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Abstract

The Qygarden Complex and the Bergen Arc System are intriguing large-scale structures in the
SW Norwegian Caledonides, but their formation is still incompletely understood. So far, the lack
of published U-Pb zircon ages has limited clear interpretations of the geologic evolution of the
Oygarden Complex. The Lyderhorn Gneiss is located in the poorly studied eastern part of the
@Dygarden Complex and forms the core of the Bergen Arc. Detailed field mapping was conducted
and seven samples were dated by SIMS U-Pb zircon geochronology, to study the magmatic and
structural formation of the Lyderhorn Gneiss.

Igneous protoliths formed during the Mesoproterozoic Gothian-Telemarkian (1504 Ma) and Sve-
conorwegian (1041 Ma and 1026 - 1022 Ma) orogenic periods. They do not record Sveconorwegian
high-grade regional metamorphism. Early Ordovician (483 Ma) thermal resetting of metamict
zircons was followed by sustained residence at elevated temperatures that annealed previous
radiation damage. The U-Pb zircon system was not affected by Caledonian amphibolite facies
metamorphism. The structure of the Lyderhorn Gneiss formed in one single deformation event,
recorded in ENE-directed exhumational deformation from amphibolite facies to the brittle-plastic
transition. Fluid-assisted strain weakening formed phyllonitic E-dipping detachment shear zones
that became finally overprinted by (semi-)brittle deformation.

Based on the Mesoproterozoic protolith ages, the Lyderhorn Gneiss and thereby the ygarden
Complex are correlated with the Telemarkia domain of the Baltican basement. The age of
magmatism relates the Qygarden Complex with the Sirdal Magmatic Belt of southern Norway.
The correlation suggests a continuous NNW-trend of Sveconorwegian domain boundaries and
supports the assertion that Sveconorwegian high-T metamorphism in the Baltican basement was
rather local than regional. A rapid temperature increase in the Early Ordovician is interpreted to
mark the onset of Caledonian convergence. The structure of the Lyderhorn Gneiss is constrained
to have formed by Early Devonian extensional deformation. Bidirectional Devonian extension in
the @ygarden Complex is explained by exhumation as a Devonian extensional gneiss dome.

The proposed, symmetrical core complex style of exhumation, resembles previously identified
core complexes in central Norway and allows for a more consistent interpretation of basement
culminations along the Norwegian margin. Possible onshore-offshore correlations are suggested
for the Utsira High in the northern North Sea. Detailed structural and thermochronological

studies will be needed to test the proposed model.
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1 Introduction

1 Introduction

Geological maps provide regional geological models that are the common ground of diversified
geoscientific research disciplines. Most areas of SW Norway are covered by geological maps since
several decades. So why conducts a M.Sc. thesis in 2016 basic field mapping within the urban
area of the city of Bergen?

The regional geology of Bergen has been investigated since the beginning of the 19th century.
Geologists like Naumann, Hiortdahl, Irgens, Kjerulf and Reusch contributed at an early stage.
Kolderup and Kolderup (1940) integrated previous works into the results of their own extensive
investigations and established a profound geological model of the Bergen area. The principles
of their main work, ’Geology of the Bergen Arc System’, remain valid until today. Noteworthy
is the correct recognition of principal age relationships, without the help of absolute dating
methods, even though later geochronological investigations modified some of their conclusions.

Fundamental field mapping in the Bergen area has mainly been carried out between the 1970s
and early 90s (see references in Fossen and Ragnhildstveit, 2008), and a refined tectonostratigraphy
has been established for the Caledonian nappes. Well-exposed eclogites in the Lindas Nappe
have contributed to the modern understanding of the role of fluids in high-grade metamorphism
and deformation (e.g Austrheim et al., 1997). The basement in the Western Gneiss Region,
north of Bergen, is a spectacularly exposed example of continental subduction and very well
studied (Corfu et al., 2014). The basement in the Bergen area itself, on the other hand, received
little scientific attention, even though large scale structures like the Bergen Arc System and the
Oygarden Complex are incompletely understood.

Lyderhorn is one of seven landmark mountains surrounding the city of Bergen (Fig. 1). The
mountain belongs geologically to the easternmost part of the @ygarden Complex and forms the
core of the Bergen Arc. Yet, no satisfactory explanation has been found for the peculiar shape of
the 100 x 50 km Bergen Arc structure that controls the geology and thereby the geomorphology
of the Bergen area (Ramberg et al., 2008).

In the western part of the @ygarden Complex, shear zone structures have been studied in
detail (e.g. Fossen and Rykkelid, 1990) and the Devonian cooling history is well constrained
by mineral cooling ages (Boundy et al., 1996; Fossen and Dunlap, 1998; Larsen et al., 2003).
However, no U-Pb zircon ages have been published to clarify the debated tectonostratigraphic
position of the @Jygarden Complex and also the exhumation mechanism of the convex basement
window is unclear.

The prominent, 396 m high Lyderhorn offers excellent exposures to study magmatic, meta-
morphic and deformational processes in the poorly researched eastern part of the Jygarden
Complex. The aim of this study was to unravel the geologic evolution of the Lyderhorn Gneiss
from its magmatic formation until its exhumation to the brittle-plastic transition. New, detailed
field mapping was conducted with a focus on petrology and structural geology, to serve as the
basis for subsequent U-Pb zircon geochronology. Remote sensing and 3D visualization techniques
in ArcGIS were used to identify and illustrate complex, three-dimensional structures. Seven
samples were collected and analysed Secondary Ion Mass Spectrometry (SIMS) U-Pb zircon
geochronology, to determine precise magmatic ages as well as possible effects of the intense

metamorphic overprint on the zircon mineralogy.



1 Introduction

The results from this study contribute to the regional geology of SW Norway and have
implications for several orogenies. Precise determinations of magmatic ages help to understand
the Mesoproterozoic formation of the Baltican basement and bear information about the style
of the Sveconorwegian Orogeny. Regional correlations allow to reconstruct the pre-Caledonian
structure of the Baltican crust, a key factor for the understanding of Caledonian continental
subduction and exhumation. The post-Caledonian structure of the basement, on the other hand,
is important for the later tectonic evolution of the northern North Sea and the formation of
economically significant rift structures. Finally, the results from this study could be a small step
towards understanding the Bergen Arc and show that basic field mapping is still important, even
in 2016.

Fig. 1. Lyderhorn (396 m.a.s.l.) seen from the south (Knappen).
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The geologic history of Norway spans a time of almost 3 billion years, from the oldest rocks to
the most recent post-glacial developments (e.g. Torsvik and Cocks, 2005). The oldest parts of the
Norwegian continental crust experienced several supercontinent cycles with major orogenic and
extensional phases. The same crust was part of different continent configurations. Thereby, its
name as a continental domain changed throughout time (Fig. 2, left column). In the literature
these names are used inconsistently, which can lead to confusion. Therefore, I will first give a
short clarification of terms. The Paleozoic Caledonian Orogeny was the last event reorganize
the entire geology of Norway (e.g. Corfu et al., 2014). Accordingly, three major units can
be distinguished (Fig. 3): pre-Caledonian basement, Caledonian units and post-Caledonian
(post-Scandian) units. The pre-Caledonian basement was a part of the continent Baltica in the
Scandian continent-continent collision. It is therefore called Baltican basement (or Baltic Shield).
The Sveconorwegian orogeny formed the principal configuration of the Baltican basement (Bingen
et al., 2005). Newly formed Sveconorwegian crust amalgamated with older crust. Distinct
Sveconorwegian domains/terranes have been proposed by Bingen et al. (2005). The basement in
SW Norway consists largely of the Telemarkia and Idefjorden domains. The pre-Sveconorwegian
crust of the basement belonged to the paleocontinent Fennoscandia, which was a part of the
East European Craton (Bogdanova et al., 2008). Fennoscandian crust was later incorporated
into two supercontinents: first Columbia (also called Nuna) in the Paleoproterozoic and Rodinia
in the Neoproterozoic. Paleogeographic reconstructions often label Fennoscandia as Baltica and
since significant amounts of Fennoscandian crust formed in the Svecofennian period, the name
"Svecofennian domain’ is sometimes used for Fennoscandian crust. In this text, Svecofennian

refers to an orogenic period while Fennoscandia refers to a paleocontinent.

2.1 Pre-Caledonian - The Formation of Baltica

The oldest parts of the Baltican crust originated in the Archean. Baltica as an independent
continent emerged only in the Late Neoproterozoic. New crust formed in distinct episodes of
the long lasting (1.9 - 0.9 Ga) Great Proterozoic Accretionary Orogeny at the active margin of
Columbia (Fig. 4; Roberts and Slagstad, 2015). The crustal formation ages in the Baltic Shield
show a pronounced trend, getting younger from NE to SW (Fig. 3), reflecting the accretionary
history of the basement. The pre-Sveconorwegian history presented here follows the review by
Roberts and Slagstad (2015).

Fennoscandia - Archean to Paleoproterozoic

Fennoscandia formed as a continent in the Paleoproterozoic Svecofennian orogenic period (2.0
- 1.8 Ga; Fig. 2). Several cratonal fragments collided to form the core of Fennoscandia during
the amalgamation of the supercontinent Columbia. The oldest rocks in Norway are found in
basement windows in northern Norway and date back to c. 2.9 Ga (Bingen and Solli, 2009).
Most of the Svecofennian crust formed at the active SW margin of Fennoscandia as a part of the
convergent western margin of Columbia (Fig. 4D). New crust from volcanic and continental arcs

was accreted to the cratonal core. Fennoscandia united with other craton fragments (Volgo-Uralia
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Fig. 2. (Previous page): Non-linear geological time scale, showing the development of (SW) Norway
from the Archean to the end of the Paleozoic (left scale). The first column (from the left) shows
supercontinent-cycles with major phases of extension and contraction (arrows). The second column
contains major tectonic events. Main magmatic episodes are marked by red bars for the basement
and orange bars for the Caledonian nappes. Blue bars mark major extensional events. Three phases
are important for this work and enlarged on the discontinuous right scale. The Gothian-Telemarkian
(A), Sveconorwegian (B) and Caledonian (C) orogenic periods. Coloured bars indicate magmatic
activity in the basement (red), Upper and Uppermost Allochthon (green) and Middle Allochthon
(purple). The rightmost column shows the cumulative probability for magmatic rocks in the Telemarkia
domain from Bingen and Solli (2009), Fig. 4 - 6. For Caledonian times the probabilities are shown
separately for the Uppermost Allochthon (UMA), Upper Allochthon (UA) and basement windows (BW).
The opposite scale (Ar-Ar, black graph) shows relative probability of mica Ar-Ar cooling ages from
the orogenic wedge (Bergen area), modified from Fossen and Dunlap (2006), Fig. 7. Abbreviations:
AMC - Anorthosite-Mangerite-Charnockite complex; HBG - Hornblende-Biotite Granite suite; SH
- Sunnhordaland; SMB - Sirdal Magmatic Belt; UHP - Ultra-high pressure metamorphism; WGR
- Western Gneiss Region; OC - Oygarden Complex. Based on: Bingen et al. (2005); Bogdanova
et al. (2008); Roberts and Slagstad (2015); Bingen et al. (2008b); Pease et al. (2008); Roberts (2003);
Torsvik and Cocks (2005); Coint et al. (2015); Slagstad et al. (2013); Slama and Pedersen (2015);
Dunning and Pedersen (1988); Pedersen and Dunning (1997); Fossen and Austrheim (1988); Andersen
and Jansen (1987); Lundmark and Corfu (2007); Skjerlie et al. (2000); Kiihn et al. (2002); Root
and Corfu (2012); Bingen et al. (2004); Fossen and Dunlap (1998); Fossen (2000); Fossen (2010a);
Boundy et al. (1996); Larsen et al. (2003); Faerseth et al. (2011); Gordon et al. (2013); Glodny et al. (2008).

and Sarmatia) to form the East European Craton at around 1.8 Ga (Bogdanova et al., 2008). This
continent-continent collision is called the Svecobaltic Orogeny. It was one of many internal mobile
belts of Columbia. Besides convergent regimes, temporary and spatially limited extensional
regimes occurred as a consequence of migration of the subduction zone (tectonic switching).

Widespread granitoid magmatism occurred between 1.86 and 1.66 Ga in the Transcandina-
vian Igneous Belt (Fig. 3). This episode of crustal formation marks the transition from the
Svecofennian accretion phase (2.0 - 1.8 Ga) in the NE of the orogen to the Gothian-Telemarkian
accretion phase (1.66 - 1.48 Ga) in the SW. The part of the Transcandinavian Igneous Belt
thatwas reworked during the Sveconorwegian Orogeny is termed Eastern Segment (Bingen et al.,
2005; Fig. 3).

Crustal Growth in the Mesoproteozoic

The Gothian-Telemarkian orogenic period (Fig. 2A) is a discrete phase of continental growth
along the active Fennoscandian margin, but is not seen as a distinct orogenic event. This
period of regional convergence was contemporary with break-up of Columbia which is poorly
constrained to 1.6 - 1.2 Ga. Arc magmatism was accompanied by sedimentation and accretion
in a subduction-zone environment. Gothian arc magmatism ranges from 1.66 to 1.52 Ga (Fig.
4A) and defines the Idefjorden domain (Fig. 3). Magmatic ages show a trend, getting younger
towards the W. Gothian igneous protolith ages correlate the Western Gneiss Region (WGR; Fig.
3) with the Idefjorden domain (Roffeis and Corfu, 2014). The WGR is the part of the Baltican
basement that experienced strong Caledonian reworking.

The subsequent 1.52 - 1.48 Ga Telemarkian magmatic phase (Fig. 4B) defines the Telemarkia
domain further W (Fig. 3). Ages of island and continental arc magmatism show a sharp peak at

1.50 Ga (Fig. 2, right column). Formation and accretion of juvenile crust was synchronous with
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Fig. 3. Geological overview map of Norway and Sweden. The units are divided in three major groups:
Pre-Caledonain (Baltican) basement, Caledonian allochthons and post-Caledonian units. The strike of the
Caledonian Orogen is roughly NE - SW. Sveconorwegian domain boundaries in the basement strike NNW
- SSE. Ages of crustal formation in the Baltican basement show a general trend, getting younger from NE
to SW. The study area is part of the @ygarden Complex (QJC; see also Fig. 8). Based on Roberts and

Slagstad (2015); Bingen et al. (2008a); Bingen and Solli (2009); Roffeis and Corfu (2014); Bogdanova
et al. (2008); Coint et al. (2015) and Fossen (2015).
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Fig. 4. A - C: Cartoon cross-sections showing major periods of crustal growth at the active SW margin
of Fennoscandia in the early Proterozoic. The position of Fennoscandia is shown in the Columbia
reconstruction at 1.59 Ga (D). An accretionary setting existed throughout the Proterozoic along the entire
western margin of Columbia. It is therefore termed the Great Proterozoic Accretionary Orogen. Modified
from Roberts and Slagstad (2015).

continental rifting in the eastern part of the domain (Rjukan Rift) and accompanied by felsic
volcanism (Fig. 4C). Telemarkia has been defined as an independent terrane because it contains
no magmatic rocks older then c. 1.5 Ga (Bingen et al., 2008b).

The Bamble-Kongsberg domain consists of 1.57 - 1.46 Ga plutonic suites (Bingen and Solli,
2009). It formed as an orogenic wedge during the Sveconorwegian Orogeny, when Telemarkia
collided with the Idefjorden terrane (Roffeis and Corfu, 2014).

Reorganization of the subduction zone marks the Hallandian-Danopolonian period (1.47 -
1.38). Related magmatism is found in the Eastern Segment, the WGR and the Caledonian Jotun
and Dalsfjord nappes (Bingen and Solli, 2009). Between 1.4 and 1.2 Ga, inboard extensional
events affected the Fennoscandian margin and caused episodic and regional magmatism (e.g.

Central Scandinavian Dolerite Group) as well as local sedimentary basins.

The Sweconorwegian Orogeny

The Grenvillian orogenic period (1.3 - 1.0 Ga) was one of the most important phases of conti-
nental crust formation in earth’s history (Rino et al., 2008). The assembly of the supercontinent
Rodinia caused worldwide orogenic activity (Li et al., 2008). This time period coincides with the
Sveconorwegian orogeny (Fig. 2B). It is currently debated, whether the Sveconorwegian and the
Grenvillian Orogenies can be correlated. New findings by Slagstad et al. (2013) have challenged
the classical four-phase model by Bingen et al. (2008b) that is based on continent-continent
collision. In any case, the Sveconorwegian Orogeny marks the end of the long-lived (1.9 - 0.9
Ga) accretionary history at the Fennoscandian margin and formed the recent structure of the

basement through major tectonothermal events.
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Collisional Four-Phase Model (Bingen et al., 2008b)

Following terrane accretion, Fennoscandia collided with another major continent (Amazonia?)
around 1050 Ma. A major suture zone, that could represent a closed ocean, has not been
identified. Four tectonic phases are distinguished:

1) In the Arendal phase (1140 - 1080 Ma) Telemarkia collided with the Idefjorden terrane.
High-grade metamorphism and deformation localized in the Bamble-Kongsberg terrane.

2) The Agder phase (1050 - 980 Ma) comprises the main continent-continent collision. Associ-
ated metamorphism increases in grade from the Eastern Segment (amphibolite facies) to granulite
facies in the Rogaland-Vest-Agder sector. The Sveconorwegian Frontal Deformation Zone (Fig.
3) marks the limit of overprint to the E. The Idefjorden terrane experienced high-pressure
(HP) metamorphism at 1050 Ma due to underthrusting. Significant crustal thickening in the
Telemarkia terrane caused voluminous syn-collision granite magmatism from 1050 Ma, followed
by local high-grade metamorphism from 1035 Ma.

3) The Falkenberg phase (980 - 970 Ma) represents the transition from convergence to divergence.
The Eastern Segment is buried to eclogite conditions.

4) Gravitational collapse marks the end of the Sveconorwegian Orogeny in the Dalane phase
(970 - 900 Ma). Post-collision magmatism peaks in intrusion of the anorthosite-mangerite-

charnockite complex in the Rogaland-Vest-Agder sector

Non-Collisional, Accretionary Model (Slagstad et al., 2013)

Based on the recognition of far more voluminous Sveconorwegian magmatism then previously
assumed and the absence of widespread Sveconorwegian metamorphism, Slagstad et al. (2013)
proposed a non-collisional, accretionary Sveconorwegian Orogen. Calc-alkaline granitoids (e.g.
Feda augen gneiss suite; Bingen et al., 1993; Bingen and Van Breemen, 1998) were previously
interpreted as syn-collisional magmatism, caused by crustal melting due to thickening of the
Telemarkian crust. Large, weak- or undeformed granite batholiths with intrusion ages confined
between 1050 - 1020 Ma were newly discovered in the Sirdal Magmatic Belt (SMB; Fig. 2) that
comprises the Feda augen gneiss suite. Geochemically, SMB granites are incompatible with remelt-
ing of Telemarkian crust, but indicate formation in a magmatic arc. The period of high-grade
metamorphism in the Telemarkia domain (1035 - 970 Ma) overlaps with (1050 - 1020 Ma) SMB
magmatism, but Slagstad et al. (2013) recognized the absence of widespread high-grade meta-
morphism in the SMB. These authors see Sveconorwegian magmatism after 1000 Ma no longer
as post-collisional, caused by gravitational collapse of the orogen. Ferroan hornblende-biotite
granite (HBG) magmatism (970 - 930 Ma) and anorthosite-mangerite-charnockite magmatism
in the Rogaland Anorthosite Province (950 - 920 Ma; Fig. 3) formed by melting of a lower-
crustal source (Vander Auwera et al., 2011) that Bybee et al. (2014) explain by a long-lived
thermal event. Timing and dynamics of Sveconorwegian magmatism and metamorphism sug-
gest subduction-related processes, typical for Andean-type margins with periodic compression

and extension and that no continent-continent collision took place in the Sveconorwegian Orogeny.

Sirdal Magmatic Belt (Coint et al., 2015)
Results from field mapping and geochronology newly define the 200 km x 50 km, NNW-trending



2 Regional Geology

SMB in SW Norway (Fig. 3). The most important lithologies in the belt are porphyritic biotite
granites and leucogranites. Their textures grade diffusively from coarse grained to pegmatitic.
Magmatic ages range from 1060 to 1020 Ma with two distinct probability peaks at 1050 Ma
and 1035 Ma. Gently folded, shallowly E- or W-dipping, sheet like intrusions are bound by
characteristic xenolith-rich zones. Xenoliths are granitic gneisses, amphibolites and migmatitic
gneisses. The SMB spatially encloses the 1.0 - 0.9 Ga HBG suite (Vander Auwera et al., 2003).
SMB-age mafic magmatism is sparse but has been dated (T. Slagstad, personal communication).

Most of the granites in the SMB are undeformed and unmetamorphosed. Weak ductile
deformation is localized in xenolith-rich zones. Close to the Rogaland Anorthosite Province, the
SMB is overprinted by granulite-facies metamorphism and locally migmatized. This deformation

is related to the thermal effect during emplacement of the AMC.

In between Orogenies - Neoproterozoic to Cambrian

Rodinia existed as a supercontinent for c. 150 My after its completed assembly around 900
Ma (Li et al., 2008). Superplume activity triggered a major phase of diachronous extension.
Continental rifting started around 750 Ma, but break-up did not succeed before Ediacaran times
(600 - 550 Ma; Pease et al., 2008), witnessed by rift-related magmatism (Gee et al., 2008). The
birth of Baltica as an independent continent is marked by its segregation from Laurentia and the
opening of the Iapetus ocean. The general divergent regime overlaps with assembly of Gondwana
and Avalonian-Cadomian-Timanian orogenic activity (Torsvik and Cocks, 2005). While the
Timanian orogeny affected NE Baltica, a passive margin formed in (S)W Baltica. Glacial erosion
and the absence of a vegetation cover transformed Baltica into the sub-Cambrian peneplain
(Gabrielsen et al., 2015; Nielsen and Schovsbo, 2011). Early Cambrian transgression on the
Baltoscandian platform is recorded by siliciclastic sediments with characteristic (black) shale beds
(Gee et al., 2008). Carbonate deposition followed in the Ordovician. Detrital zircons record a
stable source-to-sink system across the entire continent from the Timanian orogen in NE Baltica
to the SW passive margin (Slama and Pedersen, 2015). The drainage system existed from early
Cambrian to Middle Ordovician (c. 467 Ma). This record contradicts the postulated existence of
a hyperextended Baltican margin in the Neoproterozoic and early Paleozoic (Andersen et al.,
2012). The hyperextended margin model explains a mantle-peridotite-bearing mélange situated
below the crystalline nappes of the Middle Allochthon (see section 2.4). An alternative model
relates the mélange to arc-formation in the middle Ordovician (Slama and Pedersen, 2015). The

change from a passive to an active Baltican margin marks the onset of the Caledonian Orogeny.

2.2 The Caledonian Orogeny

The Paleozoic Caledonian Orogeny evolved around the closure of the lapetus ocean and
resulted in Scandian continent-continent collision between Laurentia and Baltica (Corfu et al.,
2014). The 120 Myr. history involved Avalonia and other continental terranes. Three major
phases can be distinguished in the evolution of the Scandinavian Caledonides (Fig. 2C): 1. Early
Caledonian (500 - 430 Ma) ophiolite formation, arc magmatism and accretionary events. 2.

Scandian continent-continent collision (430 Ma - 405 Ma). 3. Post-orogenic extension. The
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traditional tectonostratigraphy distinguishes (par)autochthonous basement and four levels of
allochthonous units (Roberts and Gee, 1985). The Lower and Middle Allochthon are Baltica
derived. The Upper Allochthon consists of Iapetus-derived oceanic units. The Uppermost
Allochthon is of inferred Laurentian origin. Detailed work in the last 30 years has shown that
this simplistic division can not be upheld (Corfu et al., 2014). The terminology is still used in
this work as it serves very well in explaining the fundamental characteristics of the main units.
A more general classification distinguishes between continental nappes with Baltican affinity and

outboard/oceanic units (Fig. 3).
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Fig. 5. Paleogeographic reconstructions at 500 Ma (A), 460 Ma (B) and 420 Ma (C). Red stars roughly
mark the position of the study area. Alternative positions of the continents are shown in light grey.
Modified from Corfu et al. (2014). See text for explanation.

Early Caledonian Orogenic Events

When Baltica separated from Gondwana in the Cambrian its present day western margin faced
In the Late Cambrian and Ordovician Baltica underwent major movements. Counter-clockwise
rotation by 55° around 500 Ma (Fig. 5A) was followed by drift from 60°S to 30°S until 460 Ma
(Fig. 5B). Baltica was soft-docking with Avalonia around 450 - 440 Ma. The Iapetus ocean
between Baltica and Laurentia reached its widest extent around 480 Ma. From this time the
ocean was closed by westward subduction below Laurentia. This period is coincident with
the earliest tectonometamorphic records in the Scandinavian Caledonides. The actual event
chronology of early Caledonian development is still disputed. Reconstructions are complicated
by the simultaneous but independent evolution of Baltica, Laurentia and Iapetus before all three
became juxtaposed in the Scandian collision. A major question is if there were early Caledonian
tectonometamorphic events along the Baltican margin or if all early events took place on the
Laurentian side of the Iapetus.

