66
1810.94
1780.59
1842.76
1823.36
1789.45
1804.52
1797.91
1854.92
1765.95
1781.60
1776.90
1799.57
1790.78
1786.95

2291
19.19
19.68
19.29
19.03
19.50
19.40
19.82
19.90
20.60
19.60
19.86
19.63
20.28
20.65
20.18
23.20
21.62
20.85
21.05
21.36
21.06
21.53
21.26
21.64
22.56
20.75
19.48
20.12
21.42
19.20
19.00
19.74
19.64
19.71
19.36
20.86
19.57
18.83
20.16
19.84
19.15
19.65
19.98
20.19
20.86
21.45
20.58
19.73
21.33
20.46
20.06
20.41
22.16
20.45
20.18
21.02
20.16
20.54

age
P27 /U
1780.19
1797.17
1793.34
1793.79
1779.44
1789.47
1778.21
1789.23
1783.20
1809.76
1791.36
1798.27
1783.54
1811.96
1816.38
1771.54
1768.40
1820.40
1808.89
1812.19
1821.69
1784.46
1830.36
1803.69
1801.38
1820.59
1812.22
1814.98
1798.51
1815.24
1805.38
1813.20
1835.47
1806.36
1791.37
1814.74
1817.21
1794.93
1795.51
1809.18
1808.00
1809.23
1807.95
1801.70
1827.06
1809.63
1807.91
1817.91
1823.13
1782.05
1826.15
1810.88
1837.65
1815.64
1803.69
1807.28
1821.91
1831.60
1814.88

1s
10.96
9.02
9.29
9.10
9.02
9.18
9.19
9.40
9.44
9.83

9.53
9.45
9.80
9.98
9.77
11.00
10.48
10.18
10.24
10.53
10.31
10.62
10.40
10.58
11.03
10.29
9.38
9.58
9.95
9.06
9.11
9.22
9.43
9.17
9.30
9.81
9.64
9.16
9.65
9.37
9.30
9.44
9.74
9.92
10.26
10.44
10.22
9.90
10.33
10.19
9.98
10.35
10.94
10.21
10.16
10.56
10.22
10.36

age
PB2e/uS
1816.14
1791.98
1774.28
1770.90
1748.77
1776.87
1749.46
1776.09
1769.82
1811.86
1776.09
1784.99
1753.39
1816.44
1848.46
1755.75
1771.78
1815.61
1815.85
1804.22
1821.59
1783.48
1838.24
1841.82
1819.74
1842.69
1816.10
1812.69
1802.22
1843.71
1819.16
1831.30
1826.01
1839.93
1772.71
1825.91
1812.30
1782.45
1765.56
1762.71
1856.24
1801.49
1810.79
1831.74
1829.17
1808.70
1831.69
1796.47
1823.14
1775.50
1845.65
1822.32
1822.90
1859.29
1823.05
1833.97
1842.02
1867.98
1839.59

1s
17.83
16.09
16.09
16.00
15.86
16.13
15.90
16.28
16.29
16.77
16.37
16.50
16.24
16.95
17.35
16.57
17.07
17.29
17.24
17.18
17.52
17.18
17.72
17.71
17.57
17.95
17.49
16.72
16.65
16.64
16.46
16.67
16.10
16.99
15.85
16.73
16.48
16.99
16.35
16.31
16.80
16.70
16.63
17.25
17.35
17.46
17.59
17.30
17.61
17.06
17.79
17.47
17.81
18.19
17.76
17.92
18.09
18.26
18.00

Table 2-1b U-Pb isotopic LA-ICP-MS data of monazites from vertical thin sections in the Pohjanmaa schist at
Himanka.
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2.5.3 Results

The results of my LA-ICP-MS analysis of monazites (Table 2-1a, b) are shown on a
concordia plot, which provides an age for the population at 1.80 Ga +/- 4.8 Ma (Figure 2-13).
The age is calculated from the intercept of the regression line with concordia and the error
of (+/-) 4.8 Ma is calculated from the intercept without decay-constant errors (Figure 2-13).
When plotted on probability density plots (Figure 2-14), the monazite data show ages
centered approximately at ~1.80 Ga for 207Pb /206Pb, ~1.81 for 207Pb/235U , and ~1.81 for
206Pb /238U. However, the age ranges vary +/- 40-60 Ma. Therefore, my U-Pb analysis
indicates that the majority of monazite grains crystallize at approximately ~1.80 Ga +/- 4.8

Ma (Figure 2-13), and that the range of monazites spans most of the late Svecofennian.
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Figure 2-13 Concordia plot of 114 monazite grains shows a single population with an age of 1.80 Ga (+/- 4.8 Ma).
The error of [+/-7.5] Ma is with decay constant errors.