A Finnmarkian event around 500 Ma was proposed for northern Norway by Sturt et al. (1978).
They interpreted the tectonothermal record in the Kalak-Seve nappes as collision of the Baltican
margin with a magmatic arc (Roberts, 2003). More recent work assigned this deformation to the
Laurentian margin. The consensus is now that no Finnmarkian event existed at the Baltican
margin (Corfu et al., 2014).

It is more commonly accepted that the Trondheim event affected the Baltoscandian margin
around 480 Ma (Roberts, 2003). The event is poorly understood. It might represent seaward
subduction of a microcontinent that could comprise previously rifted fragments of the Baltican
continental margin (Brueckner et al., 2004). HP eclogites in the Seve Nappe Complex give
evidence for tectonothermal activity around 482 Ma (Root and Corfu, 2012; Essex et al., 1997).

Blueschist facies metamorphism, magmatism and ophiolite emplacement are reported for the
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same time in the Koli nappe (Hacker and Gans, 2005). Both nappes have a Baltican affinity but
their origin is controversial (Roffeis and Corfu, 2014). A second generation of eclogites in the
Seve Nappe has been dated to 446 Ma (Root and Corfu, 2012).

The Trondheim event is contemporaneous with ophiolite formation and arc magmatism at
the Laurentian margin (Taconian event; Roberts, 2003). Numerous ophiolites of the Upper and
Uppermost Allochthon formed between 490 - 480 Ma and were subsequently obducted onto the
Laurentian margin (Dunning and Pedersen, 1988; Slagstad et al., 2014). The Solund - Stavfjord
ophiolite complex formed around 440 Ma. It was intruded by the Sogneskollen granite at 434
Ma (Furnes et al., 2012). The geochemical signature of the S-type granite indicates partial
melting of Baltican supracrustals. Arc-related magmatism has been dated as young as 430
Ma in the Sunnhordaland nappe (Andersen and Jansen, 1987; Fossen and Austrheim, 1988).
Based on geological, isotopical and faunal evidence, the ophiolites are commonly interpreted as
peri-Laurentian suprasubduction and marginal basin complexes (Pedersen et al., 1992; Furnes
et al., 2012; Roffeis and Corfu, 2014). They were obducted onto the Laurentian margin before
they were thrust onto Baltica in the Scandian collision. Many of the deformed ophiolitic units are
unconformably overlain by late Ordovician to early Silurian sediments (Corfu et al., 2014). Some
of these sediments show a Baltican affinity (e.g. Holdhus Group; Feerseth et al., 2011), which
is in conflict with the inferred peri-Laurentian origin of the ophiolites. In the northern WGR,
Ordovician arc-related intrusives of the Upper Allochthon are tightly infolded into basement
gneisses and unconformably overlain by Late Ordovician sediments (Tucker et al., 2004).

The complex early Caledonian record is difficult to unravel and it is still unclear when exactly

the shift from a passive to an active Baltican margin occurred (Slama and Pedersen, 2015).

Scandian Continent-Continent Collision

The termination of subduction-related magmatism and marine sedimentation marks the onset
of the Scandian phase at 430 Ma (Fig. 2C; Corfu et al., 2014). Baltica’s oblique collision with
Laurentia from c. 420 Ma (Fig. 5 C; Torsvik and Cocks, 2005) formed the new supercontinent
Laurussia. Crustal thickening gave rise to a mountain range comparable in dimensions to the
modern day Himalaya (Labrousse et al., 2010).

The Baltican margin was subducted below Laurentia to the NW (Fig. 6A). The negatively
buoyant oceanic crust detached probably from the continental slab (Duretz et al., 2012). Early
Scandian HP eclogites in the Lindas nappe has been dated to 430 - 423 Ma (Bingen et al., 2004;
Glodny et al., 2008). The WGR experienced was buried to ultra-high pressure conditions (UHP)
between 425 - 400 Ma (Hacker et al., 2010; Root et al., 2004). The highest pressures are recorded
by micro-diamonds and coesite in E-W elongated UHP belts (Fig. 3).

A striking feature of the Scandinavian Caledonides is the sparse record of Scandian magmatism
(Bingen and Solli, 2009). The absence of widespread syn-collisional magmatism is attributed
to relatively fast subduction and exhumation of the Baltican crust (Roberts, 2003). Early
Scandian anatexites in the nappes of SW Norway formed synchronous with early eclogites. At
427 Ma the Ardal dyke complex intruded the Upper Jotun nappe (Lundmark and Corfu, 2007).
Anatectic pegmatites and trondhjemites were emplaced in the Lindas nappe at 425 Ma and 418
Ma, respectively (Kiithn et al., 2002). Peak UHP metamorphism in the WGR at 420 Ma was
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Fig. 6. Cartoon cross-sections for the main stages of Caledonian development with sketches of associated
fabrics. Scandian collision involves continental subduction of Baltica, (ultra-)high-pressure ((U)HP)
metamorphism at the leading edge of the subducted crust and possible syn-orogenic exhumation of
basement slices. The oceanic slab is shown to detach from the continental domain. Post-orogenic eduction
of the subducted plate in Mode I extension leads to reversal of shear sense at the basal décollement zone.
Mode II extension forms hinterland dipping extensional shear zones (HSZ: Hardangerfjord Shear Zone;
NSDZ: Nordfjord Sogn Detachment Zone) and Devonian supra-detachment basins. Domains of deformed,
viscous Baltican crust are distinguished from cold and undeformed crust. The onset of brittle deformation
(Mode III) is dated in the hinterland to 396 Ma (Larsen et al., 2003). Redrawn after Fossen (1992); Fossen
(2000); Fossen (2010a); Fossen et al. (2014); Milnes et al. (1997); Roberts (2003) and Butler et al. (2015).
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accompanied by partial melting of eclogite-hosting gneisses (Gordon et al., 2013). Anatexis was
more abundant during decompression and retrogression through amphibolite facies conditions
until c. 385 Ma.

The collision created a wedge-shaped pile of thrust nappes that was thrust to the SE onto
the parautochthonous basement. The Neoproterozoic to early Paleozoic sedimentary basement
cover, especially weak phyllite layers, acted as the major décollement (Fossen, 1992; Fauconnier
et al., 2014). The units higher up in the nappe stratigraphy generally moved the furthest. Apart
from the general pattern, there are considerable structural variations along the NE - SW strike
of the orogen. Lateral translations reached more than 300 km (Brueckner and Cuthbert, 2013).
The Scandian contractional phase is characterized by thin-skinned deformation with extensive
imbricate and duplex structures (Fossen, 1992). A penetrative mylonitic fabric with top-to-(S)E
kinematic is well developed in the décollement zone and at the base of the thrust nappes (Fig.
6A; D; ). Related mineral stretching lineations show a systematic pattern of nappe translation
to the SE and E (Fig. 7A). Mica Ar-Ar cooling ages, associated with contractional fabrics, peak
around 410 Ma (Fig. 2; Fossen and Dunlap, 1998). The effect of the Scandian overprint in the
basement is variable. From high-T deformation in the WGR (Hacker et al., 2010) it decreases
towards the SE. Several basement culminations form windows, evenly distributed along the entire
Caledonian belt (Fig. 3). The WGR itself can be seen as the largest of such culminations. Some
authors explain these non-planar structures by contractional mechanisms (e.g. Robinson et al.,
2014). Alternative models relate them to post-orogenic extension (e.g. Braathen et al., 2000;

Osmundsen et al., 2005; see below).

Caledonian Extension

If extension was syn-orogenic or post-orogenic, is an important question in the understanding
of the Caledonides. Regional investigations of extensional kinematics have shown that Caledonian
extension took place in the Devonian and was mainly post-orogenic (Fossen, 2000). The entire
orogenic wedge shows hinterland-directed (top-to-(N)W) transport. At the peak of orogeny, the
crust is thickened the most in the hinterland. Thus, hinterland-directed transport strictly implies
a switch from plate convergence to plate divergence. This contradicts previously proposed models
of largely syn-orogenic Caledonian extension and/or gravitational collapse (e.g. Andersen and
Jamtveit, 1990).

In the hinterland (Bergen area), the change from Scandian contraction to extension has been
dated to 405 Ma based on cooling ages of extensional fabrics (Fig. 2C; Fossen and Dunlap, 2006).
On a regional scale exhumation was more diachronous. This can be seen in the distribution of
Ar-Ar cooling ages from white mica shows a trend from older ages (410 - 420 Ma) in the SE (e.g.
Fossen and Dunlap, 1998) to younger ages (< 380 Ma) in the NW (e.g. Root et al., 2005). This
distribution is in agreement with NW-ward subduction and reverse continental eduction of the
Baltican basement (Andersen et al., 1991). The general trend is disturbed by extensional shear
zones at the west coast. Two main phases of post-orogenic extension have been identified by
Fossen (1992):

Mode I extension (Fig. 6B) between 405 Ma and 400 Ma is characterized by reactivation
of the basal décollement zone with top-to-the-hinterland (W - NW) transport. The general
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Fig. 7. A: Directions of Caledonian thrusting and Devonian extension in SW Norway based on mineral
stretching lineations and their kinematic indicators. Note the deviation from the general SE-trend of
thrusting in the Bergen area and the shift from orogen-perpendicular extension in the S to orogen-sub-
parallel extension in the N. Modified from Fossen (1992), Fossen (2000) and Fossen (2010a). B: Major
Mode II shear zones: HD - Hgybakken Detachment, MTFC - Mgre-Trgndelag Fault Complex, NSDZ -
Nordfjord-Sogn Detachment Zone, BASZ - Bergen Arc Shear Zone, LGF - Leerdal-Gjende Fault Zone,
HSZ - Hardangerfjord Shear Zone, SHD - Sunnhordaland Detachment, RSZ - Rgldal Shear Zone. Modified
from Fossen and Hurich (2005) and Braathen et al. (2000).

transport direction in SW Norway is almost exactly opposed to previous thrusting (Fig. 7A).
Therefore, this movement is also called "back-sliding’ of the orogenic wedge. Depending on the
chosen reference frame this corresponds to back-movement (eduction) of the subducted slab. The
reversal of shear sense is preserved on a regional scale in SW Norway (Fossen, 2010a). Thrusting
related D; fabrics were overprinted by slightly lower grade extensional fabrics (Fig. 6B, Do;
Fossen, 1992). D, fabrics are characterized by C-type shear bands, with shallow to sub-horizontal
C-surfaces. NW-verging folds with NE-trending fold axes and other asymmetric structures
indicate top-to-(N)W movement. The deformation is mainly localized in the décollement zone
but affects also the base of the crystalline nappes.

From around 400 Ma the entire crust collapsed. Mode II extension formed hinterland-dipping
extensional shear zones (Fig. 6C) that rapidly exhumed the hinterland to brittle conditions
(Mode IIT). A network of Devonian extensional shear zones cross-cuts the orogenic wedge, the
décollement zone and cuts down into the basement (Fig. 7B). Extensional structures can be
traced along the entire Scandinavian Caledonides, have been identified offshore and might be
linked to structures in the Scottish Caledonides (Fossen and Hurich, 2005). Associated Do fabrics
are characterized by inclined C-planes, forming C’-type shear bands (Fig. 6C). Two types of
detachments can be distinguished: NW-dipping shear zones are relatively straight and elongated,
while W-dipping detachments at the coast are strongly curved (Fig. 7B).

The coast-"parallel’, W-dipping detachments contain Devonian basins in their hanging-wall.
The curvature of the interconnected shear zones increases from S towards N, together with the
size of the (preserved) supra-detachment basins and the break in metamorphic grade across the
shear zone. A spectacular extreme is the Nordfjord-Sogn Detachment Zone. A 5-6 km thick

package of mylonites juxtaposes (U)HP eclogites with middle Devonian conglomerates in the
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extensive Hornelen Basin (Seranne and Seguret, 1987). The shear zone has an estimated normal
displacement of 50 km (Milnes et al., 1997). Metamorphic conditions inside the detachments
decreased during exhumation (Braathen et al., 2004). Originally ductile deformation became
overprinted by brittle structures. The supra-detachment basins are intermountaineous and filled
with middle Devonian (398 - 385 Ma) conglomerates and sandstones. The exact age of the
earliest strata is poorly constrained and might be even older (Fossen, 2010a). In the Hornelen
basin, the stratigraphic thickness of the sediments reaches more than 25 km, while the maximum
burial depth did not exceed 10 km (Seranne and Seguret, 1987). East-tilted beds preserve
unconformable contacts with Upper Allochthon units to the west. The rest of the basins is
bound by tectonic contacts. This is explained by a half-graben supra-detachment model for
basin formation, with special cases involving ramp-geometries (Osmundsen and Andersen, 2001;
Vetti and Fossen, 2012). Lateral translation of the hanging wall accommodates the space for
syn-tectonic sediments.

The NW-dipping Hardangerfjord Shear Zone is a basement shear zone with an assumed
pre-Caledonian history (Fossen and Hurich, 2005). Normal displacement of 10 - 15 km resulted
in passive folding of the overlying nappes (termed "Faltungsgraben’ by Goldschmidt (1912)). The
shear zone continues to the NE at a higher crustal level as the brittle Leerdal-Gjende Fault Zone.
The Hardangerfjord Shear Zone delimits thin-skinned Caledonian tectonics in the foreland to
thick-skinned tectonics in the hinterland reflecting cold rigid crust and relatively hot, viscously
flowing crust, respectively (Fossen et al., 2014).

The Mgre-Trgndelag Fault Complex is dominated by sinistral strike-slip movement (Fossen,
2010a). The structure acted as a major transfer structure in an overall transtensional regime
(Krabbendam and Dewey, 1998). The trend of Caledonian extension and fold axes rotates
from WNW - ESE (perpendicular to the orogen) in the south-west towards NE - SW (orogen-
subparallel) closer to the Mgre-Trgndelag Fault Complex. Bidirectional extension in the Central
Norway Basement Window indicates core complex style exhumation (Braathen et al., 2000).
Several basement windows (’gneiss-cored culminations’) in central Norway have been explained
as Devonian metamorphic core complexes (Osmundsen et al., 2005; Braathen et al., 2002). E-W
trending, upright folds control the shape of Devonian basins as well as UHP-domains in the WGR.
Fold axes plunge gently to the W. Fold geometries shifts from tight further north towards open
in the Bergen area. This folding was active before, during and after the deposition of Devonian
sediments (Fossen et al., 2016). It is most commonly explained by transtensional folding (Fossen
et al., 2013; Chauvet and Séranne, 1994).

A strongly debated issue remains the actual exhumation mechanism of the WGR. Previously,
the exhumation was mostly assigned to extensional shear zones but more recent models suggest an
important role of viscous flow in the basement itself (Fossen, 2010a). Coaxial constrictional strain
at amphibolite facies conditions has been identified in large parts of the WGR (e.g. Krabbendam
and Wain, 1997; Hacker et al., 2010; Barth et al., 2010; Johnston et al., 2007; Young et al., 2007).
Different authors relate these fabrics either to Scandian or extensional deformation. Recent
studies propose that the intensity of partial melting in the WGR might have been previously
underestimated (e.g. Gordon et al., 2015) because only precise in-situ geochronology can reveal

if migmatization was Caledonian or Precambrian. Extension-related decompression migmatites
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and pegmatites have been dated as young as 385 Ma (Gordon et al., 2013). The presence of melt
drastically reduces the viscosity and increases the buoyancy of subducted crust. Based on this,
some authors proposed a (partially) buoyancy-driven exhumation of the WGR (Labrousse et al.,
2004). On the contrary, Butler et al. (2015) point out that subducted contintal crust needs to
have an exceptional high strength to remain over a long period at (U)HP conditions as it is
observed in the WGR.

The Bergen area reached the transition from ductile to brittle conditions already around 396
Ma (Larsen et al., 2003). At the same time partial melting continued in the WGR. Parts of the
WGR reached brittle conditions as late as the Permian (Eide et al., 1997).

2.3 Post-Caledonian Development

Since the switch from Caledonian contraction to post-orogenic extension, SW Norway was in
an extensional regime. Devonian extension led to deconstruction of the Caledonian mountain
chain. The two-phase Permo-Triassic and Jurassic-Cretaceous North Sea rift transformed SW
Norway into today’s passive margin (e.g. Doré et al., 1999). Extension culminated in continental
break-up and the opening of the North Atlantic in the Paleogene. Inheritance of Caledonian
basement structures played an important role in the extensional deformation (Doré et al., 1997).
Rift-parallel, Devonian Mode II shear zones were partly reactivated (Fossen et al., 2016). Large,
rift-oblique lineaments (e.g. Hardangerfjord Shear Zone) strongly influenced the rift architecture.
Devonian metamorphic core complexes controlled Mesozoic fault-evolution at the Mid-Norwegian
margin (Osmundsen et al., 2005). Late Paleozoic to early Mesozoic continental deposition was
followed by transgressive syn- and post-rift sedimentation (Bell et al., 2014). The structure and
thermal history of the rift basins are of large economic interest as they contain Norway’s oil
deposits. Onshore SW Norway, the post-Devonian exhumation history is poorly constrained
(Ksienzyk et al., 2014) because there are no sediments younger then the Devonian basins. The
geomorphological evolution of SW Norway, especially the high topography with characteristically
flat mountain tops, is strongly debated. Two contrasting models of post-Caledonian landscape
evolution exist: One proposes complete erosion of Caledonian topography; peneplenation in
the Mesozoic was followed by Cenozoic tectonic uplift (e.g. Gabrielsen et al., 2010). The other
assumes incomplete erosion of the Caledonian mountain chain; inheritance of an orogenic root
supports high topography under prolonged erosion until today (e.g. Nielsen et al., 2009). In any
case, the Norwegian landscape was strongly modified by Quaternary glaciation. Glacial erosion
carved deep fjords into the elevated plateaus. Voluminous Quaternary sediments offshore show
that important mass movements accompanied this latest episode of the geologic evolution (Steer
et al., 2012).

2.4 Geology of the Bergen Arc System

The city of Bergen is located in the center of the large-scale arc structure (Fig. 8). The
Bergen Arc System (Kolderup and Kolderup, 1940) is bound outward by the Bergen Arc Shear
Zone (BASZ), an oblique lateral detachment shear zone that formed during Devonian Mode 11
extension (Wennberg et al., 1998). The W-dipping shear zone initiated with a concave shape that
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implicates a dextral strike-slip component in the northern part and sinistral-normal displacement
in the southern part of the shear zone (Fossen, 1992). The BASZ is seen as a southern branch of
the Nordfjord-Sogn Detachment Zone.

The Bergen Arc System contains three major domains: Baltican basement NE of the BASZ
belongs to the WGR. The arc itself consists of synclinally folded Caledonian allochthons (Fig.
9). Caledonian nappes also appear SE of the BASZ, overlaying autochthonous basement. The
Oygarden Complex forms the core of the Bergen Arc. It is considered parautochthonous
Baltican basement and its contact with the nappes in the Minor Bergen Arc is interpreted as
the "basal Caledonian thrust’ (e.g. Larsen et al., 2003). Fig. 10 gives an overview over previous

geochronological studies in the Bergen Arc System.

Tectonostratigraphy of the Bergen Arc

Post-Caledonian

The youngest rocks in the Bergen Arc are early Late Jurassic sediments that have been found
within the Bjorgy fault (Fossen et al., 1997). The Fennsfjorden Devonian Basin in the hanging
wall of the BASZ contains coarse conglomerates (Kolderup and Kolderup, 1940; Wennberg
et al., 1998). It is thought to represent a southern continuation of the Solund Basin and is the

southernmost exposure of Devonian strata in SW Norway.

Caledonian Nappes

The Sunnhordland Nappe (or Hardanger Nappe Complex) consists of various units with oceanic
affinity and is belongs to the Upper Allochthon (Roffeis and Corfu, 2014). The nappe occupies
the lowest structural position in the Bergen Arc System. Ordovician ophiolitic complexes and
arc-related plutons are unconformably overlain by late Ordovician to early Silurian metasedi-
ments (Feaerseth et al., 2011). They show a record of pre-Scandian deformation but have been
subsequently overprinted by Scandian and extensional fabrics (Fossen and Dunlap, 2006). The
Sunnhordland Nappe comprises the following units within the Bergen Arc:

The Major and Minor Bergen Arc (MaBA/MiBA) consist of Lower Paleozoic ophiolite-related
metasedimentary and metaigneous complexes and are commonly correlated (Fossen and Dunlap,
2006). During Scandian thrusting, tectonic fragments of Paleozoic rocks became imbricated with
slices of Precambrian (basement) gneisses and their metasedimentary cover (Fossen, 1989). The
rocks in the MiBA show higher strains as their equivalents in the MaBA. Scandian regional
metamorphism reached upper greenschist to lower amphibolite facies conditions in both arcs
(Fossen, 1988a) and formed an intensively folded, pervasive mylonitic foliation (Fossen, 1989).
E-dipping low-angle shear zones with ’flinty ultramylonitic mica schists’ cut earlier mylonitic
fabrics. Heterogenous deformation continued under retrograde conditions. The Upper Ordovician
to Silurian metasediments of the MaBA are the sedimentary cover of the Gullfjellet Ophiolite
(Fossen and Dunlap, 2006) and folded in upright isoclinal folds (Faerseth et al., 2011).

The Gullfjellet Ophiolite Complex is a large constituent of the MaBA. It comprises ophiolitic
magmatic rocks (489 Ma; Fig. 10, no. 12) and arc-related granitoids (482 Ma; Fig. 10, no. 14).
The Krossnes Granite (430 Ma; Fig. 10, no. 29) and the Sunnhordaland batholith (430 Ma; Fig.

10, no. 30) are the youngest arc-related plutons.
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Abbreviations
BASZ: Bergen Arc Shear Zone
BF: Bjorgy Fault
FD: Fedje Dome
FDB: Fensfjorden Devonian Basin
HF: Hjeltefjord Fault
KW: Kirkedalen Window
MCT: Main Caledonian Thrust
RF: Rustefjord Fault
SHD: Sunnhordaland Detachment
WGR: Western Gneiss Region

Fig. 8. Simplified geological map of the Bergen Arc System. The location of the map is shown with a red
rectangle on the inlet map. The established tectonostratigraphy is shown in the right column. Note, that
the actual positions of the units in the Bergen Arc deviates from the tectonostratigraphic order. The trace
of the Caledonian foliation is indicated by dashes. A,B,C outline the cross section (Fig.9). The working
area of this study is marked with a blue rectangle. Based on Kolderup and Kolderup (1940); Askvik
(1971); Bering (1984); Andersen and Jansen (1987); Larsen (1996); Boundy et al. (1996); Ragnhildstveit
and Helliksen (1997); Larsen et al. (2003); Fossen and Ragnhildstveit (2008); Andersen et al. (2012);

Roffeis and Corfu (2014); Centrella et al. (2015) and Winsvold (1996).
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Fig. 9. Schematic cross section through the Bergen Arc. See Fig. 8 for legend and location. Unlike on
the map, Oygarden Complex and autochthonous basement are shown with the same color. Grey arrows
mark the prevailing sense of shear in different sectors (top-to-E/top-to-W). Dashes indicate the dip of
foliation. The synclinally folded allochthons in the Bergen Arc have a steep dip at the surface but how
they continue in deeper levels is poorly constrained. Abbreviations: BASZ - Bergen Arc Shear Zone; BCT
- Basal Caledonian Thrust. Based on Fossen and Ragnhildstveit (2008); Ragnhildstveit and Helliksen
(1997); Fossen and Dunlap (2006); Wennberg et al. (1998); Jolivet et al. (2005); Fossen (1998); Fossen
(1989); Fossen (1988b) and Boundy et al. (1996).

The Samnanger mélange contains mantle peridotites, detrital serpentinites and fragments of
ophiolitic as well as continental units in a (meta-)sedimentary matrix (Andersen et al., 2012,
Slama and Pedersen, 2015). Andersen et al. (2012) interpreted this mélange to have formed during
hyperextension of the pre-Caledonian passive margin. Slama and Pedersen (2015) contradicted
this model based on an Ordovician zircon population in the detritus of the sedimentary matrix.
They see the mélange as an Ordovician arc. Previous workers argued for a formation during

emplacement of the Gullfjellet Ophiolite (Dunning and Pedersen, 1988).

The Lindas Nappe represents a slice of lowermost continental crust (Boundy et al., 1996)
and belongs to the Middle Allochthon. The nappe consists largely of a Proterozoic anorthosite-
mangerite-charnockite-granite suite with intrusion ages between 1237 - 950 Ma (Fig. 10, no. 3,
4, 8,9, 22). It became overprinted by Sveconorwegian granulite facies metamorphism around 930
Ma (Fig. 10, no. 11). The complex is correlated with similar lithologies in the Jotun Nappe and
the Rogaland Anorthosite Province (Bingen et al., 2001). Dry granulites underwent Caledonian,
fluid-induced eclogitization along shear zones with top-to-E displacement (Austrheim et al., 1997;
Austrheim and Griffin, 1985; Jolivet et al., 2005; Centrella et al., 2015). The exact timing of the
eclogite formation in the Lindas nappe is controversial. Previous studies proposed pre-Scandian
eclogite formation around 450 Ma (Boundy et al., 1997; Bingen et al., 2001). Re-investigations
conclude an early Scandian age between 430 - 423 Ma (Bingen et al., 2004; Glodny et al., 2008).
Eclogitization was ovelapping with crustal anatexis (425 - 418 Ma; Kiihn et al., 2002) and
followed by amphibolite facies retrogression (c. 414 Ma; Bingen et al., 2001; Glodny et al., 2008).
Controversially, mica Ar-Ar cooling ages from the Lindas nappe (c. 430 Ma; Fig. 10, no. 40)
pre-date eclogite formation (430 - 423 Ma; Fig. 10, no. 16 & 17) in the same unit (Fig. 2C, right
column; Fig. 10). Exhumation-related eclogite and amphibolite facies fabrics with consistent

top-to-E shear sense, anastomize around pre-Caledonian granulite facies fabrics (Jolivet et al.,
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U-Pb Zircon @ Rb - Sr (whole rock) @

Nr. Age (1) Lithology Int. | Unit Ref. Nr. Age () Lithology Int. | Unit Ref. Nr. Age (%) Lithology Int. | Unit Ref.
1490 (10) metagranite 1?2 Bla 16 19 1775 quartzo-feldsp. granulite Lin 32 | 448(4) eclogite Lin 0
1485 | monzogranitic gneiss Berg 20 | 1750 (60) | quartzo-feldsp. gneiss oy 33 409 (3) amphibolite WGR 0
1283 (8) Kvalsida gneiss Lin 21_| 1440 (100) anatectic granite Bla 34 408 (3) amphibolite 2y 0
1237 (43) charnockite Lin 22 | 1064 (24) mangerite in 35 404 (1) amphibolite Qy 3
1084 (13) augen gneiss 1?1 oy 7 23 | 1042(92) | foliated quartz-syenite y 36 95 (2) amphibolite WGR 0
1045 (14) augen gneiss 1| 9y 2 24| 1024 (85) granite-gneiss y
966 (23) migmatitic gnelss Bla 7 25 | 890(150) | intrusive granite veins y Ar - Ar Biotite A
957 (1) amphibolite ! Lin 8 26 800 (14) granite dyke boudin y
951 (10) amphibolite ! Lin 8 27 473 (31 medium grained granite . [[Nr. T Age(®) | Lithology [Int. | Unit | Ref.
950 (100) granite dyke Bla | 16 28 | 453 (50) granite Kor 37 a7 ] Tamprophyr [T [ MaBa
935?9(336) °|Zazg°f:r"‘§e GL::I 29 430 (6) granite Kor 4 | [38 [ 4013 | amphibolite ™M oy | 13 |
85_((2)) Lgiﬁ ia 30 430 (10) monzogranite SHB Ar - Ar Muscovite A
82 (6) arc tonalite Gull 31 425 pegmatite Lin 14
429 (3) eclogite vein M| Lin ] 15 Nr. | Age (#) Lithology Int. | Unit | Ref.
423 (4) eclogite M [ Lin 7 3 433 (3) granitic dyke C | Lin 3
418 (9) trondhjemite 1 | tin | 14 2 430 eclogite C | tin 0
4 411(2) Rundemanen Fm [+ Bla 3
4 398 (3) Bukkafjell granite C Berg 3

Fig. 10. Previous geochronological age determinations in the Bergen Arc System are shown in separate
maps for different methods. See Fig. 8 for legend. Indexes on the maps refer to the corresponding tables
where entries are sorted by age. Ages are given with errors in brackets, the dated lithology and the
interpretations of the age (Int.): I - igneous (crystallization), M - metamorphism , C - cooling. References
(Ref.): 1 - Ragnhildstveit and Helliksen (1997); 2 - Fossen and Ragnhildstveit (2008); 3 - Sturt et al.
(1975); 4 - Fossen and Austrheim (1988); 5 - Andersen and Jansen (1987); 6 - Dunning and Pedersen
(1988); 7 - Bingen et al. (2004); 8 - Bingen et al. (2001); 9 - Roffeis and Corfu (2014); 10 - Boundy et al.
(1996); 11 - Fossen and Dunlap (2006); 12 - Fossen et al. (1997); 13 - Fossen and Dunlap (1998); 14 -
Kiihn et al. (2002); 15 - Glodny et al. (2008); 16 - Slama & Fossen, unpublished data; 17 - A. Ksienzyk,
unpublished data.
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2005). This has led to a proposed syn-orogenic exhumation model for the Lindas nappe with
very rapid cooling (Brueckner and Cuthbert, 2013; Jolivet et al., 2005; Boundy et al., 1996). The
ductile, exhumation-related fabrics follow the arcuate shape of the Bergen Arc (Fig. 8). The
Lindas nappe is the only crystalline nappe that does not overlie phyllitic rocks (Roffeis et al.,
2012).

The Blamanen nappe consists of a slice of Precambrian basement and its sedimentary cover
(Fossen, 1988b). The Ulriken Gneiss Complex is in mylonitic contact with the MiBA. It consist
of migmatitic gneisses with heterougenous Caledonian deformation. In high-strain zones the
migmatites are transformed into banded gneisses. The domain of lowest Caledonian strain is
named Biskopshaven Migmatite Complex. The age of migmatization and intrusive granites and
pegmatites is commonly seen as Precambrian (Fig. 10: no. 1, 7, 10 & 21). The unconformably
overlying Rundemanen Formation consists of Late Precambrian quartzite and diamictite. The

entire nappe is strongly folded (Fossen, 1988b).

The SE footwall of the BASZ consists of the Bergsdalen nappes (Wennberg et al., 1998).
They are a series of kilometer-thick, lensoid slices of detached Baltican basement, enwrapped
in phyllites and micaschists (Fossen, 1993). The nappes experienced significant Caledonian
(contractional and extensional) deformation. They are ’sandwiched’ between the basement and

the overlaying Jotun nappe.

Baltican Basement

The basement NE of the arc is part of the WGR. While the (U)HP domains further north
received large scientifical attention, the southern part of the WGR is very poorly researched. The
footwall of the BASZ consists of banded gneisses, migmatites, intrusive granites and pegmatites
(Kolderup and Kolderup, 1940; Wennberg et al., 1998; Ragnhildstveit and Helliksen, 1997). Local
mafic bodies of different dimensions and composition occur spread over the area. Layers of
quartzites can be found locally folded into the gneisses. Based on studies from the Sognefjorden
and Eksingedalen areas, it is assumed that this part of the basement is Gothian intruded by
Sveconorwegian granites (Skar and Pedersen, 2003). Rohr et al. (2004) published the only U-Pb
zircon study from the WGR, south of the Sognefjord. They found a Gothian monzonitic protolith
(1646 + 110 Ma) overprinted by Sveconorwegian granulite metamorphism (987 + 10 Ma) on the
island Hisargya.

The Caledonian overprint in the WGR decreases generally towards the SE, but increases
towards the BASZ (Milnes et al., 1997; Wennberg et al., 1998). Winsvold (1996) reported
Caledonian eclogites on Byrkenesgy in direct proximity to the BASZ and the Fennsfjorden
Devonian basin. Eclogite occurs here within two E-W elongated lenses of 'undeformed migmatitic
gneiss and granite’, surrounded by banded and mylonitic gneisses. Winsvold interprets the
granites and migmatites to be Precambrian. For the eclogites and the deformation of the area he
infers Caledonian age. Gneisses show tight to isoclinal folding along WNW-ESE trending fold
axes, (sub-)parallel to the mineral stretching lineation. Further east, away from the BASZ the
structural trend turns from WNW-ESE to SW-NE. Fossen and Rykkelid (1992) relate NE-SW

trending folds in this area (their F2.1) to Mode I extensional back-movement. They see them
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kinematically similar to W-verging folds in the décollement zone below the Jotun Nappe (Fossen
and Holst, 1995). This interpretation is complicated by the fact that the folds occur in the
basement itself. Fossen and Rykkelid (1992) explain it by the parautochthonous state of the

basement in this area.

Oygarden Complex

The @Oygarden Complex forms the core of the Bergen Arc System. It consists mostly of
migmatites and granites, transformed by Caledonian deformation into layered gneiss tectonites
(Rykkelid and Fossen, 1992). The migmatites and granites are commonly seen as Precambrian
but no U-Pb zircon ages are so far published from the @ygarden Complex. Rb-Sr whole rock
ages (Sturt et al., 1975) are mostly between 1750 - 800 Ma (Fig. 10, no. 20 and 23 - 26). A
boudinaged granite dyke was dated to 473 Ma (Fig. 10, no. 27). Rb-Sr biotite ages from the same
sample were Devonian (398 Ma and 395 Ma). The felsic gneisses contain several mafic bodies.
The best studied of those is the norite/gabbro on Askgy (Askvik, 1971). The Precambrian basic
pluton intruded into heterogenous gneisses before it was intruded by a quartz diorite (tonalite).
The entire complex was deformed during the Caledonian Orogeny. Large areas in the core of the
gabbro escaped deformation and alteration.

The Oygarden Complex shows heterogeneous but strong ductile deformation, which is entirely
seen as Caledonian (Larsen et al., 2003; Fossen and Rykkelid, 1990; Bering, 1984). A pervasive,
mylonitic L-S fabric formed and strain localized along E-dipping, mid-crustal shear zones
(Rykkelid and Fossen, 1992). Non-coaxial deformation produced abundant kinematic indicators
with top-to-W shear sense. Top-to-W fabrics prevail in C-S mylonites in the western part of the
Oygarden Complex (Fig. 9). Less deformed augen gneisses and gneissic granites in the eastern
area show top-to-E sense of shear (Fossen and Rykkelid, 1990, their Fig. 1). The top-to-W
fabrics were first assigned to an early Caledonian event (Bering, 1984; Fossen and Rykkelid,
1990). They were later reinterpreted to have formed during post-orogenic extension (Fossen and
Rykkelid, 1992; Fossen and Dunlap, 1998). Top-to-E fabrics are assigned to Scandian thrusting
(e.g. Larsen et al., 2003).

Mineral stretching lineations in the @ygarden Complex plunge consistently towards E (Rykkelid
and Fossen, 1992). Together with generally E-dipping planar fabrics this reflects the eastern limb
of a large N-S striking antiform (Fig. 9; Sotra-Fedje culmination by Larsen et al., 2003). The
mylonitic fabric is intensely folded along E-plunging fold axes (e.g. Sotra and Sund antiform
by Larsen et al., 2003; see also trace of foliation in Fig. 8). These upright folds are associated
with the arcuate structure of the Bergen Arc and have the same orientation as the folds of the
Devonian basins and the NSDZ. Larsen et al. (2003) argued that the large scale folding postdates
ductile top-to-W shearing.

The Fedje Dome (Fig. 8; Larsen, 1996) is located in direct proximity to the Fennsfjorden
Devonian Basin (FDB). The gneiss dome is mantled by amphibolitic to quartzitic mylonitic
gneisses. The core of the dome consists of migmatitic gneisses and a round lens of amphibo-
lite/metagabbro. Larsen proposed a combined model of diapirism and folding for the formation
of the Fedje Dome during Devonian extension.

Ar-Ar mineral ages show rapid cooling of the @ygarden Complex in the Early Devonian from
upper amphibolite facies (Boundy et al., 1996) to the brittle-ductile transition at 396 Ma (Larsen
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et al., 2003).

Different tectonostratigraphic positions have been proposed for the @ygarden Complex. The
most common interpretation sees the ygarden Complex as (par-)autochthonous Baltican
basement (e.g. Larsen et al., 2003). Bering (1984) argued for a allochthonous status due to
the pervasive shear deformation. Fossen (1988b) proposed the highest structural position in
the Bergen Arc System based on the hypothetical model of a large-scale monocline that would
explain the geometry of asymmetric folds in the MiBA and the Blamanen Nappe (his Fig. 2b
and 22).

Lyderhorn is located in the easternmost part of the @ygarden Complex that is geographically
referred to as the Laksevag peninsula. The area has been described by Kolderup and Kolderup
(1940) and is covered by the Berggrunnskart Bergen, M 1:50.000 & M 1:250.000 (Fig. 11A &
B). Weiss (1977) published the results of a ’'brief reconnaissance study’ of the structural features
of this area (Fig. 11C). The recent discovery of exceptionally high radiogenic heat production of
the 'Lgvstakken Granite’ (Fig. 11D; e.g. Maystrenko et al., 2015) has sparked new interest in
the area. Several master theses were implemented to evaluate the potential of geothermal energy
production (Rudlang, 2011; Mathiesen, 2013; Schulze, 2014).
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Fig. 11. Published former surveys of the working area. A: The Laksevag peninsula on the berggrunnskart
Bergen - M 1:250.000 (Ragnhildstveit and Helliksen, 1997), the working area is marked by a dashed rectangle
and enlarged in B, shown with the berggrunnskart Bergen - M 1:50.000 (Fossen and Ragnhildstveit,
2008). Both maps are downloaded from hittp://geo.ngu.no/kart/berggrunn. C: Structural map of the
Laksevag peninsula from Weiss (1977). D: Map showing airborne geophysical measurements of Uranium
concentrations in the Bergen area acquired by NGU. Downloaded from http://www.ngu.no/nyheter/kart-
viser-radioaktivitet-pa-vestlandet.
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3 Principles of U-Pb Zircon Geochronology

3.1 U-Pb System in Zircon

Mineralogy of Zircon

Zircon (Zr[SiOy4]) is a tetragonal orthosilicate mineral with short prismatic habit. Isolated
SiO4 tetrahedra share their edges and corners with ZrOg dodecahedra (Harley and Kelly, 2007).
Together they form anisotropic sets of chains of alternating SiO4 and ZrOg polyhedra, aligned
along the c-axis. In pure zircon these chains are separated by unoccupied channels and voids. In
natural zircon the voids contain interstitial impurities. The c-axis chains furthermore determine
the anisotropic physical properties and prismatic habit of the mineral. The remarkably simple
structure of zircon results in a moderately high density (4.66 g/cm?) and its physical robustness.
Besides a high hardness (7.5), zircon has especially low thermal expansion and compressibility.
This resistance to physical modification is an important characteristic of zircon. Its significance
in geosciences stems from the tendency to incorporate a wide range of trace elements through
cation substitution mechanisms, while preserving original chemical signatures due to low diffusion
rates for most cations (Harley and Kelly, 2007). Furthermore zircon is abundant as an accessory
phase in many metamorphic and magmatic rocks.

The ionic radii of Zr** (0.084 nm) and Si** (0.026 nm) cations allow the accommodation of
up to 5000 ppm U** (0.026 nm), while Pb?*+ (0.129 nm) is not incorporated into growing zircon
crystals. Radiation damage of the crystal lattice caused by high U can lead to metamictization.
Primary zircon crystallizes between 830 - 700 °C (Harrison et al., 2007). Oscillatory zoning
and Th/U ratios close to 1 are characteristic for magmatic zircon (e.g. Corfu et al., 2003; Wu
and Zheng, 2004). Metamorphic and hydrothermal processes can lead to recrystallization or
alteration of zircon. Such processes are commonly associated with characteristic textures and
morphologies. Careful pre-analytical assessment of zircon crystals is therefore an inevitable

prerequisite for a sound interpretation of U-Pb ages.

U-Pb decay

The U-Th-Pb isotopic system consists of three independent decay series:
28U —200Pb (T = 4.5 Ga), 35U =2 "Pb (T; ), = 0.7 Ga) and ***Th —2Pb (T ), = 14.0
Ga). The intermediate products in the decay chains are very short lived, so that they can be
neglected in the mathematical decay equations (Allegre, 2008). The greatest strength of the
isotopic system are two individual and unconnected U-Pb decay series with half-lifes that suite
the geologic time scale. They represent two independent radiometric ’clocks’ but their respective
U and Pb isotopes have the same chemical behaviour and, particularly important, identical

diffusion rates (Cherniak and Watson, 2003). An individual radiometric age can be obtained from

238
each of the two U-Pb series (equation (1) & (2)). With the known modern ratio of 5z=— = 137.82
(Condon et al., 2010) it is further possible to calculate a Pb-Pb age (equation (3)).
207Pb 235 U(e)\235t _ 1) (1)
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206Pb 238 U(e>\23gt _ 1) (2)
207Pb _ (6)\23575 o 1) (3)
206pPp — 137.82(er2sst — 1)

Concordia Ages

The concordia age utilizes the whole strength of the U-Pb isotopic system (Ludwig, 1998).
Its calculation combines the two individual U-Pb decay series into one single age and evaluates
quantitatively concordance as well as age equivalence. Concordia ages can be calculated for
both: entire samples with a multitude of analyses (common concordia age) as well as individual

analyses (single grain concordia age). Individual analyses are plotted as error symbols in the
206 Pb 207

concordia diagram ( against W) In undisturbed systems, both ratios should yield

238

equivalent ages which plolt] on the concordia line (defined by y = (€238 — 1) and = = (e’235¢ — 1)).
Ages from a system that is not entirely closed, do not plot along the concordia line and are
called discordant. If b-loss occurs due to diffusion, the ages will plot along a line (discordia)
that intersects the concordia twice. These intersections can be interpreted as the primary zircon
forming event and a secondary thermal/metamorphic event leading to episodic Pb-loss (Harley

and Kelly, 2007).

Diffusion in Zircon

U diffusion in zircon does not occur at subsolidus temperatures (Cherniak and Watson, 2003).
Discordant ages reflect the characteristic behaviour of Pb in zircon. That is: robustness to
high-grade resetting and weakness to low-grade alteration (Mezger and Krogstad, 1997). The
closure temperature for Pb diffusion in pristine zircon is between 800 - 1000 °C (Cherniak
and Watson, 2003). Thus, zircon ages are not even reset when they reside for long time
scales at temperatures high enough for partial melting. On the other hand, metamict zircons
are very vulnerable to diffusional Pb-loss at low temperatures (Mezger and Krogstad, 1997).
Zircon can only accumulate radiation damage when residing over long time periods below the
‘critical amorphization temperature’ of ~ 360 °C (Cherniak and Watson, 2003). More than
1 Gy are necessary for zircon with U around 100 ppm, but the process is faster for high-U
zircon. Rapid heating of severely metamict grains can cause significant diffusional Pb-loss and
complete resetting. Another cause of discordance are fluid induced diffusion-reaction and coupled
dissolution-reprecipitation processes that can re-equilibrate zircons even at surface P-T conditions
(Geisler et al., 2007). The counterintuitive behaviour of Pb diffusion in zircon shows that discordia

intercept ages need to be interpreted with care.

3.2 SIMS Geochronology

All analytical techniques for measuring isotope compositions in zircon are based on mass
spectrometry. Since its development in the early 20th century, mass spectrometry has evolved
to a very precise technique with confirmed reliability. Zircon sampling techniques, on the other
hand, have long limited the accuracy of the results. In the last 30 years high-precision ion probes

have been developed (Davis et al., 2003). SIMS (secondary ion mass spectrometry) geochronology
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allows in-situ analyses with a spot size as small as 10 micron (Fig. 12A). In combination with
high-resolution images (CL: cathodoluminescence or BSE: backscattered electron) different parts
of single zircon grains can be dated individually and zoning can be assigned to multiphase

geological histories recorded in a single crystal (Ireland and Williams, 2003).

SIMS LA ICPMS b)
10 - 20 micron spot size 30 - 60 micron spot size o°
< 2 microns depth _ SIMS 10~ 20 microns depth Secondary ot
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Fig. 12. A: Spatial precision of SIMS zircon geochronology compared with LA ICPMS. Modified from
Kosler and Sylvester (2003). B: Technical principles of SIMS analysis: a primary ion beam is shot onto
the prepared sample surface where it ablates atoms and molecules, ionizing some of them. Modified from
https://shrimprg.stanford.edu/shrimp-rg (downloaded: 20.05.2015).

A focused beam of high-energy primary ions (O%*) is shot onto polished and gold-coated
mineral surfaces to sputter (ablate) atoms and molecules while ionizing some of them (Fig. 12B).
The primary beam is either static or dynamic. It cuts a small crater into the surface (usually
10-50 pm in diameter and less than 5 um deep), making the analysis effectively non-destructive.
The secondary ions are accelerated to run through an electrostatic analyser and the magnetic
sector. They arrive in the collector units differentially deflected according to their mass and
charge. The size of the mass spectrometer unit determines thereby the deflection radius. Together
with the spacing of the detectors this controls the achievable mass resolution of the instrument.

To determine the atomic concentration C'4 of an atom A in the sample it is necessary to
calculate the sensitivity factor S%r of the ion AT in the matrix M. Therefore, standard zircons
with known atomic concentration C'4 and assumed identical matrix composition (as the zircon
samples) are analysed simultaneously with the samples. S%r can be calculated after equation 4

from the measured I %F and known Cjy.

I =8 x 0y (4)

This S% again can be used to calculate the unknown C4 in the samples, based on the

assumption that their matrix composition is identical to the standard.

Data Processing

Raw SIMS data contain systematic analytical uncertainties that need to be corrected for.
Accurate determination of interatom ratios is the largest issue in SIMS analysis. Unlike in isotope
dilution analysis, SIMS does not measure U, Pb and Th concentrations directly. Therefore,

interatom ratios are determined from secondary ion ratios. This U/Pb calibration is done by a
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power law, exponential law or linear approximation (Whitehouse et al., 1997). It needs to take
into account that different elements have different secondary ionization efficiencies and different
tendencies to form multiple oxides (Ireland and Williams, 2003). Initial Pb can be corrected for
by the common-Pb correction: Non-radiogenic ?°4Pb present in the samples is measured. With

known ratios of Pb-isotopes in nature, initial 2°6 Pb and 2°7 Pb can be subtracted.

4 Methods

4.1 Mapping and Sampling

Lyderhorn is located exactly 5 km west of the Department of Earth Science at the University
of Bergen. The proximity of the working area allowed to conduct this study in a different manner
than typical field base studies are implemented. Field work accompanied the entire two years of
my M.Sc. program at the University of Bergen and was an iterative process. The Lyderhorn
area was investigated by standard outcrop mapping techniques. In preparation, high-resolution
orthophotos were used to create a digital map of exposures (Fig. 13). On orthophotos of the
working area, bright exposure surfaces are in contrast to the dark vegetation cover. Exposure
surfaces were filtered out based on their RGB values and converted into vector file format so
that artefacts could be manually deleted and missing outcrops added. During systematic outcrop
mapping, 211 individual outcrops were classified and described (Appendix 2 and 3). I use these

outcrop numbers as geographic references in the presentation of results.

Fig. 13. Representative maps of the southern part of the study area illustrating the creation of a digital
exposure map in ArcGIS. Exposure surfaces were filtered out from a collage of high-resolution orthophotos
from Google Earth (A). The extracted surfaces were converted into vector file format (B; red polygons).
Artefacts (e.g. streets) were manually removed and missing outcrops added.
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Thin section samples were collected from chosen localities and prepared at the University
of Bergen to allow detailed petrographic descriptions and microfabric analsyis. Structural
measurements were taken for linear and planar fabrics. Note, that planar structural measurements
are reported in this text as ’dip-azimuth’/’dip’, different from the standard notation in Norway.
Stereonet 9 (Allmendinger et al., 2011) was used for the statistical analysis of structural data
and for the creation of stereoplots presented in this work. As fabrics developed under continuous
deformation with identical orientation, distinct deformation events or phases were not defined.

After completion of field mapping, seven samples were collected for SIMS U-Pb zircon
geochronology from key localities to represent the dominant lithology in each of the units.
The samples were crushed on the outcrop into small pieces, to minimize the risk of lab contami-
nation. The first digits of sample numbers refer to outcrop numbers defined during field mapping
(Appendix 2 and 3).

4.2 SIMS U-Pb Zircon Geochronology

4.2.1 Sample Preparation
Crushing and Mineral Separation

Crushing and mineral separation was done at the University of Bergen. Samples were crushed
with the Fritsch Pulverisette 13 discmill (Fig. 14A) until the bulk of the sample was finer than
315 pm. Larger particles were removed by sieving. The heavy fraction was separated on the
Holman-Wilfley shaking table (Fig. 14C) to reduce sample sizes for further processing. Magnetic
mineral separation was applied for the heavy fraction. Ferromagnetic minerals were removed
with a hand magnet. The Frantz Magnetic Separator (Fig. 14B) was first applied with a current
of 0.6 V to extract weak ferromagentic minerals (e.g. hematite). Afterwards, a current of 1.2 V
was used to separate non-magnetic minerals like zircons from very weak ferromagnetic minerals
like garnet. For both steps the forward and sideways tilt was 15°.

Depending on size and mineralogy, the non-magnetic fractions were separated with the heavy
liquids LST (Low toxicity Sodium heteropolytungstates; density: 2.83g/cm?) and DIM (Di-
Todomethane; density: 3.31g/em3). LST (Fig. 14D) has been applied to larger samples to
remove remaining quartz (2.65g/cm?3) and feldspar (2.55 — 2.76g/cm?). These samples were
subsequently rinsed with deionized water. For all samples DIM (Fig. 14E) was used to separate
zircons (4.60 — 4.70g/cm?) from other heavy minerals. The samples were afterwards rinsed with
acetone and dried. Sample LYD-44-1 was once more subjected to the Frantz Magnetic Separator

(1.4 V) to remove abundant titanite.