43

207 206
a) Pb/2%Pb b) 20755y
18 14
20 20
© 12
14 — -
10
g e g
3 2
2 E% o
g g0 g 2
i =
2e° 2E o
g g
4
2
2 I
4 4
1700 1750 1800 1850 1900 1950 1750 1770 1790 1810 1830 1850 1870 1890
Age (Ma) Age (Ma)
C) 206Pb/238u
20
10
8
>
£
= L
ST
08 ©
aE
2E
5 4 [
7]
5
2 -
Rl W
1720 1770 1820 1870 1920 1970
Age (Ma)

Figure 2-14 Probability density plots of the 114 monazite age data for each a) 207Pb/206Pb, b) 207Pb /235U, and c)
206pPh /238U systems. Plotted in bins of 40, with 2-sigma input errors.

2.6 Discussion
2.6.1 Timing of tectonothermal events

In my relative time-scheme two major tectonothermal events are identified at
Himanka. D2 is characterized by steeply ESE plunging F2 fold trains, an ESE-WNW striking
axial planar S2 foliation, and coeval garnet + staurolite prograde metamorphism. Williams et
al. (2008) identify ESE-WNW to NW-SE trending D2 shear zones and folds that deform 1.896
Ga granitoids in the Himanka area. In their model they further constrain D2 by peak
metamorphic zircon ages to 1.88 Ga. I suggest that my D2 deformation matches the

structural style outlined by Williams et al., (2008) and correlates with well documented
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deformation and metamorphism in the Pohjanmaa Belt during the early Svecofennian
Fennia event from 1.896-1.88 Ga. The inferred direction of collision in the Bothnian Arc
Complex during the early Svecofennian Fennia event is NE to ENE (Nironen, 1997; Lahtinen
et al.,, 2009a; Lahtinen et al.,, 2014). However, my inferred progressive structural evolution
suggests that D1, D2, and D3 events (Figure 2-9) are products of a single protracted event and
are most simply explained by fixed E-W compression. D1 isoclinal folding and D2-3 shear
related folds indicate partitioning from pure shear to simple shear deformation, which is
likely the result of the counter clockwise rotation of the northern Pohjanmaa belt during the
early Svecofennian Fennia event.

The late post-deformational tectonothermal event is characterized by staurolite
breakdown to cordierite + andalusite pseudomorphs, which are suggested as products of
isothermal decompression. It has been demonstrated that the P/T conditions during
isothermal decompression and the related breakdown of staurolite to cordierite can be
suitable for monazite growth (Gibson et al., 2004; Kelly et al., 2006; Mahan et al., 2006). This
is the result of increased availability of REE and yttrium during the late-orogenic breakdown
of garnet to cordierite. Monazite ages can be commonly be reset by younger metamorphic
events, even below closure temperatures of 750-800°C (Williams et al., 2007). Hence, it
could be expected that the small monazites herein record the youngest metamorphic event.
The monazite data herein plots on the concordia diagram with mostly overlapping error
ellipses and are interpreted as a single U-Pb age population in the concordia diagram (Figure
2-13). Therefore, I interpret the 1.80 Ga (+/- 4.8 Ma) U-Pb monazite ages as recording the
absolute timing of a post-deformational thermal event characterized by isothermal