Mount Preparation

Zircons were handpicked from mineral separates. The seven samples contain very distinct
zircon populations. The number of picked grains varies between 15 (LYD-35-1) and 140 for
samples with strongly metamict zircons (LYD-163-1 and LYD-197-2). Anhedral, colorless and
clear zircon fragments in sample LYD-44-1 were picked under cross-polarized lights to allow the
identification of zircon. Further mount preparation was carried out at the Nordsim laboratory in
Stockholm.
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Fig. 14. Techniques applied in the following order for crushing and mineral separation at the University
of Bergen: A: Fritsch Pulverisette 13 discmill. B: Holman-Wilfley shaking table. C: Frantz Magnetic
Separator D: LST heavy-liquid. E: DIM heavy-liquid.

Zircon Imaging and Spot Identification

Cathodoluminescence (CL), transmitted light (TL) and reflected light (RL) imaging was done
at the University of Bergen. In preparation for CL-imaging, the polished mount was coated with
gold. Zircons were photographed with a Zeiss Supra 55VP Scanning Electron Microscope with
CL detector to reveal internal textures. TL- and RL- images were taken with a Olympus BX51
optical microscope to identify inclusions and fractures in the grains. Spots for SIMS analysis
were identified comparing all three different images to allow textural interpretations and to avoid

inclusions and fractures.

4.2.2 SIMS Analysis

Before analysis, the gold coating from CL-imaging was removed, the mount was carefully
cleaned and a fresh gold coating applied. Zircon U-Pb geochronology and scanning ion imaging
was performed using a CAMECA IMS1280 large geometry ion microprobe at the Nordsim facility,
Stockholm (Fig. 15). Geochronological analyses follow routine protocols outlined by Whitehouse
et al. (1999) and Whitehouse and Kamber (2005). A ca. 6 nA, -13 kV Oq-primary beam (imaged
aperture of 150 pm corresponding to a spot diameter on the sample of ca. 15 um ) was used to
generate +10 kV secondary ions which were admitted to the mass spectrometer and detected in
a peak-hopping sequence using a single ion-counting electron multiplier. The mass spectrometer
was operated at a mass resolution (M/AM) of 5400, sufficient to separate all species of interest

from molecular interferences. Each analysis comprised a 90 second pre-sputter to remove the
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Au-coating and allow the secondary beam to stabilize, centering of the secondary beam in the field
aperture, energy optimization in the 45 eV energy window, mass calibration adjustment using the
0 7r3%0 peak, and 12 cycles through the species of interest. Groups of analyses were performed
in fully automated sequences, regularly interspersing standard analyses with those of the sample
zircon grains. Data reduction utilized an in-house developed suite of software. Pb-isotope
ratios were corrected for common Pb estimated from measured 294 Pb assuming the present-day
terrestrial Pb isotope composition estimated from the model of Stacey and Kramers (1975); where
the 204 Pb count was statistically insignificant relative to the long-term background on the EM,
no correction was applied. U/Pb ratios were calibrated using an empirical power-law relationship
between 22036813’ and 2382[3{81;02 assuming the 1065 Ma age of the 91500 zircon (Wiedenbeck et al.,
1995). Age calculations assume the decay constant recommendations of Steiger and Jager (1977)
and utilize the routines of Isoplot-Ex (Ludwig, 2003).

o
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Fig. 15. CAMECA IMS1280 large geometry ion microprobe at the Nordsim facility, Stockholm. Image
provided by Martin Whitehouse.

Data Evaluation

Single spot concordia ages were calculated for all analyses using Isoplot (Ludwig, 2003). If
possible, a common concordia age was calculated for the entire sample. Alternatively, a weighted
mean of concordia ages or discordia intercepts were calculated. All figures in the geochronology
part were created using Isoloplot (Ludwig, 2003). If not further specified, presented ages in this
text are concordia ages with 20 errors. It should be noted, that negative discordance values

correspond to normal discordance.
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5 Results

5.1 Mapping

The results from field mapping are presented in a geological map of Lyderhorn (Appendix 4),
accompanying N-S cross section (Appendix 5) as well as a three-dimensional geological model
(Appendix 8). Separate maps are provided for structural measurements (Appendix 6 and 7).
Fig. 16A shows geographic domains of the working area that are used in the text as references
together with outcrop numbers (Appendix 2 and 3).

Lyderhorn has a prominent geomorphology (Fig. 16B). The mountain itself is N-S elongated
and most steep surfaces are N-S oriented. Three massifs form exceptions from the rule: @rnafjellet
(329 m.a.s.l.) in the north, Skarpafjellet (183 m.a.s.l.) in the south and the cone-shaped peak of
Lyderhorn itself (396 m.a.s.l.). The steep western side of the mountain has many inaccessible cliffs
and represents a natural N-S cross-section (Fig. 17). The NE-slope has a consistent moderate
dip and is covered by tight vegetation. The SE-slope below the peak of Lyderhorn is steep and
rugged. The morphology of the southern part is controlled by E-W trending granite bodies that

stick out of the vegetation cover.
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Fig. 16. A: Geographic map of Lyderhorn with specification of subareas. Map from norgeskart.no. B:
Map of the topographic slope calculated from a DEM with a horizontal resolution of 10 m x 10 m. The
steepness of the slope is shown by colors: green: 0 - 20°, yellow: 20 - 45°, red: 45 - 90°.
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[ ] Layered Gneisses
[  Granitic Mylonite
[ ] (Micaceous) Leucogranitic Gneiss - Amphibolite

e Hornblende Biotite o Pegmatite & I Metagabbro
Granite Gneiss Leucogranite

I:] Mixed Series

Fig. 17. Schematic N-S cross section through Lyderhorn. The mapped lithologies are grouped in five
units. Dashes indicate orientation and intensity of deformation. In the gabbroic unit dashes distinguish
vaguely between metagabbro and amphibolite. Thick black lines show representative shallowly NE-dipping
shear zones. Note, that they localize along contacts but also cut fold structures. The red line marks a
major steep brittle fault. Two times vertical exaggeration.

5.1.1 Petrology
Gabbroic Rocks

A major body of gabbroic rocks forms the core of Lyderhorn. Gabbroic rocks are in general
relatively poorly exposed, occupy topographic lows and are covered by vegetation. A small lense
of more or less unaltered gabbro forms a hill at Olsvik (Fig. 18A). On Lyderhorn itself, gabbroic
rocks are transformed into metagabbros or amphibolites.

Metagabbros have a characteristic appearance in rounded outcrops with green hornblende
and white plagioclase (Fig. 18B). Other constituents are relict orthopyroxene. Accessories
are titanite-rutile aggregates and opaque minerals. The contacts between metagabbros and
amphibolites are transitional. Amphibolites (Fig. 18C) are defined by finer grain size due to
dynamic recrystallization of plagioclase and metamorphic growth of aligned amphiboles. Based
on this relation, amphibolites are regarded as the more deformed equivalents of metagabbros.
Garnet-bearing amphibolites occur at the west face of Lyderhorn at the intrusive contact of a
pegmatite (45). White tonalitic veins occur in all kinds of gabbroic rocks (Fig. 18D). These
veins might represent late differentiates of the gabbroic magma. However, due to the intrusion of
granitic rocks of varying composition it cannot be ruled out that the tonalitic veins belong to
this later magmatic episode.

The gabbroic rocks on Lyderhorn show many similarities to gabbroic lithologies on Askgy
(Askvik, 1971) and have therefore been correlated by Kolderup and Kolderup (1940).

Hornblende Biotite Granite Gneiss

Two bodies of gneissic hornblende biotite granite form the peaks of Lyderhorn and @rnafjellet.
The Lyderhorn body is intruded by numerous pegmatites which are absent on @rnafjellet. Minor
bodies of hornblende biotite granite occur within the gabbroic rocks (e.g. at Nybg, 199). The
gneissic granite forms massive outcrops especially where it is intruded by pegmatites (Fig.
19A). Textures are inequigranular medium grained. Compositions are mostly melanocratic

and syenogranitic but grade towards granodioritic or tonalitic at the rims of the bodies. The
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Fig. 18. Field appearance of gabbroic rocks. A: Weakly altered gabbro (Olsvik, 198). B: Metagabbro in
a section perpendicular to stretching lineation (Lyderhorn, 50). Note semi-brittle deformation of granitic
vein along small, subhorizontal faults. C: Amphibolite in a section parallel to mineral stretching lineation
(Krabbedalen, 35). D: Heterogenously deformed amphibolite with white tonalitic veins and intrusive
pegmatite (Krabbedalen, 36).

Fig. 19. A: Massive hornblende biotite granite gneiss intruded by a one meter wide, subvertical, pinkish
pegmatite in the center of the picture (Lyderhorn peak, 197). B: Deformation of both lithologies in a
mesoscale NE-dipping shear zone (Lyderhorn peak, 191).
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characteristic appearance of hornblende biotite granite gneisses comes from centimetre-size
bright patches of pinkish K-feldspar and minor plagioclase and dark patches consisting of large
blueish-green hornblende phenocrysts as well as fine grained biotite, quartz and felspar.

The gneissic granites are in general poorly foliated but discrete shear zones transform both,
granites and intruding pegmatites, into heterogeneous mylonitic gneisses (Fig. 19B). Partly
recrystallized K-feldspar crystals form augen textures but more often, aggregates of recrystallized
feldspar have diffuse shapes.

The contact between gabbroic rocks and hornblende biotite granite is usually a several metre
wide zone were both lithologies are interlayered without clear intrusive relationships (Fig. 20D).
Inside this zone patches of both lithologies grade diffusively into each other (Fig. 20E). Other
localities exhibit intrusive relationships. Fig. 20 shows white medium grained, hornblende biotite
granite that intrudes and brecciates amphibolite (dark). Angular as well as rounded, lobate
fragments of amphibolite are enclosed by granite (Fig. 20B). Fig. 20C shows irregular xenoliths
of amphibolite within hornblende biotite granite. The xenoliths have an internal foliation that
mimics the outer shape. Euhedral K-feldspar crystals occur within the amphibolite. The contacts
are partly sharp and partly diffuse. The described findings indicate that the hornblende biotite
granite intruded the gabbro before the latter was entirely crystallized.

Previously, hornblende biotite granite gneisses have been mapped inconsistently as ’granitic

augen gneiss to flaser gneiss’ (Fossen and Ragnhildstveit, 2008).

Fig. 20. A: White, hornblende biotite granite intruding amphibolite (Nybg, 200). B: Detail from the
same outcrop: Angular and lobate fragments of amphibolite are contained within granite. C: Irregular
xenotliths of amphibolite in hornblende biotite granite (Lyderhorn, 46). D: Interlayering of gabbro and
granite in the contact zone (Lyderhorn, 50). E: Detail from the same outcrop: Xenoliths and diffuse
gradational contacts coexist.
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Layered Gneisses

Alternating layers of granitic and tonalitic gneisses mantle the gabbroic body on Lyderhorn to
the north. This unit is well exposed along the northern ridge of the mountain and at Gravdal.
Main components are granitic augen gneisses (protomylonites) with large K-feldspar augen
surrounded by a fine grained matrix of recrystallized quartz, feldspar and biotite. Apparent
intrusive contacts exist with fine to medium grained, uniform, bright-grey granitic gneiss (Fig.
21B). Several tens of metres thick granite layers have coarse grained to pegmatitic textures,
similar to rocks in the leucogranite and pegmatite unit. Two thin dykes of amphibolites could be
mapped over some distance. They are parallel to the foliation and show no clear cross-cutting
relationships. In zones of high strain, augen gneisses are transformed into mylonitic gneisses (Fig.
21A). Apparent intrusive contacts have been identified, but due to the layered structure and the

lithological heterogeneity a metavolcanic origin could also be possible.

Fig. 21. Field appearance of the heterogeneous group of layered gneisses. A: Hand specimen of granitic
S-L tectonite cut parallel to the E-plunging mineral lineation (Skaleviksvatnet, 151). B: Apparent intrusive
contact of darker, protomlyonitic augen gneiss with medium grained, bright-grey granitic gneiss (Gravdal,
103).

Leucogranites and Pegmatites

Leucogranites and pegmatites intrude all the previously described units. They appear as E-W
elongated dykes south of @rnafjellet and get more and more voluminous towards the south.
Around Skarpafjellet, they occupy most of the area. The thickness of individual bodies ranges
from centimetres to several tens of metres. The lithologies within this unit are very heterogenous.
Textures vary within outcrops from pegmatitic to medium grained granite with diffuse transitions
(Fig. 22A).

A major part of the unit is made up of pegmatites with alkali feldspar granitic composition.
Individual K-feldspar crystals can reach sizes of more than 30 cm (Fig. 22B). The second

constituent of the unit are medium grained, equigranular, leucocratic, gneissic granites with
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Fig. 22. Field appearance of leucogranites and pegmatites. The lithologies in the unit are very heteroge-
neous. A: Pegmatitic and medium grained textures grade diffusively into each other (Liavatnet, 163). B:
K-feldspar megacryst (Skarpafjellet, 182). C: White, medium grained gneissic granite (Skarpafjellet, 183).
D: Garnet-bearing aplite (Krabbedalen, 35). E: Folded, E-W-elongated pegmatite dykes (bright) stick out
on orthophotos. Surrounding amphibolites are weathered away and covered by vegetation. Area between
Skarpafjellet and Sma-Lyderhorn. Image from Google Earth.
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syeno- to monzogranitic composition (Fig. 22C). Garnet and titanite are common accessory
minerals in pegmatites as well as in aplitic dykes (Fig. 22D). Common to all lithologies is their
occurence as confined, E-W striking bodies. These are well visible where pegmatite dykes intrude
amphibolite and stick out because of their resistance towards weathering (Fig. 22E).

The mapped occurence of this unit shows an accurate coincidence with highly radiogenic
gammaspectrometry measurement carried out by Rudlang (2011). This relationship allows
a direct correlation between lithology and heat production in the area that did not become
clear from earlier lithological subdivisions. What is commonly referred to as the "Lgvstakken
granite’ consists of different constituents. Of these, only the granite and pegmatite unit is highly

radiogenic.

Mixed Series

The unit that covers the area around Loddefjord, consists basically of a mix of the previously
described lithologies. The major component are irregularly shaped bodies of pegmatites with
variable dimensions, compositions and textures. Lenses of amphibolite and metagabbro are
contained within networks of pegmatite veins (Fig. 23A). Mafic rocks alternate on a metre-scale
with layers of hornblende biotite granite gneiss and banded mylonitic gneisses (Fig. 23B). Only
the pegmatites show clear intrusive relationships with the other lithologies. The deformation
of the unit is heterogeneous but in general strong. Granitic and amphibolitic protoliths have
been tectonically transposed into banded gneisses. Layers of different composition alternate on
the meso- and microscale. The mapped extent of the unit corresponds to the ’layered series’ by
Weiss (1977).

Fig. 23. Roadcut exposing the mixed series (Bjgrndal, 169). A: Intrusive vein network of pegmatites
encloses lenticular bodies of amphibolite and metagabbro. B: Granitic gneiss in the same outcrop intruded
by irregular pegmatite bodies. Both lithologies are affected by a mesoscale shear zone.
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5.1.2 Structure
Penetrative Ductile Deformation

Penetrative ductile deformation in the Lyderhorn area is recorded from amphibolite facies
to the brittle-plastic transition with clear retrograde overprinting relationships. ENE-plunging
mineral stretching lineations formed with identical orientations indifferent of metamorphic grade
or lithology (Appendix 7). However, along the N-S cross section the trend of linear fabrics
rotates towards ESE in the Loddefjord area (Fig. 24A). Further south, outside of the study
area, lineations plunge towards ENE (Weiss, 1977; Fossen and Ragnhildstveit, 2008). The
observed pattern shows a relationship with the shape of the gabbroic body that forms the core
of Lyderhorn. The mean trend of the stretching lineations is 82° and thereby identical with the
mean trend of measured fold axes (Fig. 25A). The penetrative mylonitic foliation is commonly
parallel to lithological contacts. Planar fabrics dip in general shallowly to moderately towards
the NE but steep dip occurs in restricted E-W striking zones.

Depending on their mineral composition, different rock types were transformed into L-S and
S-L tectonites, respectively. Restricted domains within the gabbroic body escaped penetrative
deformation but mos gabbroic rocks were metamorphosed into metagabbros and amphibolites,
showing deformation at amphibolite facies conditions. Associated fabrics show a strong anisotropy
(Fig. 26 A and B). Recrystallization of plagioclase and metamorphic growth of amphiboles
produced a pronounced ENE-plunging linear fabric. The development of a mylonitic foliation
depends on the presence of biotite. Extensional C-C’ structures are well developed on the meso-
and microscale and show consistenly top-to-E sense of shear (Fig. 26B and C).

In the various granitic rock types, greenschist facies fabrics prevail. Linear fabrics are formed
by elongated rods of recrystallized quartz and feldspar. They plunge consistently to ENE with
identical orientation as amphibolite facies lineations. Kinematic indicators are well developed in
mylonitic gneisses and show consistently top-to-E shear-sense (Fig. 27 A - D). The layered gneiss
unit and the mixed series are dominated by granitic rocks. Here, S-L fabrics are strongly developed
and the granitic protoliths are transformed into banded gneisses. The degree of mylonitization
increases in general from north to south. Protomylonites prevail in the layered gneiss unit,
mylonites and ultramylonites are more common in the mixed series. Clastomylonites formed
from heterogeneous lithologies in steep, E-W striking shear zones. Phyllonites are abundant in
shallowly NE- and SE-dipping shear zones. Granitic bodies from the leucogranite and pegmatite
unit are commonly contained within gabbroic rocks and have a dominant linear fabric. The
ductile deformation of this unit is heterogeneous. Close to contacts, mylonitic to ultramylonitic
foliations can be well developed and ultramylonitic leucogranites can be found (Fig. 27E). Within
pegmatite bodies, lower greenschist facies deformation formed spectacular microfabrics showing
synchronous brittle fracturing of large feldspars and crystal-plastic deformation of quartz (Fig.
27F).

Penetrative deformation continued below greenschist facies conditions. Synchronous plastic
and brittle deformation of quartz shows major deformation at the brittle-plastic transition.
Cataclastic fabrics are to a limited degree penetrative but occur mostly localized in discrete

shear zones.

39



5 Results

Lineation Trend vs. Latitude
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Fig. 24. The trend of mineral stretching lineations show a slight rotation along the N-S cross-section
from ENE in the north to ESE in the south. Different orientations show a relationship with the extent
and shape of the main gabbroic body (marked by red dashed lines).
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Fig. 25. Stereoplots of structural data acquired in this study. A: Rose diagrams and calculated mean
trends (grey arrows) show identical orientations of mineral stretching lineations (red dots, n = 64) and
fold axes (black squares, n = 52). The mean trend of both is 82°. B: Poles to foliations and contacts (n =
232) plot along one great circle (blue). The corresponding fold axis (blue diamond) plots in the center of
measured fold axes (black squares). C: Stereoplot of all ductile to semi-brittle fabrics in the Lyderhorn
Gneiss. Contour plots are shown for poles to planar fabrics, lineations and fold axes. Green great circles
and corresponding poles (green diamonds) represent the two major orientations of shallowly NE- and
SE-dipping shear zones and intersect in the centre of fold axes and mineral lineations. The predominant
shear plane dips to the NE.
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Fig. 26. Amphibolite facies fabrics. A and B: Two perpendicular outcrop faces expose anisotropic
mylonitic amphibolite. The mineral lineation plunges shallowly towards E (Bjgrndal, 168). A: The N-S
face (perpendicular to the lineation) exhibits heterogeneously folded granitic veins. B: On the E-W face
(parallel to the lineation) fabrics are subparallel and strongly stretched-out. Downward-cutting C’-shear
bands deflect the mylonitic foliation and indicate extensional top-to-E kinematics (Van der Pluijm and
Marshak, 2004; Fossen and Rykkelid, 1990). Backpack for scale. C: Photomicrographs of C-C’ structures
in amphibolite (C’: red, S: yellow; Krabbedalen, 35) and an amphibole-rich layer in banded gneiss (C’:
red, C: blue; Bjgrndal, 170). Both show top-to-E sense of shear. Width of view in both pictures is ~ 1
cm; plain polarized light.
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Fig. 27. Greenschist facies fabrics in granitic rocks. Kinematic indicators (A - D) show consistently
top-to-E sense of shear: A: Feldspar §-type grain-tail complexes and C-C’ structures (C’: red, C: green)
in granitic augen gneiss (Gravdal, 83). B: Deflection of foliation at a mesoscale mylonitic shear zone in
granitic gneiss (Skaleviksvatnet, 133). C: Tight to iscolinal, E-verging folds in mylonitic granitic gneiss
(Skaleviksvatnet, 132). D: Disrupted amphibolite dyke contained in mylonitic granitic gneiss. Together
with the NE-dipping mylonitic foliation, the fragments are rotated into a S-C structure (C: green, S:
blue; Skaleviksvatnet, 133). E: Ultramylonitic leucogranite (Lyderhorn, 75). F: Photomicrograph showing
brittle fracturing of feldspar and dynamic recrystallization of quartz in pegmatite (Lyderhorn, 197; see
also Fig. 50). Width of view is ~ 2 mm; cross-polarized light.
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Folding

Folding of the mylonitic foliation and lithological contacts can be found on different scales and
in all lithologies. In Fig. 25B, all planar fabrics plot along one great circle. The corresponding
fold axis plots together with measured, shallowly ENE-plunging fold axes. The general NE plunge
of planar fabrics reflects the position of the Lyderhorn Gneiss in the northern limb of an upright,
E-plunging megafold. Observable micro-, meso- and macrofolds in all lithologies are tight to
isoclinal, shallowly E-plunging, recumbent folds (Fig. 28). Their fold axes are (sub-)parallel with
mineral stretching lineations, what classifies them as curtain folds (or oblique folds; Passchier and
Trouw, 2005). The dip of the axial surfaces varies between moderate dip to the S and shallow dip
to the N (Fig. 28), but the general structure implies N-vergent ’christmas-tree’ fold geometries
(compare with Fig. 17) and implies vertical shortening.

Folded amphibolites and granitic gneisses indicate that folding occurred at amphibolite to
greenschist facies conditions. Fig. 29 shows strain variations around an E-plunging fold in
granitic gneiss. Constrictional strain in the hinge area formed an augen gneiss L-tectonite with
E-plunging lineation (Fig. 29A). In the limbs, the same lithology was transformed into a banded
mylonitic gneiss (Fig. 29B). A weak, thin layer of biotite-rich amphibolite with small, irregular
granitic veins has flown into the hinge area, acting as a lubricant during folding (Fig. 29C).

Fold transposition of pegmatite bodies can be observed in high-strain zones (Fig. 30). At
the east face of Lyderhorn a shear zone localized at contact between hornblende biotite granite
gneiss and amphibolite. Within the E-dipping shear zone, several metre thick pegmatite bodies
are intensely folded along N-S trending fold axes (Fig. 31A), whereby the wavelength of folds
reflects the layer thickness. Complex fold patterns formed in this zone due to the heterogeneous
behaviour of strongly contrasting rheologies. Opposed fold vergence of isoclinal folds can be
explained by fold transposition under continuous top-to-E shear with a component of vertical
shortening (Fig. 30). Pegmatite dykes in amphibolite show thinning and boudinage followed
by tight folding (Fig. 31C). Extension followed by shortening can not occur under steady-state
deformation (Fossen, 2010b), but the case of this shear zone it is probably a result of strong

rheological heterogeneity under continuous retrograde deformation.
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Fig. 28. Tight to isoclinal E-plunging folds. All images have the same orientation with N on the left and
S on the right side. The trace of axial surfaces is marked with dashed red lines. A: Tight recumbent fold
in pegmatite and garnet-bearing amphibolite (Lyderhorn, 45). Fold axis: 10 —> 082. Width of view is ~
15 m. B: Tight, recumbent fold in hornblende biotite granite gneiss and pegmatite (Lyderhorn, 52). Fold
axis: 10 —> 069. The fold is N-vergent but the axial surface dips shallowly to the N. Width of view is ~ 8
m. C: Folded granitic gneiss in the mixed series (Loddefjord, 171). Fold axis: 36 —> 084. Thinning of the
upper limb (right part of the picture) causes a strong asymmetry. The fold gets tighter towards the right
side and has a curved, S-dipping axial surface. Hammer for scale. D: Cut hand specimen of an isoclinal,
recumbent fold in mylonitic granitic gneiss (Lyderhorn, 75). The orientation of the fold axis is 15 —> 074.
The foliation dips moderately to the NE (048/25). Width of hand specimen is ~ 15 cm.
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Fig. 29. Roadcut exposing the hinge area of a tight fold in granitic gneiss (Gravdal, 83). The axial
surface (dashed red line) is inclined towards NNE. Strain varies around the fold. Flattening strain in
the lower limb formed mylonitic gneiss (A). Constrictional strain in the hinge developed an augen gneiss
texture with several centimetre large K-feldspar augen (B). A thin layer of biotite-rich amphibolite which
contains small, white granitic veins acted as a lubricant during folding (C). Orientation of fold axis is 29
—> 090.
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Fig. 30. Fold transposition in a E-dipping shear zone at the contact between granitic gneiss and
amphibolite (Lyngbgdalen, 1). The width of the picture (A) is ~ 10 m. The schematic sketch (B)
outlines the main features: The outcrop consists of mylonitic granitic gneiss (white), pegmatite (pink) and
amphibolite (green). Fold transposition of a large pegmatite body produced isoclinal folds with opposed
vergence (dark red outline; the internal folding is indicated by a dashed red line). The intensity of folding
is dependent on layer thickness. Thin pegmatite veins within granitic gneiss in the lower left corner of
the outcrop, show complex fold patterns that are probably related to space problems in the hinge of the
major fold (fold axis: 20 —> 002). A low-grade shear zone has localized at the lower contact of the large
pegmatite. C: The schematic sketch explains how the complex fold geometry could have formed by fold
transposition under continuous top-to-E simple shear and a component of vertical shortening. D: Detail
photo from the same outcrop shows multiply folded pegmatite vein implying vertical shortening. Width
of view is ~ 0.8 m.
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Fig. 31. Complex folding below the peak of Lyderhorn (190). The outcrop represents the upper part of
the high-strain zone shown in Fig. 30. A: The outcrop is a roughly 50 m wide and 30 m high, S-facing
cliff. Tt exposes the contact between hornblende biotite granite gneiss (medium grey, upper part) and
amphibolite (dark grey, right part). Both are intruded by pegmatites (bright grey). The isoclinally
folded pegmatite dykes in the right part of the picture (red outline) are several metres thick. They show
thinning, boudinage and disruption as it is typical for fold transposition in lithologies with contrasting
competence (Van der Pluijm and Marshak, 2004). White boxes indicate the location of detail photos.
B: The schematic 3D-sketch shows that the entire outcrop is located in the hinge area of an E-plunging,
recumbent macrofold (FA;). The bright pegmatite that occupies most of the left part of the outcrop
surface is no more than two metres thick. It seems more massive because the outcrop surface follows
the orientation of the dyke. Within the shear zone, N-S-trending fold axes (FAy) are developed. C:
Pegmatite vein in amphibolite shows thinning followed by tight folding of the attenuated parts. D:
Kink-like, recumbent folds in heterogeneous mylonitic amphibolite indicate top-to-E sense of shear.
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Discrete Shear Zones

Strain localization at lithological contacts formed numerous discrete shear zones. A network of
anastomosing shear zones dissects Lyderhorn and the surrounding area into angular segments
(Fig. 32, compare with Fig. 17). Two types of shear zones can be distinguished: Subvertical,
E-W-striking shear zones reflect the steep dip of folded contacts in the hinge of E-plunging
macrofolds. High-angle shear zones can be found north of the peaks of Lyderhorn (e.g. outcrop
28) and Ornafjellet (outcrop 124), respectively. They exhibit amphibolite- to greenschist facies
fabrics and developed clastomylonites with decimetre-large, feldspar-rich, pegmatitic fragments
contained in a fine-grained, mylonitic matrix.

More frequent are shallowly NE- and subordinate SE-dipping shear zones. Two main shear
planes were identified (045/25 and 130/30) that intersect in the centre of measured lineations and
fold axes (Fig. 25C). Low-angle shear zones show a high- to medium-grade history but earlier
fabrics are commonly obliterated by a strong low-grade overprint. Different types of low-grade
fault rocks formed from granitic and gabbroic protoliths, respectively. Both types imply fluids
to have played an important role during deformation around the plastic-brittle transition. Two
representative shear zones with different fault rocks are explained in detail:

At Loddefjord, a major shear zone in the mixed series occurs on several levels below Skarpafjellet
(Fig. 33A). A high- to medium-grade history is recorded in mylonitic amphibolites and banded
gneisses. The lower-grade deformation in the heterogeneous unit has paradoxically localized
in amphibolite lenses. In such lenses, amphibole is almost completely replaced by biotite and
chlorite (Fig. 34A). Tonalitic veins and layers of granitic gneiss are tectonically brecciated and
are contained in a matrix of chlorite phyllonite (Fig. 34B - D). Kolderup and Kolderup (1940)
described the fault rocks because of the rounded granitic fragments as 'tectonic conglomerates’.
Fig. 33B shows an spectacular and easy accessible locality that exposes the up to 10 m thick,
lenticular deformation zone of the Loddefjord shear zone. The deformation zone is dissected by
thin, low-angle brittle faults and the rim of the deformation zone is reactivated as a brittle fault
plane. E-plunging quartz-striations on the fault plane are parallel to ductile mineral stretching
lineations; only epidote-mineralized fault planes show a distinct oblique plunge to the N.

Unlike the exposures shown in Fig. 33 and Fig. 34, outcrop 174 is parallel to the E-
plunging mineral lineations (Fig. 35). Kinematic indicators in mylonitic granitic rocks and
chlorite phyllonites indicate consistent top-to-E sense of shear and are associated with retrograde
overprinting relationships (Fig. 35A - C). Aggregates of actinolite overgrow granitic fragments
(Fig. 35D). The retrograde mineral reactions (hornblende —> biotite —> chlorite) and the
actinolite aggregates give evidence for the presence of hydrothermal fluids in the shear zone
during deformation from greenschist facies down to the brittle-ductile transition. The alteration
into chlorite phyllonites implies considerable strain weakening of amphibolites and allows low-
grade deformation to localize in mafic layers.

Corresponding processes can be observed in felsic rocks. Figure 36 shows an example at the
summit of Lyderhorn. A mylonitic shear zone follows the folded contact between metagabbro
and hornblende biotite granite, but cuts through the granite body at the hinge of the fold (Fig.
36A). The shear zone branches out to follow the contact of a large pegmatite body. The feldspar-
rich pegmatite is transformed into a felsic phyllonite (Fig. 36B). In the fault rock, feldspar is
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Fig. 32. Schematic map showing discrete shear zones (solid black lines) and the trace of foliation.
Anastomosing, shallowly NE- and SE-dipping shear zones cut the entire area into angular segments
(compare with Fig. 17). Steep, E-W striking fabrics are preserved inside this blocks. High-angle shear
zones formed in hinge areas. Most surfaces on the eastern slope of Lyderhorn are E-dipping low-angle

shear zones.

49




5 Results

Fig. 33. Loddefjord shear zone: A: The anastomosing shear zone appears on several levels below
Skarpafjellet (solid red lines: exposure; transparent red lines: interpretation). White boxes and numbers
mark different outcrops. Image from Google Earth. B: Outcrop 175 is the most spectacular exposure of the
lenticular, up to 10 m thick deformation zone of the Loddefjord Shear Zone. The section is perpendicular
to the mineral lineation. Lenticular, angular and rounded clasts of plagiogranite and granitic gneiss swim
in a greenish-grey matrix of chlorite phyllonite. The size of the clasts ranges from millimetres to several
metres. The largest granitic lenses is 5 m high and almost 10 m wide (close to were people are standing).
Image from Robert Sasak.
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Fig. 34. A: Amphibolite with white tonalitic veins (right side) is transformed into chlorite phyllonite (left
side) in a NE-dipping shear zone (Krabbedalen, 37). Width of image is ~ 10 m. B: Road cut exposing
a lower branch of the Loddefjord shear zone (172). Angular and rounded granitic fragments float in a
matrix of greenish-grey chlorite phyllonite. Hammer for scale. C: Detail from the same outcrop: The
strong rounding of granitic clasts comes from transposed isolated fold hinges. D: Microphotograph of
the phyllonitic matrix from the same outcrop. Fragmented feldspar clasts (colorless) are transposed in a
mylonitic matrix of biotite (brown) and chlorite (green). Width of image is ~ 5 mm. Plain polarized light.
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Fig. 35. Outcrop 174 (A - C and E) exposes the Loddefjord shear zone parallel to mineral lineations. A:
Asymmetrically sheared, white granitic clasts in chlorite phyllonite matrix. The mylonitic fabric within
the granitic clasts follows the asymmetric outer shape. Asymmetries imply top-to-E sense of shear. B:
Mylonitization and isoclinal folding (red outline) at the rim of a largte granitic clast. Granitic fragments
get detached from the main block and swim in the phyllonite matrix. C: C-C’ structures in chlorite
pyhllonite indicate top-to-E shear-sense at low-grade conditions. D: Hydrothermal actinolite aggregates
overgrow a white granitic block.
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8

Fig. 36. Felsic phyllonite in mylonitic shear zone. A: Interpretative photo of the peak of Lyderhorn, seen
from the W. Width of view is ~ 600 m. Lithologies are: Hornblende biotite granite (blue); pegmatite
(orange) and metagabbro (no color). Several NE- and SE-dipping shear zones transect the peak (black
lines). A mylonitic shear zone follows the contact between hornblende biotite granite and metagabbro. It
cuts through the granite in the hinge of the isoclinal folded body (red star). On the south face, the shear
zone transforms a feldspar-rich pegmatite into a felsic phyllonite. B: Outcrop 17 exposes the phyllonitic
shear zone. C: Cut hand specimen of the fault rock. K-feldspar (yellowish-white) is almost completely
replaced by muscovite and quartz. Width of image is 9 cm. D: Photomicrograph showing alteration of
K-feldspar into quartz and muscovite and Kink-folding. Crossed-polarized light.
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almost entirely replaced by muscovite and quartz (Fig. 36C and D). This retrograde mineral
reaction also implies the presence of aqueous fluids during shearing and involves considerable
strain weakening of the original granite rheology (Wintsch et al., 1995, Bos and Spiers, 2002).
Other shear zones developed flinty, silica-rich fault rocks from quartz-rich protoliths that were
deformed at the brittle-plastic transition. Abundant cataclasites show that low-angle deformation
continued at brittle conditions (Fig. 37). Some fault rocks show a complex history with growth
of hydrothermal garnet that acted as porphyroclasts during cataclastic flow (Fig. 37C and D).
Many lithological contacts are reactivated as shallowly E-dipping brittle faults that show typical
mullion-like corrugations and pronounced striations.

Based on the described geometries (E-dipping), displacements (normal to oblique-normal) and
fault rocks, low-angle shear zones in the Lyderhorn area can be classified as detachments. These
structures continue outside of the study area. Askvik (1971) mapped a mylonitic shear zone
on SE Askgy that consists in fact mostly of cataclasites. The Loddefjord shear zone continues
most likely in Bjgrndalspollen towards the south. Numerous E-dipping, low-angle shear zones
occur all over the Laksevag peninsula (e.g. at Nygard: 60.390° N; 5.278° E). E-dipping brittle
detachment faults are well exposed at Hesjaholten (60.345° N; 5.260° E).

Fig. 37. A: Outcrop 79 (S of @rnafjellet) exposes the hinge of an isoclinal, recumbent macrofold (dashed
red line marks axial surface). The core of the hinge consists of hornblende biotite granite gneiss (blue).
Granitic gneiss (yellow) has a strong cataclastic overprint. The fold structure is cut by shallowly NE-
and SE-dipping shear zones (solid black lines) that juxtapose the granitic gneiss with amphibolite (green)
and heterogeneous gneiss (pink). B: Photomicrograph of the cataclastic granitic gneiss with a mylonitic
history. C: Hand specimen of complex granitic fault rock with up to 1 cm large idiomorphic red garnets
(Ornafjellet, 94). Width of image is 10 cm. D: Photomicrograph showing a large K-feldspar crystal on the
right side that is unstable and replaced by muscovite and quartz, while the idiomorphic garnet on the
left side overgrows quartz and feldspar. This could indicate the presence of fluids during faulting and
probable porphyroblast growth of hydrothermal garnet. Brittle microfaults localize along mica crystals
and flow around the intact garnet crystal. This indicates that the garnet acted as a porphyroclast during
brittle deformation.
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Summary of Structural Results

All described structures show a genetical interdependence which implies that they formed in
one single deformation event. Figure 38 schematically summarizes the style of ductile deformation:
Penetrative ductile deformation formed L-S-tectonites with characteristically different N-S and
E-W outcrop faces. Mineral stretching lineations plunge indifferent of metamorphic grade to the
ENE. Planar fabrics dip mostly to NE. Oblique, E-plunging, recumbent meso- and macrofolds
developed simultaneously with top-to-E shearing. Fold axes have statistically the same orientation
as mineral stretching lineations of all metamorphic grades. Fold geometries record a component
of vertical shortening. The observable mesofolds and macrofolds are part of the northern limb of
an upright, E-plunging megafold that is reflected in the shape of the Laksevag peninsula and
the entire Bergen Arc. Their geometrical relationship can be described as christmas-tree or
alternatively cascading folds.

Overprinting relationships imply continuous retrograde deformation from amphibolite facies
down to the brittle-plastic transition. One of the most important findings of this study is the
intensity of low-grade top-to-E deformation. Retrograde hydration reactions formed phyllonites.
The induced strain weakening assisted deformation to localize NE- and SE-dipping detachment
shear zones that cut and overprint earlier fold structures. Cataclastic fault rocks have similar fabric
orientations as earlier formed tectonites. They give evidence for severe low-angle deformation at
and below the brittle-plastic transition.

This study did not investigate steep brittle structures in detail. Major steep lineaments strike
N-S and E-W, respectively. Just the most pronounced vertical, E-W striking structure that forms
Grgvledalen N of Skarpafjellet is shown on the map and the cross section. Minor fractures with
oblique orientations are abundant, especially in the rigid pegmatites. Mathiesen (2013) gave a
more detailed description of fracture orientations in the area but did not distinguish consistently
between shallow and steep structures. Fault surfaces in pegmatites and feldspar-rich granitic
rocks show commonly K-feldspar alteration and epidote-mineralization, similar to what has been

described from other parts of the @ygarden Complex (Larsen et al., 2003; Fossen et al., 2016).

Fig. 38. Schematic sketch illustrating the style of ductile deformation. See text for discussion.
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5.2 U-Pb Zircon Geochronology

Seven samples were analysed by SIMS U-Pb zircon geochronology (Table 1 and Fig. 39).

Table 1. Overview over samples taken for U-Pb zircon geochronology

Legend

Lithologies

E Layered Gneisses
S Hornblende Biotite
Granite Gneiss

|:| Pegmatite &

Leucogranite

y - Mixed Series

Structures

Detachment
Shear Zone

Fig. 39. Geological map of Lyderhorn showing sample localities for U-Pb zircon geochronology.

Sample Unit Lithology GPS Position | Altitude | Outcrop description
. - 5°13'53,6"E .
LYD-35-1 Gabbroic rocks Amphibolite 60°22'37.7"N 83 m Road cut Lyderhornslien
. 5°14'20,9"E Natural cliff along
LY D-44-1 Gabbroic rocks Metagabbro 60°22'3L "N 290 m hiking trail
. Banded, mylonitic 5°15'35,7"E .
LYD-83-1 Layered gneisses granitic gneiss 60°23'14.5"N 25m Road cut Gravdalslien
Pegmatites and Leucoaranite 5°14'58,5"E 49m Road cut
LYD-163-1 |leucogranites 9 60°22'4,5"N Lyderhornsveien
Mixed series Banded, mylonitic 5°14'18,8"E 45m Road cut
LYD-169-1 granitic gneiss 60°21'37,5"N Bjgrndalshbakken
Hornblende biotite Hornblende biotite 5°14'30,7"E Natural cliff; below
. - . - - o 392 m
LYD-197-1 [granite gneiss granite gneiss 60°22'24,9"N antenna
Pegmatites and Pegmatite 5°14'30,7"E 392 m Natural cliff; below
LYD-197-2 |leucogranites 9 60°22'24,9"N antenna
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5.2.1 Sample LYD-197-1

Hornblende biotite granite gneiss was sampled on the peak of Lyderhorn (Fig. 40A). In
the outcrop, weakly foliated hornblende biotite granite gneiss intruded by subvertical pinkish
pegmatites. The sample corresponds to the lithological description of the unit in section 5.1.1.

Zircon is an abundant accessory phase in the sample. Crystals are commonly euhedral and
relatively large (100 - 300 um). Most grains are elongated with an aspect ratio between 3 - 4.
Zircons are clear with a brownish tone, have small inclusions and are only weakly fractured.
Oscillatory zoning, typical for zircons growing from granitic melts (Corfu et al., 2003), is very
common (Fig. 41C). Some cores have more complex zoning and a few xenocrystic cores exist.

Twenty-seven spots were analysed on 24 different grains. All analyses are concordant (less
than 5% discordant). Twenty-six analyses give a common concordia age of 1042 £ 3 Ma with a
MSWD of 0.78 (Fig. 41A). The normal distribution of single analysis concordia ages (Fig. 41B)
is only disturbed by a single outlier age that comes from a diffuse, U-rich zone (spot 09-2). U
measured in this spot (1399 ppm) is considerably higher than in all other analyses which range
from 100 - 600 ppm (Appendix 1). Th/U ratios cluster around 0.3. Only spot 09-2 has a much

lower ratio of 0.03.

Fig. 40. Sample LYD-197-1: A: Sample locality of weakly foliated, massive hornblende biotite granite
gneiss at the peak of Lyderhorn. The red rectangle marks the sampled corner of the outcrop. Hammer for
scale. B: Hand specimen of the sampled lithology. Width of image is ~ 10 cm.
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Fig. 41. Results LYD-197-1: A: Tera-Wasserburg plot with common concordia age. One analysis (spot
09-2) was excluded from the calculation (grey error ellipse). B: Relative probability plot and histogram of
single grain concordia ages. C: Cathodoluminescene images of representative zircon grains. Red circles
mark analysed spots (black numbers) with a diameter of 20 pm. Single grain concordia ages (red) are
given with 20-errors.

5.2.2 Sample LYD-44-1

Metagabbro was sampled in the inner part of the mafic body at the west face of Lyderhorn.
The outcrop is of low relief, with typical rounded corners and white weathering color (Fig. 42A).
The metagabbro is weakly foliated (114/45) and intruded by a large, white pegmatite body
that is concordant with the foliation. The lithology consists mostly of bright, blueish-green
amphiboles that form an intergranular texture with weakly recrystallized plagioclase (Fig. 42B).
Other constituents are minor orthopyroxene and biotite. Chlorite and is a secondary phase.
Abundant titanite, few opaque minerals and rare zircon are accessory minerals.

Most zircon crystals are subhedral and elongated (aspect ratios 2 - 5). Some grains are
fragmented. The most euhedral grains are relatively large with long sides between 200 - 300
pm. The crystals are clear, colorless and have only few inclusions and fractures. Most crystals
show oscillatory zoning with broad zones parallel to the c-axis (Fig. 43C). Some complex zoning
patterns do occur. In general the zircons are typical for the appearance of magmatic zircons
grown from a gabbroic melt (Corfu et al., 2003).

Nineteen grains were analysed in sample LYD-44-1. Eighteen analyses give a common concordia
age of 1041 + 3 Ma (Fig. 43A). One reversly discordant analysis (spot 17) was excluded for the
calculation. Single grain concordia ages have a perfect normal distribution with a pronounced
peak at 1041 Ma (Fig. 43B). All measured U are below 500 ppm (Appendix 1). Th/U ratios
are typically for magmatic rocks between 0.6 - 1.05. The reversely discordant spot 17 has the

highest concentrations of U and Th analysed in this sample.
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Fig. 42. Sample LYD-44-1: A: Sample locality of weakly foliated metagabbro at the west face of
Lyderhorn. The red rectangle marks the sampled corner of the outcrop. Hammer for scale. B: Hand
specimen of the sample. Width of image is ~ 10 cm.
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Fig. 43. Results LYD-44-1: A: Tera-Wasserburg plot with common concordia age. One analysis (spot
17) was excluded from the calculation (grey error ellipse). B: Relative probability plot and histogram of
single grain concordia ages. C: Cathodoluminescene images of representative zircon grains. Red circles
mark analysed spots (black numbers) with a diameter of 20 ym. Single grain concordia ages (red) are
given with 2o-errors.
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5.2.3 Sample LYD-35-1

An amphibolite from the gabbroic unit was sampled at Krabbedalen. The amphibolite has
no distinct contact with the metagabbro from the same unit. The sampled outcrop consists of
layered amphibolite with slight variations in composition (Fig. 44A). Thin, white granitic veins
are parallel with the foliation. The amphibolite is intruded by subvertical pinkish pegmatites with
sharp contacts. The sample consists almost entirely of hornblende, plagioclase and minor opaque
minerals. Aligned amphiboles and dynamically recrystallized plagioclase form a pronounced
L-S-fabric (Fig. 44B). The most felsic part of the outcrop was sampled (Fig. 44A). A thin, white
granitic vein could not entirely be avoided. The granitic material was afterwards removed from
the sample as good as possible.

Zircon is a very rare accessory phase in the sample. The few grains that could be separated can
be divided into two subpopulations (Fig. 45B). The first consists of six fragments of subhedral to
anhedral grains. The sizes vary between 100 - 200 um. The crystals are colorless clear and have
oscillatory zoning (e.g. spot 05; Fig. 45B). Some grains show more complex internal structures
(e.g. spot 07). The second group consists of four smaller, stubby grains with rounded corners.
These crystals are more brownish, fractured and partly metamict. On CL-images they are almost
black (e.g. spot 04; Fig. 45B). Oscillatory zoning is weakly visible.

Only ten grains could be analyzed in sample LYD-35-1. Several analyses are either reversely
or normally discordant (Fig. 45A). They poorly define a discordia with an upper intercept at
1026 4+ 7 Ma and a poorly consrained lower intercept (260 + 170 Ma). The four oldest grains
are from the first described subpopulation and give a weighted mean age of 1040 £+ 15 Ma. U
range from 200 - 1500 ppm (Appendix 1). The two previously described subpopulations are
also reflected in uranium concentrations. The low-luminescent, rounded grains are considerably
higher in uranium which is reflected in younger and more discordant ages. Figure 55A (brown)
shows a weak correlation between U and concordia ages. Th/U ratios spread between 0.4 and
1.1.

LYD-35-1
g L

Fig. 44. Sample LYD-35-1: A: Sample locality of amphibolite with lithological layering and white granitic
vein. The most felsic part of the outcrop was sampled (red rectangle) and the granitic vein avoided.
Hammer for scale. B: Hand specimen from the more mafic part of the outcrop. Width of image is ~ 10
cm.

60



5 Results

LYD-35-1
A dat-pointerror ellpses are 2 B

0.075 |

Intercepts at
260+ 170 & 1025.5 £ 6.7 [+8.4] Ma
MSWD =0.72

ﬁ/\ ’//\\

‘ | 966 + 12 Ma
\// (disc.)

910 + 14 Ma (disc.) 3

ey S| 011021 +9Ma 04 1023+

Fig. 45. Results LYD-35-1: A: Tera-Wasserburg plot of all analyses. A discordia is poorly defined by two
discordant analyses. B: Cathodoluminescene images of representative zircon grains. Two subpopulations
of zircons have been identified. Red circles mark analysed spots (black numbers) with a diameter of 20 pm.
Single grain concordia ages (red) are given with 20-errors. Note that discordant ages are of no geological
significance.
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5.2.4 Sample LYD-169-1

A banded, mylonitic granitic gneiss in the mixed series was sampled in a fresh road cut at
Bjgrndal (Fig. 46A). The several hundred metre long outcrop exposes all the heterogeneous
lithologies and deformation that are characteristic for the mixed series. Pink pegmatite bodies
with various shapes and dimensions intrude the granitic gneiss. Heterogeneous domains of the
outcrop show strong folding of the granitic gneiss and pegmatites along moderately E-plunging
fold axes (Fig. 46B). The composition of the gneiss is leucogranitic. The gneissic banding is
made of finely laminated, grey layers and pink bands of K-feldspar. The width and textures of K-
feldspar bands varies. These bands seem to be deformed small pegmatite veins and were therefore
avoided for sampling. The grey layers consist of fine grained quartz, feldspar (K-feldspar more
frequent than plagioclase) and minor biotite. Quartz and feldspar are dynamically recrystallized
and form a mylonitic to ultramylonitic L-S-fabric (076/30; 18 —> 081). Biotite is commonly
replaced by chlorite. Accessories are epidote, titanite, zircon and apatite.

Zircon is abundant as an accessory phase in this sample. The crystals are euhedral or
subhedral. The size of most grains is around 100 - 150 pm. Shapes are mostly stubby with an
aspect ratio around 2. Some grains have subrounded corners. Grains are commonly brownish,
semi-transparent and have abundant inclusions. On CL-images zircons appear relatively dark.
Oscillatory zoning is visible but blurred (Fig. 47C). Some grains have xenocrystic cores. A
characteristic feature of the zircon population are thin, irregular, high-luminescent rims. These
rims are to thin to be analysed.