decompression. My interpretation is supported by similar, 1.80-1.79 Ga metamorphic
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monazite ages from the Pohjanmaa Belt (Savunen, unpublished data, 2015). It appears that
monazites provide an absolute age for a late thermal event that occurs 80-90 m. y. after D2
and is not preserved in previously analyzed zircons. This implies that the 1.80 Ga
tectonothermal event occurred towards the end of the late Svecofennian event.
Gravitational collapse has been argued to explain the high thermal signature and
increased magmatism at the end of the late Svecofennian Svecobaltic event. Collisional
processes during the early Fennia and the late Svecobaltic events can be modeled as having
resulted in a thick and gravitationally unstable lithospheric root that subsequently
delaminated, facilitating the rise of hot asthenosphere to the base of the crust (Nironen,
1997; Korsman et al., 1999; Korja et al., 2006). Delamination and thus thinning of the lower
crust would provide a mechanism for an increased geothermal gradient and a decrease in
pressure that could explain post-deformational high temperature /low pressure
metamorphism and the strong magmatic pulse during the late Svecofennian event (Claesson
and Lundgqvist, 1995; Vaisanen and Hoélttd, 1999; Vaisanen et al., 2002; Mouri et al., 2005;
Skytta and Manttari, 2008; Torvela et al., 2008). Therefore, I postulate that the 1.80 Ga
isothermal decompression textures provide a record of crustal thinning as a result of

delamination and replacement of the lower crust 80-90 m. y. after the main D2 event.

2.6.2 The coupled Bothnian oroclines

The coupled Bothnian oroclines are defined by sinuous lithotectonic belts, which are
paralleled by structural fabrics. F2 and F3 folds in the study area record sinistral shear and
their respective WNW and NW-striking axial traces are sub-parallel to the local margin of

the Pohjanmaa Belt, which is inferred to form the northern limb of the convex to the east
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northern member of the coupled Bothnian Oroclines. Similarly, the strike of F2 folds sub-
parallel the margins of the southern Pohjanmaa Belt (Bothnian Arc Complex), which
together bend around the southern Bothnian orocline from N-S in the hinge to E-W in the
shared limb between the north and south Bothnian oroclines (Lehtonen et al., 2005;
Lahtinen et al,, 2017). However in this region, folds record an inferred dextral sense of shear
and an implied clockwise rotation in the southern limb of the northern Bothnian orocline (S.
Johnston, unpublished data, 2014). The sense of shear during F2 and Fs3 folding is, therefore,
a function of location with respect to the hinge lines of the Bothnian oroclines: F2 and F3
record sinistral shear along the northern limb of the northern orocline, and dextral shear
along the intermediate shared limb (Figure 2-15). This implies that F2 and F3 folds are pre-
to syn-oroclinal. Further evidence to support this relationship is the trace of early
Svecofennian metamorphic isograds, which subparallel the sinuous belts around the
oroclines (Lahtinen et al., 2014; Holttd and Heilimo, 2017).

My findings are consistent with the Svecofennian orogen having originated as a
roughly linear ~N-S (this study) to NW-SE (Lahtinen et al., 2014) striking belt that was
subsequently deformed into its current sinuous geometry. In their model Lahtinen et al.
(2014) propose that the formation of the coupled Bothnian oroclines is secondary and
resulted from a near-orthogonal switch in compressive stress. However, my data and
analysis shows that deformation (D1 through D3) was progressive and synchronous with
counter clockwise rotation and sinistral shear of the northern Pohjanmaa Belt during
orocline formation (Figure 2-15). Hence, I conclude that the coupled Bothnian oroclines are
a product of progressive bending during orogenesis. A model of progressive bending is

consistent with shear being a function of location on the orocline limbs, and implies that, the
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oroclines are a product of the 1.896-1.88 Ga early Svecofennian Fennia event.

ueayoly
w 0001

4 4

Figure 2-15 Schematic showing the model for buckling of a hypothesized ~N-S linear Svecofennian orogen to form
the arcuate coupled Bothnian oroclines. The northern Bothnian orocline (convex-east) showing sinistral shear in
the north limb and dextral shear in the south limb with the respective counter clockwise and clockwise implied
rotations. Modified from Lahtinen et al. (2014).