Eighteen grains were analysed in sample LYD-169-1. Single grain concordia ages cluster around
1025 Ma with a weigthed mean age of 1026 4+ 4 Ma (Fig. 47A). Ten concordant analyses give an
identical common concordia age (Fig. 47B). All analyses have high U (800 - 2000 ppm; Appendix
1) but no direct correlation is found between U and concordia age. Th/U-ratios are between 0.6 -
1.2.
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Fig. 46. Sample LYD-169-1: A: Sample locality of mylonitic granitic gneiss in the mixed series. The red
rectangle marks the sampled part of the outcrop. Hammer for scale. B: In the same outcrop the mylonitic
gneiss is ptygmatically folded (fold axis: 30 —> 082). Here, the lithology is very heterogeneous with layers
of amphibolite (bottom) and intrusive pink pegmatite bodies of various size and dimension. C: Hand
specimen cut perpendicular to the stretching lineation. Width of image is ~ 10 cm.
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Fig. 47. Results LYD-169-1: A: The weighted mean age of single grain concordia ages is 1025.6 4+ 3.5 Ma.
Two discordant analyses are rejected. B: Tera-Wasserburg plot and calculation of common concordia age.
C: Cathodoluminescene images of representative zircon grains. Red circles mark analysed spots (black
numbers) with a diameter of 20 pym. Single grain concordia ages (red) are given with 2o-errors. Note that
discordant ages are of no geological significance.
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5.2.5 Sample LYD-83-1

A banded mylonitic granitic gneiss from the layered gneiss unit was sampled at a new road cut
in Gravdal (Fig. 48A). The sample represents the lower limb of a previously described fold (Fig.
29). Finely laminated, dark layers of fine grained quartz, feldspar and biotite alternate with
bright, pinkish K-felspar layers (Fig. 48B). Fine grained quartz and feldspar are dynamically
recrystallized and have very uneven grain boundaries. The thickness and texture of the K-
feldspar bands varies. Fine grained layers of K-feldspar are mylonitic but also coarse grained and
pegmatitic bands occur. The mineral stretching lineation plunges shallowly to ENE (14 —> 073).

Zircon is a common accessory mineral in the sample. The crystals are euhedral to subhedral
and have commonly rounded corners. Shapes are often stubby (aspect ratio 2) but more elongated
grains exist (aspect ratio > 4). The size of most grains is around 100 pum and rarely exceeds 200
pm. Most crystals are clear, some have a brownish tint. Inclusions are very common but fractures
are rare, especially in smaller grains. The internal zoning is variable (Fig. 49D). Euhedral grains
show oscillatory zoning (e.g. spot 05). Others have convolute zoning (spot 14) or sector zoning
(spot 07-1). A large number of grains shows distinct cores and rims. The cores are commonly
lower in uranium and have oscillatory zoning while the rims are rich in uranium and homogeneous
(e.g. spots 03, 04, 07-2 and 12). Some grains have thin, discontinuous high-luminescent rims.

Twenty-two spots were analysed on 21 different grains. In the concordia diagram most analyses
plot around 1500 Ma (Fig. 49A). Three strongly discordant analyses define a discordia line with
an upper intercept age of 1488 + 7 Ma and a lower intercept of 485 4+ 31 Ma. The 5%-discordance
filtered single spot concordia ages have a bimodal distribution (Fig. 49B) that reflects two distinct
textural domains in the zircon population. Spots with clear oscillatory zoning have uranium
concentrations below 400 ppm and give a precise weighted mean age of 1504 + 4 Ma (Fig. 49C).
Weakly discordant ages between 1450 - 1480 Ma are associated with dark rims or diffuse textural
domains and high U between 400 - 1000 ppm. Three strongly discordant analyses (spot 04, 12,
07-2) reveal even higher U (up to 1600 ppm). Figure 55A (violet) shows a clear correlation

between U and concordia age. Th/U ratios are between 0.2 and 0.4.

Fig. 48. Sample LYD-83-1: A: Sample locality of mylonitic granitic gneiss. The red rectangle marks the
sampled corner of the outcrop. Hammer for scale. B: Hand specimen cut parallel to the mineral lineation.
Width of image is ~ 7 cm.
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Fig. 49. Results LYD-83-1: A: Tera-Wasserburg plot of all analyses. A discordia is well defined by three
strongly discordant analyses. B: Relative probability plot and histogram of 5% discordance-filtered single
spot concordia ages. C: Weighted mean of 13 single spot concordia ages from spots with clear oscillatory
zoning and relatively low U (< 400 ppm). D: Cathodoluminescene images of representative zircon grains.
Red circles mark analysed spots (black numbers) with a diameter of 20 um. Single spot concordia ages
(red) are given with 20-errors. Note that discordant ages are of no geological significance.

5.2.6 Sample LYD-197-2

Pegmatites and leucogranites were mapped as one unit but two individual samples were
analysed. A pegmatite was sampled at the peak of Lyderhorn where it intrudes hornblende
biotite granite gneiss. The sample locality is the same as for LYD-197-1 (Fig. 50A). The intruding
pinkish pegmatite body is one metre wide and has subvertical, SW-NE-striking contacts (307/72).
The lithology consists mostly of pinkish K-feldspar, white plagioclase, grey quartz and subordinate
red garnet(Fig. 50B). Larger feldspar grains are marginally recrystallized but deform mostly by
brittle fracturing while quartz dynamically recrystallized into elongated rods.

Zircon is present as an accessory phase. The entire zircon population is extremely metamict
and original crystal shapes are mostly destroyed (Fig. 51B). Grains are commonly 100 - 200
pum long and elongated (aspect ratio around 3) and euhedral. The internal zoning is largely
obliterated. In few grains relics of oscillatory zoning are visible. In transmitted light the grains

are entirely non-transparent.
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Out of c. 150 picked grains only eight spots could be analysed. One grain (spot 03) differs
strongly from the rest of the zircon population and has an age and element concentrations
that are typical for sample LYD-197-1 from the same outcrop. It could represent assimilation
from the host rock but is here not further considered. The remaining seven analyses define a
discordia with an upper intercept of 964 + 25 Ma and a lower intercept of 488 + 21 Ma (Fig.
51A). Both, the upper and the lower intercepts are fixed by concordant analyses (spot 01 and
09). U is in all spots extremely high (1000 - 3500 ppm; Appendix 1) which explains the strong
metamictization. Figure 55A (red) shows a strong correlation between U and concordia age. All

measured Th/U-ratios are below 0.05 except for spot 11.

LYD-1 97-2B|

b

Fig. 50. Sample LYD-197-2: A: Sample locality of pinkish pegmatite intruding hornblende biotite granite
gneiss at the peak of Lyderhorn. The red rectangle marks the sampled corner of the outcrop. The sample
locality of sample LYD-197-1 is marked with a blue rectangle in the background (upper right corner).
Hammer for scale. B: Hand specimen of the sample. Width of image is ~ 10 cm.
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Fig. 51. Results LYD-197-2: A: Tera-Wasserburg plot of all analyses. Most analyses are strongly
discordant, but two concordant analyses fix the upper and lower intercepts. One analysis (spot 03)
is contamination from sample LYD-197-1 in the same outcrop and excluded (grey error ellipse). B:
Cathodoluminescene images of representative zircon grains. Red circles mark analysed spots (black
numbers) with a diameter of 20 pum. Single grain concordia ages (red) are given with 2o-errors. Note that
discordant ages are of no geological significance. Only eight grains could be analysed as most zircons in
the sample are extremely metamict (see examples in lower right corner).
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5.2.7 Sample LYD-163-1

The leucogranite from the same unit was sampled at a fresh road cut close to Liavatnet. The
roughly 20 m wide body intrudes amphibolite. The NE-SW-striking contacts are subvertical
(150/82). Inside the granite body textures vary with diffuse contacts between pegmatitic and
medium grained granite (Fig. 52A). The pegmatitic parts were avoided for sampling. The
lithology consists mainly of pinkish-red K-feldspar, smaller amounts of plagioclase and quartz
as well as minor mica (Fig. 52B). Flame perthites are abundant in K-feldspar and myrmekites
occur. Biotite is the only mafic constituent and is mostly altered to chlorite. Quartz and feldspar
are dynamically recrystallized into a weak L-S-fabric.

Zircon is an abundant accessory mineral. Most grains are euhedral and have a rather stubby
shape. A large number of crystals are broken. Elongation ratios are between 2 and 3. Sizes range
mainly from 100 - 200 pm. Moderate to strong metamictization obliterates internal textures.
Figure 53C shows a number of grains that reveal oscillatory zoning or at least remnants of it
(e.g. spot 06, 04, 16). More complex zoning patterns can also be observed (e.g. spot 09). Many
grains have xenocrystic cores, some of which are rounded.

Only the least metamict grains were analysed. Sixteen spots were analysed on 15 individual
grains. With the exception of one outlier, the analyses define a discordia with an upper intercept
at 1013.8 £+ 11 Ma and a lower intercept at 462 + 18 Ma (Fig. 53A). The outlier spot 05 has
an (discordant) older age of 1166 + 13 Ma. It comes from a grain that is texturally difficult to
interpret. The most concordant analyses cluster between 1050 Ma and 1000 Ma. Six analyses
weakly define a plateau, with a weighted mean age of 1024 + 10 Ma (Fig. 53B).

Most analyses have very high U, ranging up to 4500 ppm (Appendix 1). Figure 55A (yellow)

shows a strong correlation between U and concordia age. Th/U ratios are mostly between 0.4
and 0.7. Spot 07 and 17-2 have Th/U ratios higher than 1.

LYD-163-1
A Ble.

Fig. 52. Sample LYD-163-1: A: Sample locality of leucogranite with diffuse veins of pinkish pegmatite.
The red rectangle marks the sampled part of the outcrop. Hammer for scale. B: Hand specimen of the
sample. Width of image is ~ 10 cm.
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LYD-163-1
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Fig. 53. Results LYD-163-1: A: Tera-Wasserburg plot of all analyses. A discordia is defined by a large
number of discordant analyses. One analyses (spot 05) has a considerably older age and is excluded for
the calculation of intercept ages (grey error ellipse). B: Overview over single grain concordia ages. Six
analyses that form a small plateau can be used to calculate a weighted mean age. C: Cathodoluminescene
images of representative zircon grains. Red circles mark analysed spots (black numbers) with a diameter
of 20 pm. Single grain concordia ages (red) are given with 2c-errors. Note that discordant ages are of no
geological significance.
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5.2.8 Summary of Geochronological Results

Fig. 54 shows the distribution of all acquired single spot concordia ages. The probability
distribution of 5% discordance-filtered ages (right column) illustrates that concordant analyses
form two age-plateaus (marked by purple and green) and are separated by curved ’tails’ of
discordant analyses. The older plateau (purple) is defined by sample LYD-83-1 with a clear
probability peak at 1505 Ma. The majority of concordant ages define a pronounced probability
peak at 1041 Ma (green). Concordant ages get slightly younger before they bend into a tail of
discordant ages. One single analysis in sample LYD-197-1 defines the latest concordance-peak at
485 Ma (red).
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Fig. 54. Distribution of all concordia ages acquired in this study. Ages are shown as 2o0-bars. The
relative probability of 5% discordance-filtered concordia ages is shown in the right column. It shows that
concordant ages occur in three distinct episodes at 1505 Ma (purple), 1041 Ma (green) and 485 Ma (red)
that are separated by discordant analyses.

Samples with high uranium concentrations show a clear correlation with resulting concordia
ages (Fig. 55A). The oldest ages in each sample are associated with low uranium concentrations
(below 500 ppm). Figure 55B shows Th/U ratios plotted against respective concordia ages. Most
analyses plot between 0.1 and 1.2, typical for magmatic zircons (e.g. Wu and Zheng, 2004). The
analyses of individual samples define distinct clusters with few outliers. The pegmatite sample
LYD-197-2 reveals very low Th/U-ratios (< 0.1) spread over a wide range of ages (500 My).
Figure 56 shows the relationship between uranium concentration and discordance. Concordant
analyses and reversely discordant analyses (positive discordance) are independent of uranium
concentration. On the other hand, a moderate correlation can be found for normally discordant
analyses. The higher the uranium concentration the more discordant are the analyses. The
relationship between common lead and discordance is more complex. Reversely discordant and
concordant analyses are in general poor in common lead. Normally discordant analyses are

relatively rich in common lead but there is no clear correlation.
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Fig. 55. A: Uranium concentrations of different samples plotted against concordia ages. Four samples show
a negative correlation (significant for three samples) that is highlighted by coloured bars. Determination
coefficients are given. B: Th/U-ratios plotted against concordia ages. The analyses of individual samples
define distinct clusters that are highlighted by colors.
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Fig. 56. Discordance plotted against uranium concentration of all analyses. Reversely discordant and
concordant analyses show no correlation with uranium concentration (blue). Normally discordant analyses
(negative values, red) are moderately correlated with uranium concentration (R? = 0.4). Note, that the
correlation is in fact positive which is easy to confuse due to negative values for normal discordance.

6 Discussion

The discussion of the results is split into two parts that follow the chronological order of
geologic events. Based on the interpretation of U-Pb zircon geochronology results, an igneous
formation history for the Lyderhorn Gneiss and lithological correlations to the surrounding area
are proposed. Afterwards, the structural evolution of the Lyderhorn Gneiss is assessed. To
explain inconsistencies with the established tectonic model of the Bergen area, an alternative

model for the Devonian exhumation of the @ygarden Complex is discussed.

6.1 Geochronology
6.1.1 Interpretation of Acquired Ages

LYD-197-1 and LYD-44-1

Based on zircon textures, Th/U ratios, concordance and normal distributions of ages, I
interpret the common concordia age of each of the samples and as the magmatic crystallization
age. Hornblende biotite granite gneiss (LYD-197-1) as well as metagabbro (LYD-44-1) crystallized
around 1041 + 3 Ma. Their exact age relationship is not distinguishable because the age difference
is within uncertainties. The two samples have texturally distinct zircon populations but their
ages conform statistically to one single population with a perfect normal distribution and a
weighted mean age of 1041 + 2 Ma (Fig. 57). Field relationships imply that the hornblende
biotite granite intruded the gabbro. Diffuse contacts suggest that the gabbro was not entirely
crystallized before the granite intruded. This field interpretation is confirmed by geochronology.
A noteworthy result is that amphibolite facies regional metamorphism had no effect on the zircon

U-Pb zircon system in neither of the samples.
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Fig. 57. Ages from sample LYD-197-1 (blue) and LYD-44-1 (green) form statistically one single population.
A: Probability density plots and histograms of the two individual samples (blue/green). The relative
probability of ages from both samples together (red) shows a perfect normal distribution. One outlier
analyses (spot 09-2) from sample LYD-197-1 was excluded. B: Single spot concordia ages from the different
samples show an evenly distributed occurence. All analyses together have a MSWD-age of 1041 + 2 Ma.
The MSWD of 0.66 with a probability of 0.96 implies that the ages conform statistically to one population.
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Fig. 58. Collective Tera-Wasserburg plot of samples from the gabbroic unit. The ages from the
amphibolite (LYD-35-1; brown) show a close relation to the concordant analyses from the metagabbro
(LYD-44-1; green). The upper intercept age is therefore not interpreted as the protolith age of the

amphibolite. See text for discussion.
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LYD-35-1

Because of a limited number of analyses and two distinct zircon subpopulations the interpreta-
tion of sample LYD-35-1 is complex. Discordance of U-rich analyses implies that episodic Pb-loss
occurred. The lower intercept is meaningless because of its large error. The interpretation of the
upper intercept age (1026 + 7 Ma), as the igneous protolith age of the amphibolite, would imply
two distinct episodes of gabbroic magmatism at 1041 Ma and 1026 Ma, respectively. Anchoring
of the lower intercept at 483 4+ 13 Ma (lower intercept age of other discordant samples; see
below), does not change the upper intercept. Zircon from the amphibolite has considerably
higher U than zircon from the metagabbro (LYD-44-1). High U correlates weakly with younger
and more discordant ages. Th/U ratios are very similar in both gabbroic samples and typical for
igneous zircon. The most concordant analyses from the amphibolite plot within the scatter of the
metagabbro (Fig. 58A). The four oldest zircons from the amphibolite with clear igneous textures
have a mean age of 1040 £+ 15 Ma that corresponds to the crystallization age of the gabbro (1041
+ 3 Ma). The discordia line is mainly defined by the second subpopulation of U-rich zircon.
The upper intercept age is similar to ages from granitic samples with high-U zircon (LYD-169-1,
LYD-163-1). Therefore, the upper intercept age is likely to represent the crystallization age of
the small granitic vein that is contained within the amphibolite. Field relationships suggest that
the amphibolite is the high-strain equivalent of the metagabbro. I interpret the crystallization
age of the metagabbro (1041 + 3 Ma), to represent also the crystallization age of the gabbroic
protolith of the amphibolite.

LYD-169-1

The zircon population of the mylonitic granitic gneiss from the mixed series is characterized by
high U and moderate metamictization. Textures and Th/U ratios conform with magmatic zircons.
The weighted mean age of 1026 + 4 Ma is interpreted as the igneous crystallization age of the
granitic protolith. Six slightly reversely discordant and two normally discordant analyses show a
minor disturbance of the U-Pb system in metamict grains. This disturbance is interpreted to
reflect a low grade thermal resetting similar to other samples with metamict grains (LYD-163-1,
LYD-197-2 and LYD-83-1). The intense ductile deformation of the mylonitic gneiss is most likely

recorded in thin, discontinuous rims but had no further effect on the U-Pb system.

LYD-83-1

The igneous protolith age of the mylonitic granitic gneiss could be represented either by the
upper intercept age of 1488 + 7 Ma or the weighted mean age of 1504 + 4 Ma that comes from
13 grains with low U and magmatic textures. Slightly discordant ages that are within the 5%
discordance limit form a subpopulation of ages at 1480 - 1450 Ma. All such younger ages come
from texturally homogeneous rims with U above 400 ppm. The population of concordant ages
around 1505 Ma, comes entirely from spots with U below 400 ppm and clear oscillatory zoning.
Th/U ratios that are typical for magmatic zircons, imply that distinct textural domains formed
together in one episode of zircon growth. None of the xenocrystic cores in the sample, that could

represent an even older generation of zircon, has been analysed. The correlation between age

72



6 Discussion

and U implies that minor Pb-loss affected zircon domains with more than 400 ppm U. Therefore,
the 1480 - 1450 Ma age population is not interpreted as a distinct phase of zircon crystallization.
The younger ages are better explained by slight resetting due to the thermal effect of nearby
gabbro and granite intrusions at 1041 Ma or by the Ordovician thermal event that caused severe
Pb-loss in strongly metamict grains. I therefore interpret the weighted mean age of 1504 + 4 Ma

to represent the crystallization age of the granite protolith.

LYD-197-2 and LYD-163-1

The lithological unity of pegmatites (sample LYD-197-2) and leucogranites (sample LYD-163-1)
is confirmed by geochronology. Zircon populations in both samples have very high U, are strongly
metamict and revealed similar discordance patterns with a large number of strongly discordant
analyses. Two conceivable alternatives exist for the interpretation of the intercepts: 1. The lower
intercept represents the age of intrusion and the upper intercept represents zircon inheritance,
respectively. 2. The upper intercept represents the age of intrusion and the lower intercept is
caused by thermal resetting. To answer this question it is helpful to compare lower intercepts
of different samples (Fig. 59). The discordia lines of LYD-197-2 and LYD-163-1 are perfectly
parallel. The leucogranite has a younger lower intercept age (462 + 18 Ma) than the pegmatite
(488 £+ 21 Ma). A concordant analysis from the pegmatite fixes the lower intercept even more
precisely to 481 + 10 Ma.

The mylonitic gneiss sample LYD-83-1 has a corresponding lower intercept age of 485 + 31
Ma. Discordant analyses in all three samples show a strong correlation between concordia age
and U (Fig. 55A). Th/U ratios in the pegmatite are below 0.1 but the metamict zircons show
relict magmatic textures and no sign of metamorphic recrystallization. The clear correlation
between age and U explains the lower intercepts by partial or complete resetting of extremely
U-rich and metamict zircon due to a thermal event in Ordovician times. Intrusion ages in the
leucogranite and pegmatite unit must therefore be represented by the upper intercepts of sample
LYD-197-2 and LYD-163-1.

Due to the severe metamictization, only seven grains could be successfully analysed in sample
LYD-197-2 that give a very poorly constrained upper intercept age of 964 + 21 Ma. Far more
successful analyses from sample LYD-163-1 give a well constrained upper intercept age of 1014 +
8 Ma.

As the samples represent the same lithological unit it seems legitimate to treat their ages as
one population. Figure 60A shows that the samples complement each other in their distribution
of concordia ages. Regression of both samples together gives an upper intercept of 1011 + 13 Ma.
One reversely discordant analysis occurs in each of the samples that ’drag’ the discordia towards
younger intercepts. Excluding the two reversely discordant analyses improves the statistical
correlation of the discordia regression significantly (Fig. 60B). The alternative upper intercept
of 1022 + 9 Ma is identical with the weighted mean age of the six most concordant ages from
sample LYD-163-1 (1024 + 10 Ma) and the crystallization age of the lithological similar sample
LYD-169-1 (1026 4+ 4 Ma). The alternative lower intercept age of 483 £+ 13 Ma is identical
with the lower intercept age of sample LYD-83-1 (485 £ 31 Ma) and the concordant analyses
LYD-197-2-09 (481 £+ 10 Ma). I therefore interpret the intercept ages in Figure 60B to be the
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Fig. 59. Discordia lines of three discordant samples intersect in the lower intercept that is furthermore
fixed by the concordant analysis LYD-197-2-09 at 481 + 10 Ma.
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Fig. 60. Comparison of ages from the Pegmatite and Leucogranite unit. A: Joint Tera-Wasserburg plot
of sample LYD-197-1 and LYD-163-1. Both samples together define a discordia with intercepts at 1011 +
15 Ma and 478 £ 22 Ma. One older age outlier is excluded. B: The correlation of the regression is strongly
improved when two reversely discordant analyses are excluded. The alternative intercept ages are: 1022
+ 9 Ma and 483 £+ 13 Ma. These ages are seen as the best estimation for the age igneous crystallization
and thermal resetting of the pegmatite and leucogranite unit.
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best estimation for both, the age of intrusion and the age of thermal resetting in the pegmatite

and leucogranite unit.

6.1.2 Igneous Formation of the Lyderhorn Gneiss and Regional Correlations

Fig. 61 summarizes the magmatic formation ages found in this study. The oldest constituents
of the Lyderhorn Gneiss are layered granitic gneisses with an igneous crystallization age of 1504
+ 4 Ma. A large gabbroic body intruded into the gneisses at 1041 £ 3 Ma. Before it was
entirely crystallized, the gabbro was intruded by smaller bodies of hornblende biotite granite.
Subsequently, all lithologies were intruded by numerous pegmatite and leucogranite dykes that
crystallized between 1026 + 4 Ma and 1022 £+ 9 Ma. The leucocratic intrusives get more and

more voluminous towards the south.

1 B [ Metagabbro [ e
Layered Gneisses  Hornblende Biotite Granite Gneiss B2 Amphibolite Pegmatite & Leucogranite ~ Mixed Series
1504 + 4 Ma 1042 + 3 Ma 1041 £ 3 Ma 1022 £ 9 Ma 1026 + 4 Ma

Fig. 61. Magmatic crystallization ages of the igneous protoliths of the Lyderhorn Gneiss. See text for
discussion.

The lithologies in the Lyderhorn Lyderhorn Gneiss can be correlated with lithologies in the
surrounding area. Fig. 62 shows a simplified geological map which combines the results from this
study with brief investigations in other areas on the Laksevag Peninsula and southern Askoy as
well as previously published mapping results.

A relatively thin layer of hornblende biotite granite gneiss follows the strongly bent contact
between ygarden Complex and Minor Bergen Arc. The lithology, that forms the peaks of the
mountains Damsgardsfjellet, Gravdalsfjellet and Lgvstakken is identical with the hornblende
biotite granite gneiss that has been dated on the peak of Lyderhorn (sample LYD-197-1). Previous,
unpublished U-Pb zircon geochronology studies from the Lgvstakken area dated this lithology to
1084 + 13 Ma and 1045 + 14 Ma (Fig. 10). These ages agree more or less with the more precise
dating of sample LYD-197-1. The granite-dominated mixed series was mapped by Weiss (1977)
as 'layered series’ but the unit is not shown consistently on the geological map of Bergen (Fig.
11). A massive body of leucocratic, gneissic granite occupies most of Fyllingsdalen. The granite
has an extraordinary high radiogenic heat production (Schulze, 2014). Within the mapping area,
leucogranites and pegmatites tend to get more voluminous from north towards south. They
constitute a major part of the mixed series which grades into the massive granite further south.
Obvious similarities in composition, texture and high concentration of radiogenic elements suggest
that the Fyllingsdalen granite is of similar age as the dated leucogranitic samples LYD-197-2,
LYD-163-1 and LYD-169-1 (1026 - 1022 Ma). The geological correlation of southern Askgy and
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Fig. 62. Simplified geological map of the Laksevig Peninsula and southern Askgy combining results from
this study with previous mapping by Askvik (1971), Weiss (1977) and Fossen and Ragnhildstveit (2008).
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the Laksevag peninsula by Kolderup and Kolderup (1940), is supported by my own investigations.
Like the gabbro on Lyderhorn, the gabbroic body on Askgy is mantled by layered granitic
gneisses. It contains an E-W-striking dyke that Askvik (1971) mapped as tonalite (quartz
diorite). New road cuts NW of Strusshamnvatnet (5°11°34"E, 60°24’51"N) expose a granitic core
of the body. Closer to the contact the composition in the dyke grades towards tonalite and shows
intensive magmatic brecciation of the gabbro. The intrusive relationships are very similar with
the hornblende biotite granite gneiss on Lyderhorn. I therefore assume that the granite-tonalite
dyke on Askgy corresponds to the folded granite body on Lyderhorn.