High temperature - low pressure metamorphism at 1.80 Ga is explained as a result of
late Svecofennian Svecobaltic delamination of mantle and lower crust that was previously
thickened during the early Svecofennian Fennia event. The implication is that the upper
crust remained coupled to the lower crust and mantle during early Svecofennian Fennia
event compression and orocline formation. Hence, I conclude that orocline formation was
thick-skinned and involved the lithospheric mantle. What remains unclear is if thickening,
and subsequent detachment, of the lithospheric mantle was a product of the collisional

orogeny or if it was product of oroclinal bending. Studies by Gutiérrez-Alonso et al. (2004)
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and Weil et al. (2013) suggest that oroclinal bending causes thickening of the inner orocline
arc which leads to: 1) uplift and rapid sedimentation towards the forearc; 2) the initiation of
crustal thinning and high heat flow and magmatism in the outer arc of the orocline; 3)
subsequent delamination of the mantle lithosphere below a thickened orocline core causing
wide-spread magmatism, fluid flow and high temperature / low pressure metamorphism in
the inner arc of the orocline. It could be argued that the Bothnian oroclines meet these
criteria; however, further testing of this model is required.

Johnston et al. (2013) interpreted progressive oroclines as being thin skinned features
that required a detachment between the bending upper crust and the unaffected lower crust
and lithospheric mantle. My findings are inconsistent with this classification scheme and
require that the idea that oroclines can be readily classified as progressive or secondary be

revisited.

2.7 Concluding Remarks

[ investigated the structure, metamorphism, and geochronology of the Pohjanmaa Belt
on the northern limb of the northern of the two coupled Bothnian oroclines in order to
establish whether or not deformation is consistent with the Bothnian orocline model. Also, |
attempt to provide relative and absolute time constraints on oroclinal buckling. My data
show that: 1) D1, D2, D3 deformation in the Pohjanmaa belt records progressive deformation
and strain partitioning from pure shear (D1 shortening) to simple shear (D2, D3 sinistral
shear), which involved counter clockwise rotation and can possibly be explained by E-W
directed compression; 2) D2 folding and coeval garnet + staurolite metamorphism are

consistent with early Svecofennian Fennia deformation, which occurred 80-90 m. y. prior to
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late-stage isothermal decompression and staurolite breakdown dated at 1.80 Ga by U-Pb
monazite analysis; 3) My structural analysis, in combination with subsidiary data, provides
evidence that sinistral shear during D2-3 is the result of counter clockwise rotation of the
Pohjanmaa belt possibly in response to progressive buckling of the coupled Bothnian

oroclines during the early Svecofennian Fennia event.
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Chapter 3. Conclusions

3.1 Conclusions

The goal of this thesis was to evaluate the deformation and metamorphism of the
northern limb of the northern Bothnian orocline to help establish the structures that may
characterize orocline formation and provide an absolute constraint on the timing of
buckling. I addressed this goal through detailed mapping of the fold geometry and
assessment of metamorphic-textures in the meta-sedimentary Pohjanmaa belt in the
Svecofennian Orogenic Domain. This allowed for me to develop a structural model and a
relative time-scheme between deformation and metamorphism. My U-Pb analysis of
monazite grains was used to constrain the timing of tectonothermal events in the northern
of the two Bothnian oroclines. The main conclusions of this thesis are:

1) D1, D2, and D3 studied herein record deformation from a single protracted event in
which, strain was initially accommodated by pure shear (D1 shortening) and was
later partitioned to dominant components of simple shear (D2 and Ds sinistral shear).
D1, D2, and D3 are inferred as products of E-W directed compression during the early
Svecofennian Fennia event.

2) Syn-D:z prograde garnet + staurolite growth likely occurred during the well-
documented early Svecofennian metamorphic event from 1.896-1.88 Ga.

3) The absolute timing of a late, post-deformational isothermal decompression event
characterized by staurolite breakdown to cordierite + andalusite is provided by 1.80
Ga U-Pb isotope ages. Hence, the thermal signature is late Svecofennian and records

crustal thinning as the result of gravitational collapse of an orogen.
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4) The axial traces of F2 and Fs folds sub-parallel the margins of sinuous belts around
the coupled Bothnian oroclines, indicating they are pre- to syn-oroclinal. My
structural analysis suggests that sinistral shear during D2-3 records counter clockwise
rotation of the Pohjanmaa Belt, which could be in response to buckling of the coupled
Bothnian oroclines during the early Svecofennian Fennia event.