I propose that the magmatic ages from the Lyderhorn Gneiss (Fig. 61) are also valid for
corresponding lithologies shown on Fig. 62. The intrusive formation history of the area can
be recognized on this map: gabbroic melts intruded at 1041 Ma into Telemarkian (1504 Ma)
layered gneisses. The gabbro body was directly afterwards intruded by various dykes and
sills ranging in composition from hornblende biotite granite to tonalite. At 1026 - 1022 Ma,
voluminous leucogranites intruded in the southern part of the Laksevig Peninsula. The mixed

series represents the contact zone between the granite intrusion and other lithologies.

6.1.3 Significance of Ages for the Regional Geology of SW Norway

SIMS U-Pb zircon geochronology revealed ages that range over more than 1000 My. The
geochronological dataset of the Lyderhorn Gneiss covers a large part of the geological history
of SW Norway and records three major orogenic periods. Fig. 63 shows a cyclic discordance
pattern. Concordant 'peaks’ are separated by roughly 500 My long ’troughs’ of discordant ages.
The concordant peaks correspond to the Gothian-Telemarkian, Sveconorwegian and Caledonian
orogenic periods, respectively (compare with Fig. 2). This implies that the cyclic discordance of
the geochronological dataset represents two entire supercontintent-cycles with their typical 500
My periodicity (e.g. Torsvik and Cocks, 2005).
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Fig. 63. Discordance of U-Pb zircon ages plotted against concordia age. Negative values correspond to
normal discordance. The discordance shows a cyclic pattern with three concordant peaks that correspond
to the Gothian-Telemarkian, Sveconorwegian and Caledonian orogenic periods, respectively. The cycles in
this geochronological dataset represent as such two entire supercontinent-cycles.
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Correlating the @ygarden Complex with Baltican Basement

So far, no U-Pb zircon ages have been published from the Qygarden Complex (Fig. 10). Most
authors refer to the @Pygarden Complex as parautochthonous Baltican basement (e.g Larsen
et al., 2003) but also an allochthonous tectonostraticraphic position has been discussed (e.g.
Bering, 1984, Fossen and Rykkelid, 1990 and Fossen, 1988b). The magmatic formation of
the Lyderhorn Gneiss corresponds exactly with the Gothian-Telemarkian and Sveconorwegian
orogenic episodes, the two most important phases of crustal formation in the Baltican basement
(Fig. 64; compare with Fig. 2; Roberts and Slagstad, 2015). This correspondence assigns the
@ygarden Complex clearly to the Telemarkian domain of the Baltican basement and makes an

allochthonous tectonostratigraphic position improbable.
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Fig. 64. Comparison of 5% discordance-filtered concordia ages from this study (red) with the probability
of magmatic ages in the Telemarkia domain of the Baltican basement (green; modified from Bingen and
Solli (2009), their Fig. 4). The number of ages from this study corresponds to individual spots while it
represents entire samples for the published data.

Implications of 1040 - 1020 Ma Magmatism for Sveconorwegian Orogeny

Six out of seven igneous protoliths of the Lyderhorn Gneiss formed in the Sveconorwegian
orogenic period. Sveconorwegian magmatism in the Lyderhorn Gneiss occurred in two distinct
magmatic phases: Gabbro and hornblende biotite granite magmatism at 1041 Ma was succeeded
by leucocratic granite magmatism between 1026 - 1022 Ma. The timing of Sveconorwegian
magmatism in the Lyderhorn Gneiss shows a strong overlap with the Sirdal Magmatic Belt
(SMB) in southern Norway (Fig. 65A). The ages of voluminous SMB granitoids form two clusters
at 1050 and 1030 Ma (Coint et al., 2015). They resemble the ages of the two distinct magmatic
phases that were found in the Lyderhorn Gneiss. Diffuse textural variations in leucogranites
and xenolith-rich zones are some of the lithological similarities between granites in the eastern
part of the @Qygarden Complex and the SMB (Coint et al., 2015). Highly radiogenic granites

and the strong Caledonian overprint are found in the @ygarden Complex but are absent in
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Fig. 65. A: Comparison of Sveconorwegian magmatic ages from the Lyderhorn Gneiss and the Sirdal
Magmatic Belt (SMB; Coint et al., 2015, their Table 1). The number of ages from this study corresponds
to individual spots while it represents entire samples for the published data. B: Simplified geological map
of SW Norway showing the Oygarden Complex (DC) as a possible northern continuation of the Sirdal
Magmatic Belt (SMB). See Fig. 3 for legend. Basement areas in Sunnhordland with that are marked
by question marks, might link the two areas. A NNW-trend of the SMB (shown as dashed line) is in
agreement with the general strike of Sveconorwegian domain boundaries in southern Norway. It would
support the correlation of anorthosite complexes in the Caledonian, eastwards-thrust Lindds Nappe (LN)
and the Rogaland Anorthosite Province (RAP) as proposed by Bingen et al. (2001).

the SMB. Coint et al. (2015) described only granitic SMB-age magmatism but unpublished
data prove contemporaneous gabbroic magmatism in southern Norway (T. Slagstad, personal
communication). The map in Fig. 65B shows the geographic relationship of @ygarden Complex
and SMB. Based on the similarity of ages and lithologies as well as the geographic relationship, it
is tempting to correlate the @ygarden Complex with the SMB. Such a correlation is in agreement
with the general orientation of Sveconorwegian domain boundaries in southern Norway that have
a NNW-SSE-strike (Fig. 3; Bingen et al., 2008b). Several basement domains in Sunnhordland,
with lithologies similar to the @ygarden Complex (e.g. Rosendal area), could link the two
areas. Future geochronological studies will have to show whether or not the @ygarden Complex
represents a direct northern continuation of the SMB.

Contemporaneous gabbroic and granitic magmatism at 1041 Ma has vague implications for
the nature of the Sveconorwegian Orogen. The dated hornblende biotite granite corresponds
in lithology and age to the Feda augen gneiss suite in southern Telemarkia that Bingen and
Van Breemen (1998) interpreted to have formed in a subduction-setting. In an alternative model,
Bingen et al. (2008b) explained the Feda Suite magmatism by crustal thickening. Slagstad
et al. (2013) proposed another reinterpretation of the Feda suite and see it as a constituent of
the SMB that was formed by arc-magmatism. The lack of geochemical data allows no clear
geodynamical interpretation of the dated lithologies in the Lyderhorn Gneiss. However, identical
ages of gabbroic and granitic magmatism are better explained by a subduction setting at 1041
Ma than by crustal thickening due to continent-continent collision. Only geochemical analyses
can show, whether distinct leucogranitic magmatism in the Lyderhorn Gneiss at 1026 - 1022

Ma is more consistent with syn-collisional magmatism (Bingen et al., 2008b) or a continued

79



6 Discussion

accretionary setting (Slagstad et al., 2013).

Did the Lyderhorn Gneiss Experience Sveconorwegian Metamorphism?

The entire deformation of the Lyderhorn Gneiss is identified to be of Caledonian age (see
discussion below). A small number more or less concordant analyses (Fig. 65A) falls in the time
period after 1020 Ma in which widespread Sveconorwegian high-grade metamorphism is proposed
(Bingen et al., 2008b). Younger ages in the Lyderhorn Gneiss correlate systematically with high
U and metamictization and should therefore not be interpreted as a distinct phase of zircon
crystallization. The time period between igneous crystallization and proposed metamorphism
is furthermore too short for enough metamictization to accumulate that thermal resetting due
to diffusional Pb-loss could have played an important role at this time (Cherniak and Watson,
2003). Undisturbed magmatic samples from Lyderhorn (e.g. LYD-197-1 and LYD-44-1) and 'wet’,
unaltered gabbroic as well as granitic rocks in the surrounding area contradict furthermore the
occurence of widespread Sveconorwegian high-T metamorphism after 1020 Ma in the Qygarden
Complex. This result is in agreement with the findings in the SMB that have led to the proposal

of a non-collisional, accretionary Sveconorwegian Orogen (Slagstad et al., 2013).

Pre-Caledonian Architecture of the Baltican Basement

The pre-Caledonian structure of the Baltican basement is of great importance for the un-
derstanding of Caledonian continental subduction and exhumation. Sveconorwegian granulite
facies metamorphism is a common assumption made for the entire Baltican basement to explain
the extraordinary strength of the WGR, during sustained Caledonian UHP metamorphism (e.g.
Butler et al., 2015). Yet, recent work in the basement of southern Norway (Slagstad et al.,
2013, Coint et al., 2015) and this study show, that this general assumption might be wrong.
Widespread Sveconorwegian high-grade metamorphism that is held responsible for an entirely
dry Baltican crust is in fact absent in large parts of the basement of southern Norway.

Based on the geochronology of polymetamorphic Caledonian nappes, Roffeis et al. (2013)
recently proposed the identification of an E-W-trending Sveconorwegian domain boundary that
separates the Telemarkian domain in southern Norway from the Gothian domain in the WGR.
The orientation of this proposed domain boundary deviates considerably from the general NNW-
SSE strike in the Sveconorwegian province as well as the NW-trending limit of Sveconorwegian
overprint in the WGR (Fig. 3: SF). The domain boundary Roffeis et al. (2013) propose in their
Fig. 7 splits the Oygarden Complex in a northern Gothian and a southern Telemarkian half.
This boundary is in conflict with the NNW-trending correlation of the @ygarden Complex and
the SMB, proposed in Fig. 65B. Even if the currently available information does not clearly rule
out any of the possible orientations, a NNW-trend is more consistent with the overall structure
of the Sveconorwegian belt. A continuous NNW-trend of Sveconorwegian domain boundaries
would further support the correlation of anorthosite complexes in the Lindas Nappe and the
Rogaland Anorthosite Province as proposed by Bingen et al. (2001). Caledonian, SE-directed
thrusting of the Lindas Nappe explains the inverted arrangement of @ygarden Complex and
Lindas Nappe (Fig. 65B). Their original Sveconorwegian constellation could be analogous to

Rogaland Anorthosite Province and SMB in southern Norway. A pre-Caledonian demarcation of
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Oygarden Complex and WGR would furthermore define the northern branch of the Bergen Arc

Shear Zone as a reactivated Sveconorwegian domain boundary.

Constraints from U-Pb Discordance on the Early Caledonian Thermal Evolution of the
Oygarden Complex

Early Ordovician (483 4+ 13 Ma) resetting of strongly metamict grains is the only sign the
entire Caledonian Orogeny left in the zircon U-Pb system of the Lyderhorn Gneiss. This result
is only at first sight surprising, because it actually reflects the characteristic behaviour of the
U-Pb diffusion system in zircon: robustness to high temperatures and vulnerability to Pb-loss at
low temperatures because of metamictization (Mezger and Krogstad, 1997).

The discordance of several samples in the Lyderhorn Gneiss can be explained by the following
thermal evolution: U-rich zircons in Telemarkian granitic rocks accumulated radiation damage
after their igneous formation at 1500 Ma. Sveconorwegian intrusion of voluminous gabbroic and
granitic magmas caused minor diffusional Pb-loss. After its igneous formation, the Lyderhorn
Gneiss must have resided over several hundred million years below the ’critical amorphization
temperature’ of ~ 360 °C (Cherniak and Watson, 2003). This allowed U-rich grains to accumulate
severe metamictization. A rapid increase in temperature lead to partial or complete resetting
of metamict grains at 483 + 13 Ma. Above 360 °C radiation damage is healed, but recovery of
strong metamict zircon is a slower process than Pb diffusion (Cherniak and Watson, 2003). The
Oygarden Complex must have resided at elevated temperatures over a sustained period of time,
so that all metamictization was annealed and further radiation damage prevented. The U-Pb
system remained closed during penetrative Caledonian deformation of the @ygarden Complex
with temperatures in excess of 600 °C (Boundy et al., 1996).

The 483 Ma lower intercept age falls in the poorly understood Early Caledonian phase. The
timing of temperature increase in the Lyderhorn Gneiss is coincident with the Trondheim event
(Roberts, 2003). The dominating tectonic regime of this period is controversially discussed:
Andersen et al. (2012) proposed the formation of a hyperextended passive margin, while Slama
and Pedersen (2015) argued for an active margin that signifies the onset of the Caledonian
Orogeny. A temperature increase in the Baltican margin is compatible with both, extensional as
well as convergent tectonic regimes. Sustained elevated temperatures in the @ygarden Complex,
however, might be better explained by the onset of Caledonian convergence. Post-Caledonian

processes did not further modify the U-Pb system in zircon.

6.2 Structure
6.2.1 Comparison of Structural Data with Selected Previous Studies

Mineral lineations in most parts of the @ygarden Complex have a gentle plunge towards
ESE (Fossen and Rykkelid, 1990). Lineations in the Lyderhorn Gneiss deviate from this trend
and plunge towards ENE (Fig. 66A). Structural mapping by Weiss (1977) has shown that the
ENE-trend prevails in the entire Laksevag Peninsula (Fig. 66B). This trend is oblique to the main
NW-SE trend assumed for Scandian thrusting and extensional backmovement in SW Norway
(Fig. 7A and references therein, but resembles what Braathen et al. (2000) described for the
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central Norway basement window below the Kollstraumen detachment (Fig. 66C). The Lyderhorn
Gneiss and the Kollstraumen detachment are located far apart but have many similarities in
structural style (compare Fig. 38 from this work and Fig. 2 from Braathen et al., 2000). Both are
dominated by constrictional strain forming ENE-trending L-S to L-tectonites with top-to-ENE
sense of shear. The north-eastern footwall of the Bergen Arc Shear Zone is part of the southern
WGR. Lineations in the footwall of the concave W-dipping detachment shear zone trend exactly
E-W (Fig. 66D). Further inland to the NE, the trend of lineations rotates towards NE-SW (Fig.
TA.

A Lyderhorn Gneiss C] Kollstraumen Detachment

* Poles to foliation & contacts
B Fold axes

+ Mineral stretching lineations
— Main shear planes
— B-circle

Poles to Foliation
Fold Axes N
Mineral Lineations

> % o

—

»

i.
* |
¥* 4 e

+
%
*
%
T
w™ "

> >

N

[]Jo.0-8.0%

8.0-16.0%
mean 269/02 N=161 B 16.0-24.0%

W >24.0%

Fig. 66. Comparison of structural data from this study (A) with previously published studies: B:
Stereoplot of lineations on the Laksevdg peninsula. Modified from Weiss (1977). C: Stereoplot of
structural data from the Kollstraumen detachment. Modified from Braathen et al. (2000). D: Contour
stereoplot of stretching lineations from the WGR in the footwall of the northern BASZ. Modified from
Wennberg et al. (1998).
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6.2.2 Structure of the Lyderhorn Gneiss in the Caledonian Orogeny
Age of Deformation in the Lyderhorn Gneiss

During the Scandian phase of the Caledonian Orogeny (430 - 405 Ma) the Qygarden Complex
experienced at least upper amphibolite facies conditions (Fig. 67). In the Early Devonian, the
(ygarden Complex cooled extremely rapidly (~ 30 °C/My) through lower amphibolite facies
(408 - 404 Ma) and greenschist facies (401 Ma) before it reached the brittle-plastic transition
at 396 Ma (see references in Fig. 67). This exhumational development is dated in the western
part of the @ygarden Complex, but it corresponds exactly to the retrograde metamorphic
evolution that is recorded in the Lyderhorn Gneiss: This study has found that the structure of
the Lyderhorn Gneiss formed in one single, continuous deformation event. Phyllonites, formed at
the brittle-plastic transition, have identical fabric orientations than amphibolite facies fabrics.
Such hydrous, low-grade fault rocks cannot have experienced Scandian temperatures in excess of
600 °C (Boundy et al., 1996), implying that the deformation of the Lyderhorn Gneiss cannot be
older than Scandian. If one further assumes, that the @ygarden Complex is a coherent unit, the
thermal history of the Lyderhorn Gneiss must correspond to the evolution dated on Dygarden.

This constrains the deformation of the Lyderhorn Gneiss to the Early Devonian.

Opposed Shear-Senses in the Dygarden Complex

The interpretation of Early Devonian deformation in the Lyderhorn Gneiss is complicated
by the fact that mineral cooling ages from the western Qygarden Complex are associated with
top-to-W kinematics (Fossen and Dunlap, 1998), while top-to-E shear-sense prevails in the
Lyderhorn Gneiss.

Two opposed senses of shear are found within the stack of E-dipping gneissic tectonites in
the Dygarden Complex and form two distinct domains (Fig. 68; compare with Fig. 9). The
domains correlate vaguely with different lithologies and states of deformation: Top-to-E fabrics
are commonly associated with augen gneisses and gneissic granites (Ragnhildstveit and Helliksen,
1997). The top-to-W domain consists mainly of migmatitic gneisses that were transformed into
layered gneiss tectonites (Rykkelid and Fossen, 1992). Top-to-E fabrics in the eastern part of
the Qygarden Complex are hitherto seen to be contractional, formed during Scandian nappe
emplacement in the Bergen Arc System (e.g. Fossen and Dunlap, 1998). Top-to-W fabrics in the
lower part of the stack of layered tectonites are assigned to Devonian extension. The Lyderhorn
Gneiss is located in the top-to-E domain but its structural record is incompatible with formation

during Scandian contraction.

Structural Incompatibility of the Lyderhorn Gneiss with Scandian Thrusting

Extensional meso- and micro-shear bands in the Lyderhorn Gneiss indicate extensional top-ro-E
shear strain from amphibolite facies conditions down to the brittle-plastic transition (Fig. 26
and 35C). The strong overprint of shallowly E-dipping low-grade deformation with top-to-E
kinematics on earlier formed fabrics is difficult to explain by Scandian thrusting.

Retrograde overprinting relationships, fault rocks and displacement classify the Loddefjord

shear zone as a detachment (here termed Loddefjord Detachment Shear Zone). It shows striking
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Fig. 67. Caledonian T-t paths for different units in the Bergen Arc System. Solid and dashed lines reflect
well and poorly constrained paths, respectively. Representative cooling rates are indicated. Constraints
sorted by age: 1 - U-Pb resetting of metamict zircon (483 £ 13 Ma; this study); 2 - U-Pb zircon eclogite
(423 + 4 Ma; Bingen et al., 2004); 3 - Hornblende-plagioclase thermobarometry (no age; Boundy et al.,
1996); 4 - Rb-Sr Amphibolite (409 4+ 8 Ma; Bingen et al., 2001); 5 - Ar-Ar muscovite (411 £+ 2 Ma; Fossen
and Dunlap, 1998; ~ 410 Ma; Fossen and Dunlap, 2006); 6 - Ar-Ar hornblende (408 + 3 Ma; Boundy
et al., 1996); 7 - Ar-Ar hornblende (409 + 3 Ma; Boundy et al., 1996); 8 - Ar-Ar hornblende (404 + 1 Ma;
Fossen and Dunlap, 1998); 9 - Ar-Ar biotite (401 &+ 5 Ma; Boundy et al., 1996); 10 - U-Pb sphene ( ~ 396
Ma; Larsen et al., 2003); 11 - Ar-Ar hornblende (395 + 2 Ma; Boundy et al., 1996). Controversial white
mica Ar-Ar ages in the Lindis Nappe (433 - 430 Ma; Boundy et al., 1996; Fossen and Dunlap, 1998) that
pre-date the timing of eclogite formation are not shown. Temperature estimates of different methods:
U-Pb sphene: ~ 300 °C (Larsen et al., 2003); Ar-Ar biotite: ~ 350 °C (Fossen and Dunlap, 1998); U-Pb
zircon resetting: ~ 360 °C (Cherniak and Watson, 2003); Ar-Ar muscovite: ~ 425 °C (Harrison et al.,
2009); Ar-Ar hornblende: ~ 500 °C (Boundy et al., 1996); Rb-Sr amphibolite: ~ 600 °C (Bingen et al.,
2001); U-Pb zircon eclogite: ~ 700 °C (Bingen et al., 2004);
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Shear-Sense in @C

Fig. 68. Two opposed senses of shear coexist in the stack of E-dipping gneiss tectonites that form the
@ygarden Complex. Blue arrows indicate top-to-E and red arrows top-to-W kinematics. Modified from
Fossen and Rykkelid (1990). The shown demarcation of two kinematic domains within the @ygarden
Complex correlates with distinct lithologies and deformation states (Ragnhildstveit and Helliksen, 1997).
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similarities in fault rock development with other structures in the Devonian detachment system.
Braathen et al. (2004) highlighted the low shear strength of phyllonites, as they are found in the
Loddefjord Detachment Shear Zone. The current tectonic model assumes that Scandian top-to-E
fabrics are preserved in the eastern part of the @ygarden Complex (e.g. Larsen et al., 2003).
Scandian fabrics in the western part of the @ygarden Complex on the other hand, are assumed
to be overprinted by Devonian top-to-W deformation. If one assumes that phyllonites with
top-to-E sense of shear in the Lyderhorn Gneiss would have formed during Scandian thrusting,
they should have inevitably become overprinted by Devonian extensional deformation because of
their weak rheology. They bear, however, no sign of a top-to-W overprint.

Another contradiction is found in the sequence of structural events recorded in the Lyderhorn
Gneiss: Penetrative top-to-E shearing is synchronous with folding along E-W-trending fold
axes. Discrete, E-dipping detachment shear zones cut fold structures. This observed structural
sequence reverses the currently valid tectonic model, where open folding along E-W trending fold
axes is interpreted to post-date ductile top-to-W shearing, reflecting Devonian crustal extension
(Larsen et al., 2003). Within the Lyderhorn Gneiss, the intensity of ductile top-to-E shearing
increases from top to bottom and north to south. That means, strain increases away from the
Bsal Caledonian Thrust (Larsen et al., 2003) and argues against formation of the Lyderhorn

Gneiss during Scandian thrusting.

Cooling Ages and Fault Geometries in the Bergen Arc System

Published Ar-Ar cooling ages in the Bergen Arc System show a distinct distribution (Fig. 69).
All dated ages in the nappes are older than 410 Ma. Cooling ages in the footwall of the Bergen
Arc Shear Zone (WGR and Bergsdalen Nappe) are younger than 410 Ma. This offset is explained
by the Bergen Arc Shear Zone, a Devonian detachment. Cooling ages in the @ygarden Complex
are identical to the WGR, i.e. also younger than 410 Ma. The current tectonic model interprets
the contact between ygarden Complex and Minor Bergen Arc as the Basal Caledonian Thrust
(e.g. Larsen et al., 2003). If the @ygarden Complex would have been finally juxtaposed with
the nappes in the Bergen Arc System by Scandian thrusting, both units should show identical
post-Scandian cooling histories. Fossen and Dunlap (2006) dated the change from Scandian
contraction to extension in the Bergen area to 405 Ma. At this time, published mineral ages show
still separated cooling paths for the nappes and the @ygarden Complex (Fig. 67). Hence, the
distribution of cooling ages implies a Devonian exhumational structure to juxtapose @ygarden
Complex and Minor Bergen Arc.

The Basal Caledonian Thrust dips with 30 - 40° to the east and has top-to-E kinematics (Fig.
9). Thus, its present geometry and displacement define the structure as a normal fault. The
Loddefjord Detachment Shear Zone is parallel to the Basal Caledonian Thrust and its continued
northern branch on Askogy links the two structures. It seems therefore likely, that both
structures were active at the same time and that the 'basal Caledonian thrust’ was reactivated as
a detachment (here termed the Bergen Detachment Shear Zone; Fig. 69). This reinterpretation
would explain the observed fault geometries as well as the distribution of cooling ages in the
Bergen Arc System.

Fossen (1989) described E-dipping low-angle shear zones in the Minor Bergen Arc with
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flinty ultramylonitic mica schists’ that cut earlier mylonitic fabrics. The description resembles
detachments in the Lyderhorn Gneiss and could be expression of corresponding E-directed
detachment faulting in the Minor Bergen Arc. The distinction, if earlier formed fabrics are in
fact Scandian or related to Devonian extensional deformation is probably impossible, because of
identical shear sense in both phases. It should however be noted that top-to-W overprint, as
it is typical for the reactivated basal décollement zone (Fossen, 2000), is absent and that the
tectonostratigraphy in the Bergen Arc System is reversed.

At first glance, it seems surprising that shallowly E-dipping semi-brittle deformation apparently
localized in the strong basement and not in the weak nappes. Yet, this observation is in
accordance with Devonian E-directed detachment faulting, exhuming relatively warm basement
that is weakened by fluids. A further extensional structure could separate the Fennsfjorden
Devonian Basin from the nappes and/or the @ygarden Complex, because the latter resided at
the beginning of the Middle Devonian still at the brittle-plastic transition (Fig. 67).
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Fig. 69. Simplified map showing the distribution of previously published Ar-Ar cooling ages in the
Bergen Arc System (Boundy et al., 1996; Fossen and Dunlap, 1998; Fossen and Dunlap, 2006). Based
on the identification of the Loddefjord Detachment Shear Zone (LDSZ), the contact between @Dygarden
Complex and Minor Bergen Arc is reinterpreted as a Devonian detachment that is termed in the text
Bergen Detachment Shear Zone (BDSZ). See text for discussion. This reinterpretations explains the age
difference cooling ages in the Scandian nappes (grey) and the @ygarden Complex (bright red) as well as
identical ages in the ygarden Complex and the WGR (bright orange). Further shown are hinge lines of
large scale anticlines in the the @ygarden Complex modified from Larsen (1996) and Larsen et al. (2003).
The perpendicular anticlines formed simultaneously in the Early Devonian. They intersect on the island
Fedje, defining the Fedje Dome (Larsen, 1996).
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Fold Geometries in the ygarden Complex

The ductile structure of the Qygarden Complex is defined by two perpendicular sets of fold
axes (Fig. 69). The layered gneiss tectonites in the @ygarden Complex are intensely folded into
upright, E-plunging folds. The structural analysis of the Lyderhorn Gneiss revealed numerous
E-plunging recumbent folds on the northern limb of an upright megafold. This special fold
geometry is either described as Christmas-tree folds, related to vertical shortening of a preexisting
upright antiform (Fossen, 2010b) or cascading folds a characteristic feature of gneiss domes
(Whitney et al., 2004).