5) My findings are inconsistent with the classification of progressive oroclines as being
exclusively thin skinned features that required a detachment between the bending

upper crust and the unaffected lower crust and lithospheric mantle.

3.2 Recommendations for further work

Oroclines are complex tectonic features and even the most well studied oroclines are
not completely understood. This thesis is one of the first few studies of the coupled Bothnian
oroclines and one of the few studies that focuses specifically on Precambrian oroclines. As
such, my findings come early on in the overall study of the coupled Bothnian oroclines and
Precambrian oroclines in general. The findings herein reveal new research questions, which
through further investigation will help develop the model of the coupled Bothnian oroclines
and how it fits with the evolution of the Svecofennian Orogenic Domain.

My new structural data points to a test of the orocline model (Lahtinen et al., 2014). If
sinistral shear during D2-3 was characteristic of the original orogen and occurred prior to
oroclinal buckling, then I would expect it to be consistent around the orocline hinges.
Conversely, if sinistral shear were the result of oroclinal buckling, then [ would expect the
sense of shear to change systematically from one limb to another, across the hinge of the

orocline. A study carried out by Shaw et al. (2016) analyzed parasitic vertical-axis kink folds
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along the strike of the Cantabrian orocline in Iberia. They determined that the kink folds
verge towards the orocline hinge and record a switch in the sense of shear from each limb of
the orocline, which they attribute to flexural shear during buckling. [ propose that applying
similar methods as Shaw et al. (2016) would be helpful in determining whether or not the
inferred sinistral shear that gave rise to Fz fold trains (Figure 2-9) and F3 kink folds (Figure
2-6€) in the Pohjanmaa Belt could be a function of buckling of the coupled Bothnian
oroclines or a characteristic of initial orogenesis. This could provide insight in discerning
what structures could be diagnostic of orocline forming in hot deep crustal conditions.

The Bergslagen orocline of southern Sweden (Beunk and Kuipers, 2012) remains one
of the few other examples of Paleoproterozoic oroclines. In their model, the convex to-the-
NW geometry of the Bergslagen province is explained by buckling of D2 structures during D4
folding, which is activated along SW-NE striking shear zones and characterized by sinistral
shear. Progressive rotation (D4) of the Bergslagen province is suggested to have taken place
during the late Svecofennian Svecobaltic event from 1.83-1.82 Ga and connections between
large shears zones in Sweden and the Southern Svecofennian Arc Complex in Finland are
implied. I propose further investigation of the similarities in deformation and timing
between the Bergslagen and Bothnian oroclines. This could address the question, how the
Svecofennian Orogenic Domain became characterized by multiple arcuate orogenic belts.

Monazites in pelitic rocks are interpreted to grow at the expense of garnet and other
aluminous porphyroblasts (Smith and Barreiro, 1990; Pyle and Spear, 2003). As the
breakdown of these mid- to high-grade porphyroblasts occurs the availability rare earth
elements provides the building blocks for monazite crystallization. In particular, studies

using elemental microprobe mapping of monazites suggest that late-orogenic monazite rims
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are suggested to have high amounts of yttrium (Gibson et al., 2004; Kelly et al., 2006; Mahan
et al., 2006). If continued U-Pb monazite analyses are used to study and date metamorphic
events in the Svecofennian Orogenic Domain, I suggest that the incorporation of microprobe
elemental mapping would be useful and possibly critical to determining: 1) whether or not
monazites have internal chemical zones; 2) whether high-yttrium monazites or their rims

provide consistent ages that can be tied to certain tectonothermal events.
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Figure A-1 Field sketch and measurements from transect AB(1)
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Figure A-2 Field sketch and measurements from transect AB(2)
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Figure A-3 Field sketch and measurements from transect CD
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Figure A-4 Field sketch and measurements from transect EF



)
Ao rmaolla —| ¢
o B %,

E00340396 [ 330500
No7itoses [ 7n3a0

21¢9)
©

|
ol

i (’\S.W

3 liz/hzea/ on
SbhOnEE /985 ohg 003 H

Figure A-5 Field sketch and measurements from transect GH(1)
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Figure A-6 Field sketch and measurements from transect GH(2)
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