Upright, E-W trending folds are a governing element in the structure of the Devonian extensional
system (e.g. Chauvet and Séranne, 1994). In the Nordfjord-Sogn detachment zone these folds
formed in a transtensional regime (Fossen et al., 2013) contemporary with the deposition of
Devonian sediments e.g. (Fossen et al., 2016). Based on the correlation of Bergen Arc Shear
Zone and Nordfjord-Sogn detachment zone (Wennberg et al., 1998), E-plunging upright folds in
the Oygarden Complex should be of identical age. Early Devonian folding is also in accordance
with the thermal evolution of the @¥ygarden Complex. This study has shown that E-plunging
recumbent folds in the Lyderhorn Gneiss developed together with amphibolite and greenschist
facies fabrics and are thereby constrained to the Early Devonian (compare Fig. 67). Thus,
recumbent meso- and macrofolds in the Lyderhorn Gneiss formed at the same time as upright
megafolds in the Qygarden Complex. Thus, their geometry is best explained as cascading folds.

Fabrics in the entire @ygarden Complex and large parts of the Bergen Arc dip to the east,
reflecting the eastern limb of the N-S-trending Sotra-Fedje culmination. Larsen et al. (2003)
constrained folding along N-S axes to be post-Scandian. As the (ygarden Complex reached
the brittle-plastic transition by the beginning of the Middle Devonian, they must be Early
Devonian, thus contemporaneous with E-W-trending folds. The perpendicular anticlines intersect
on the island Fedje, where they define the Fedje Dome (Larsen, 1996; Fig. 69). Perpendicular,
contemporaneous folding define the exposed part of the @ygarden Complex as a half-dome. In
the westernmost part of the @ygarden Complex the foliation is close to horizontal but further
west it dips to the W (Fossen, 1998). Together with the part that is today below sea level, the
general ductile structure of the @ygarden Complex defines a dome. Following the example of
the Fedje Dome, E-plunging anticlines in the the @Jygarden Complex could be regarded as the
eastern parts of E-W elongated subdomes, as they are typical for larger gneiss dome systems
(Yin, 2004).

Bidirectional Devonian Extension in the Qygarden Complex

To summarize the previous discussion, Fig. 70 illustrates schematically three tectonic models
that are tested to explain opposed shear-senses in the @Jygarden Complex, pubslished mineral
cooling ages, the structural sequence of the Lyderhorn Gneiss and other features of the Bergen
Arc System.

At an earlier stage, some researchers proposed that top-to-W fabrics reflect an early Caledonian
event that later became overprinted by Scandian thrusting ((Fig. 70): Model A; Bering, 1984;
Fossen and Rykkelid, 1990). Mineral cooling ages have shown that top-to-W fabrics in the

western Qygarden Complex formed during Devonian crustal extension (Fossen and Dunlap, 1998)

88



6 Discussion

W/| Cross-section @ygarden Complex E

SN
<

| |
A B C
<~ Pre-Scandian | | —~. Scandian . i
Bidirectional
—.  Scandian < Devonian Ext. | | Devonian Extension
| |
Mi
ineral —
Ages :
St 5
ructural — —
Sequence
Large Scale — o
Geometries
|
Fold — —
Geometries

Fig. 70. Schematic flow chart to compare different tectonic models. The upper sketch shows a strongly
simplified E-W cross-section of E-dipping tectonites in the @Qygarden Complex. In the eastern part
prevails top-to-E shear-sense (blue) and in the western part top-to-W (red; compare with Fig. 68). Three
models are tested to explain opposed shear sense in agreement with mineral ages (compare Fig. 67 and
69), the structural sequence of the Lyderhorn Gneiss and other structural features of the Bergen Arc
System. Model A is based on Fossen and Rykkelid (1990) and interprets top-to-W fabrics as pre-Scandian
and top-to-E fabrics as Scandian. Model B is the established tectonic model based on Rykkelid and
Fossen (1992) and Larsen et al. (2003). Scandian top-to-E fabrics are overprinted by Devonian extension
(top-to-W). T propose a new model (C) that explains opposed shear-senses by bidirectional Devonian
extension. Rectangles in the flow chart illustrate the consistence of tested models with observed structural
features. Different colors and orientations imply: Red - inconsistent; yellow - limited consistence; green -
consistent. Only bidirectional Devonian extension explains consistently all tested features. See text for
discussion.
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and Model A can therefore be ruled out.

The established tectonic model of the Bergen Area assumes that top-to-E fabrics in the eastern
part of the @ygarden Complex formed during Scandian thrusting (Fig. 70: model B). This model
is contradicted by the structural record of the Lyderhorn Gneiss. Neither large scale fault and
fold geometries nor the distribution of cooling ages in the Bergen Arc System are consistently
explained by model B.

The thermal history of the @ygarden Complex constrains the structural evolution of the
Lyderhorn Gneiss to the Early Devonian. Fabrics, structures and the metamorphic development
in the Lyderhorn Gneiss imply exhumation by extensional deformation. As the structure of the
Lyderhorn Gneiss formed in a single deformation event, it must have entirely formed during
Devonian extension. Previous studies have shown that the western part of the @ygarden Complex
experienced contemporaneous top-to-W deformation (Boundy et al., 1996; Fossen and Dunlap,

1998). Hence, Devonian extension in the @ygarden Complex was bidirectional.

6.2.3 Reinterpretation of the @ygarden Complex as a Devonian Extensional Gneiss Dome

Based on the previous discussion, I suggest that the Qygarden Complex could be reinterpreted
as a Devonian extensional gneiss dome. Bidirectional Devonian extension in the @Qygarden
Complex can be explained by a symmetrical core complex style of exhumation, with many
similarities to the Central Norway basement window (Braathen et al., 2000).

The schematic block diagram in Fig. 71 illustrates the main features of this newly proposed
model: Opposed senses of shear within the ygarden Complex can be explained by lateral
inward flow of hot and viscous crust, below a more rigid crust that is extended by detachment
faulting (compare Fig. 71 and 72). Fossen et al. (2016) described low-angle Devonian fabrics
that could represent a shallowly W-dipping detachment. Yet, it can only be speculated whether
the @Oygarden Complex is bound by a Devonian detachment shear zone only to the E, or also
to the W. Fossen et al. (2014) presented evidence for viscous flow of lower crust in this part of
the Caledonides during the Devonian. A pending question is whether temperatures were high
enough for partial melting to occur. The age of migmatization in the @ygarden Complex is so

far not constrained by U-Pb zircon geochronology.

Fig. 71. (Next page): This schematic block diagram of the Bergen Arc System reinterprets the Qygarden
Complex as a Devonian extensional gneiss dome. The map in Figure 8 is rendered on a DEM (2.7 vertical
exaggeration) and shown in perspective view from SSE. The 3D map is cut open along three section lines
(see inlet): Section 1 corresponds to the cross section in Figure 9 (see references there). Section 2 is based
on regional cross sections (Ragnhildstveit and Helliksen, 1997, Fossen and Rykkelid, 1992, Fossen, 1992,
Feerseth et al., 2011) and own interpretations. Section 3 is based on Larsen (1996) and interpretations of
the observed foliation pattern and fold axes shown in Fig. 69. This model is based on the identification
of the E-dipping Loddefjord Detachment Shear Zone (LDSZ) and the reinterpretation of the Bergen
Detachment Shear Zone (BDSZ; compare with Fig. 69). In this proposed model, lateral inward flow of
hot and viscous crust explains opposed shear-senses in the @Qygarden Complex as shown in Fig. 68. Major
normal faults are only shown schematically without precise geometries and offsets. Note the similarity of
with idealized models of extensional gneiss domes (Fig. 72).
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3D Structure of the Bergen Arc System
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Fig. 72. Idealized block diagram of an extensional gneiss dome. Lateral inward flow of viscous crust
causes opposed shear-senses and a zone of coaxial strain at the apex of the dome. Due to rapid cooling,
the brittle-plastic transition migrates downwards and ductile fabrics become overprinted by (semi-)brittle
deformation. Syntectonic sediments are deposited in hanging-wall basins. Modified from Tirel et al.
(2004).

Tirel et al. (2004) have shown that extensional gneiss domes can form regardless of the presence
of melt. A granitic density anomaly, contained within a thickened crust of quartz-dioritic
composition, is enough to trigger dome formation at extension rates between 0.66 - 2 cm/yr.
Numerous leucocratic granites mapped in this study could represent such a density anomaly
(Rudlang, 2011). Their extreme radiogenic heat production (Schulze, 2014), could play a role in
the model of extensional gneiss dome formation. The complex deformation of granitic bodies in
the Lyderhorn Gneiss corresponds to the typical fold pattern found in gneiss domes (Tirel et al.,
2004). They correspond to cascading folds that form due to vertical shortening during diapiric
ascent (Whitney et al., 2004.

Fault rocks in the Loddefjord Detachment Shear Zone correspond to chloritic fault breccias that
are typical of cordilleran core complexes (Van der Pluijm and Marshak, 2004). The downward
migration of the transient brittle-plastic transition, due to rising of the dome (Fig. 72), is
well exposed in the Lyderhorn Gneiss. It leads to the formation of strongly corrugated semi-
brittle detachment fault surfaces, that are further typical features of extensional core complexes
(Braathen et al., 2000).

Since the first identification of Devonian core-complexes in the Norwegian Caledonides by
Norton (1986), this exhumation model was applied to several basement culminations in central
Norway (e.g. Osmundsen et al., 2003). Osmundsen et al. (2005) classified two different types of
extensional, gneiss-cored culminations (Fig. 73). Type 2 culminations resemble metamorphic core

complexes and are defined by the following characteristics. All of them apply to the Jygarden
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Gneiss-Cored Culminations
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Basement Culminations:
BG - Borgefjellet

CN - Central Norway
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Fig. 73. Classification of Devonian, extensional gneiss-cored culminations along the Mid-Norwegian
margin from Osmundsen et al. (2005) expanded onto SW Norway. The Oygarden Complex and the
southern WGR, qualify as type 2 culminations (red). Geometries of basement culminations in the footwall
of the Hardangerfjord Shear Zone (compare with Fig. 74) resemble Type 3 culminations (blue). The
offshore Utsira High could represent another Type 2 core complex.

Complex:

e flanked by extensional detachments

e capped by brittle detachments

e characterised by extension-parallel folds
e formed in constrictional strain field

e juxtaposed against Devonian sedimentary basin

Domal structures are abundant in the basement of SW Norway and show a spatial association
with Devonian detachment shear zones (Fig. 74). The Kirkedalen Window is a dome-shaped
basement window in the SE footwall of the Bergen Arc Shear Zone (BASZ). In the corresponding
NE footwall, migmatitic gneisses define a domal foliation pattern around Masfjorden. Published
hornblende Ar-Ar ages from the core of the domal structure (395 Ma) are 14 My younger than
equivalent ages within the nearby BASZ (409 Ma; Fig. 69; Boundy et al., 1996). The age
difference could reflect dome formation in the footwall of the BASZ during Devonian extension.
Indirect evidence for the presence of partial melt is given by nearby Caledonian eclogites that
were interpreted to be hosted by 'undeformed lenses of Precambrian granite’ (Winsvold, 1996).
This interpretation contradicts the modern understanding of eclogite formation (e.g. Austrheim
et al., 1997) and the relationship might rather indicate that eclogite formation in the southern
WGR was contemporaneous with partial melting, just like in other parts of the WGR (e.g.
Gordon et al., 2013, Gordon et al., 2015).
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Osmundsen et al. (2005) applied their classification of gneiss-cored culminations no further
south than the central WGR. Here, I propose that the @ygarden Complex and probably also the
southern WGR (south of Sognefjorden) could be classifed as Devonian type 2 core complexes
(Fig. 73). The geometry of basement culminations in the footwall of the Hardangerfjord Shear
Zone, is furthermore recognised to be very similar to type 3 culminations (e.g. Folgefonna- and
Leerdal-High Fig. 73 and 74). The two types of basement culminations define linear, orogen-
parallel belts (Fig. 73) that correspond to the ’geanticlines” Ramberg (1981) defined in his Fig. 2.
The linear array has implications for onshore-offshore correlations. Fossen et al. (2016) described
an E-dipping Devonian detachment shear zone on the eastern flank of the Utsira High in the
northern North Sea. The position of the Utsira High coincides with the linear belt of type 2
culminations onshore (Fig. 73). Core complex formation could be tested as a possible model to
explain the Utsira High and the opposed polarity of the Utsira Shear Zone.

The proposed reinterpretation of the @ygarden Complex suggests a possible link between the
exhumation of the @Qygarden Complex and the syn-orogenic decoupling and exhumation of the
Lindéas Nappe (Jolivet et al., 2005). Fluid-induced mineral reactions and deformation played an
important role in both of the units, even though, at very different metamorphic grades. The
fabrics that define the shape of the Bergen Arc range from eclogite facies to the brittle-plastic
condition. This might indicate that the Bergen Arc itself could be a product of prolonged

exhumational crustal flow.

Fig. 74. (Next page): Map of the reconstructed post-Caledonian basement surface in SW Norway. The
elevation of the interpolated surface is shown by transparent colors and contour lines, overlaying a DEM.
Contour intervals are 1000 m below sea level and 500 m above sea level. The basement surface SE of the
Hardangerfjord Shear Zone (HSZ), is directly based on Fossen and Hurich (2005), Fig. 8 and corresponds
to the sub-Cambrian peneplain. The basement surface NW of the HSZ, is reconstructed from regional
cross sections (e.g. Ragnhildstveit and Helliksen, 1997; Fossen and Rykkelid, 1992; Fossen, 1992) and
corresponds to the contact between basement and Caledonian nappes. The elevation was reconstructed
with the assumption that the Caledonian foliation approximates the orientation of the basement surface.
Further shown are Devonian detachment shear zones (red), based on Fossen et al. (2016); Fossen and
Hurich (2005) and the results of this study. Domal basement culminations (white outline) in the footwall of
Devonian extensional shear zones have distinct shapes that correspond to the classification by Osmundsen
et al. (2005) (Fig. 73). An abrupt change in surface curvature coincides with the Hardangerfjord Shear
Zone (HSZ) that marks the transition from cold and rigid Baltican crust in the foreland, to relatively hot
viscously flowing crust in the hinterland (Fossen et al., 2014). Note that the western part of the @ygarden
Complex is poorly constrained and the northern edge of the map is perturbed by the spatial limit of the
interpolation. See Appendix 9 for a 3D visualization.
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7 Conclusion

Based on the findings of this study, I propose the following evolution of the Lyderhorn Gneiss

and corresponding implications:
Evolution of the Lyderhorn Gneiss

e Telemarkian Orogeny

— 1504 Ma: Granitic magmatism

e Sveconorwegian Orogeny
— 1041 Ma: Gabbro and hornblende biotite granite magmatism.

— 1026 - 1022 Ma: Intrusion of voluminous leucocratic granites with high radiogenic

heat production.

— No record of Sveconorwegian high-grade metamorphism and deformation.

e Neoproterozoic to Early Paleozoic: Residence at low temperatures accumulates severe

metamictization of U-rich zircon.

e Caledonian Orogeny
— 483 Ma: Resetting of strongly metamict zircons.

— Ordovician (to Silurian?): Sustained elevated temperatures anneal radiation

damage and prevent further Pb-loss.

— Early Devonian: Top-to-ENE shear deformation, synchronous with oblique,
isoclinal recumbent folding at amphibolite facies and greenschist facies conditions.
Fluid-assisted formation of E-dipping detachment shear zones and semi-brittle
detachment faults.

Implications

e Igneous protolith ages correlate the @ygarden Complex with the Telemarkian domain
of the Baltican basement (Bingen and Solli, 2009).

e Sveconorwegian magmatism suggests a relation between (ygarden Complex and
Sirdal Magmatic Belt. This correlation implies a continuous NNW-trend of Sveconor-

wegian domain boundaries into the 'caledonized’ part of the Baltican basement.

e The absence of Sveconorwegian high-grade metamorphism is compatible with a
recently proposed accretionary style of the Sveconorwegian Orogeny (Slagstad et al.,
2013), and contradicts the common assumption of an entirely ’dry’ pre-Caledonian
Baltican basement (e.g. Butler et al., 2015).

e The rapid temperature increase marks probably the onset of Caledonian convergence
in the Early Ordovician. The Lyderhorn Gneiss must have resided long enough at

elevated temperatures to anneal metamictization.
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e During the Caledonian Orogeny, the Lyderhorn Gneiss was highly metamorphosed
and strongly deformed but the U-Pb zircon system remained closed.

e Scandian peak metamorphism was followed by very rapid exhumation in the Early
Devonian. Bidirectional Devonian extension in the )ygarden Complex is explained by
exhumation as an extensional gneiss dome. The proposed symmetrical core complex
exhumation style is analogous to the Central Norway basement window (Braathen
et al., 2000) and other basement culminations along the mid-Norwegian margin
(Osmundsen et al., 2005).

e Omnshore-offshore correlations suggest the Utsira High as a possible Devonian core

complex.

8 Future Work

This study has raised far more questions than it answered. Future PhD and M.Sc.
projects at the University of Bergen would be well suited to address pending questions in
the regional geology of Bergen.

Sveconorwegian Framework

So far, the lack of geochemical data from the Lyderhorn Gneiss prevents geodynamic
interpretations of Sveconorwegian magmatism in the @ygarden Complex. Major and trace
element analyses of the dated lithologies could reveal, whether Sveconorwegian magmatism
in the Lyderhorn Gneiss is syn-collisional, as proposed by Bingen et al. (2008b), or
represents a continuous accretionary setting (Slagstad et al., 2013).

The proposed correlation of @ygarden Complex and Sirdal Magmatic Belt could be
tested by U-Pb zircon geochronology of largely undated basement complexes in Sunnhord-
land (e.g. Kvinnherad, Haugaland). Precise, in-situ dating techniques need to be applied
in the southern WGR to distinguish the Caledonian overprint from the igneous formation
history. This would allow for a clear reconstruction of Sveconorwegian domain boundaries
and a better understanding of the pre-Caledonian configuration of the Baltican basement.

Caledonian Framework

The proposed exhumation model for the @ygarden Complex is based on a number
of observations, but none of them is a "hard fact’ corresponding to deformed Devonian
pegmatite dikes in the Central Norway basement window (Braathen et al., 2000). The
following next steps could be taken to test the model:

High-precision, in-situ U-Pb zircon geochronology of migmatitic gneisses in the western
part of the Dygarden Complex and in the footwall of the BASZ could show, whether
migmatization in these areas is Proterozoic, as commonly assumed, or in fact Caledonian.
Previous field mapping will be necessary to determine suitable sample localities to date the
migmatization. However, it is commonly problematic to date the timing of doming by U-Pb
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zircon geochronology (Whitney et al., 2004), so other high-temperature geochronometers
should be applied as well.

To validate the proposed model, it will be very important to precisely constrain the
cooling histories of different units in the Bergen Arc System and the surrounding basement.
Further studies of Ar-Ar mineral cooling ages are needed, to test the significance of distinct
cooling paths, used in the previous argumentation. Thermal modelling could be applied
to distinguish the effect of highly radiogenic granitic rocks in the basement from cooling
resulting from the tectonic denudation.

Another important question is, if a major Devonian detachment shear zone is located
west offshore the Dygarden Complex. Such a structure is indicated by low-angle Devonian
fabrics and detachments (Fossen et al., 2016), but previous studies were uncertain about
its existence (e.g. Fossen and Hurich, 2005, Fig.1).

Because of its position in the hanging wall of the BASZ (which again is located in the
hanging wall of the HSZ), the interaction of detachments in the Bergen Arc System must
be much more complex than shown in the simplified illustration in Fig. 72. Fault rock
dating (e.g. chlorite phyllonite in the Loddefjord Detachment Shear Zone) could help to
understand the interaction of strongly curved detachment shear zones with opposed polarity.
Integrated structural and geochronological investigations of the ygarden Complex and
other domal culminations in the basement of SW Norway (e.g. Kirkedalen, Folgefonna,
Masfjorden, etc.) are necessary, to establish a detailed sequence of Early Devonian
detachment faulting and possible dome forming mechanisms.

Osmundsen et al. (2005) described, how core complexes at the mid-Norwegian margin
control the location of major domain boundaries in the Mesozoic rift. Following this
example, it could be tested if similar onshore-offshore correlations can be drawn at the
SW Norwegian margin. The spatial relationship between the Utsira High and onshore
basement culminations as well as the opposed polarity of the Utsira Shear Zone, could
be taken as a starting point, to test core complex exhumation as a a possible formation
mechanism for the Utsira High.

The validation (or falsification) of the proposed exhumation model for the Oygarden
Complex, is of more than regional importance. Its validation would imply that rates of
viscous flow in the basement of SW Norway would have been previously underestimated.
A reevaluation could provide significant implications for the governing exhumation mecha-
nism of the warmer basement in the WGR.

Methods

In this study, three-dimensional reconstructions and visualisation techniques have been
applied in a rudimentary manner, to illustrate complex shapes and structures. It would
be desirable, to develop such techniques to a level that satisfies scientific standards.
Two-dimensional integration of foliation datasets could be a powerful tool to reconstruct
shapes of large-scale geological structures. Mathematical methods already exist for shape

reconstruction by two-dimensional integration of gradient data and are in industry use
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(e.g. Huang et al., 2015). Their application to structural geology could be developed, for
example through an interdisciplinary M.Sc. thesis in cooperation with the department of

mathematics.
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9 Appendix

Appendix 1 - SIMS U-Pb Zircon Geochronology Results

Isotopic Ratios Element concentrations Ages [Ma] Concordia Age Int.
207Pb  to 206Pb *o r | [U] [Th] [Pb] Th/U [207Pb *o 207Pb o 206Pb +o| Conc. +20 MSWD prob.of  Disc. %

Spot 235U % 238U % ppm_ppm ppm meas | 206Pb 235U 238U Age [Ma] concord.  conv.
LYD-35-1-01 1737 081 0172 075 0941450 1525 350 1.05 1019 6 1022 5 1024 7| 1021 9 03 0.56 0.6 I
LYD-35-1-02 1485 123 0149 092 074|983 894 202 091 994 17 924 8 895 8| 910 14 278 0.00 -106 D
LYD-35-1-03 1709 086 0168 074 086|1124 969 255 086 | 1030 9 1012 6 1004 7| 1010 11 56 0.02 2.7 P
LYD-35-1-04 1733 084 0171 080 095[1584 713 330 045 | 1025 5 1021 5 1019 8| 1023 9 0.5 0.49 -0.7 I
LYD-35-1-05 1802 085 0177 074 087| 540 414 125 0.77 1033 8 1046 6 1053 7| 1045 11 2.8 0.10 20 I
LYD-35-1-06 1814 081 0178 073 091| 816 350 175 043 1037 7 1051 5 1057 7| 1047 10 39 0.05 21 I
LYD-35-1-07 1757 105 0175 080 0.76| 207 102 44 0.50 1008 14 1030 7 1040 8| 1032 13 39 0.05 34 I
LYD-35-1-08 1587 096 0158 082 085|429 235 85 0.55 1012 10 965 6 945 71 966 12 28.0 0.00 -7.1 D
LYD-35-1-09 1692 107 0168 077 072|339 214 72 063 | 1010 15 1005 7 1003 7| 1004 13 02 067 -0.8 P
LYD-35-1-10 1747 106 0172 084 079] 318 197 69 062 | 1028 13 1026 7 1025 8| 1026 14 00 0.84 -0.3 I
LYD-44-1-01 1805 1.05 0176 081 078 210 213 51 1.01 1054 13 1047 7 1044 8| 1047 14 04 0.51 -1.1 I
LYD-44-1-02 1764 116 0174 081 070 174 138 40 079 | 1030 17 1032 8 1034 8| 1033 14 00 0.84 04 I
LYD-44-1-03 1799 109 0175 081 075|169 101 37 060 | 1059 14 1045 7 1039 8| 1043 14 15 022 21 I
LYD-44-1-04 1799 141 0173 093 066|138 68 29 049 | 1074 21 1045 9 1031 9| 1037 17 34 0.06 -43 I
LYD-44-1-05 1776 1.06 0177 080 0.75| 196 126 44 0.64 1012 14 1037 7 1048 8| 1040 14 49 0.03 39 I
LYD-44-1-06 1795 113 0176 085 0.75| 167 121 38 0.72 1036 15 1044 7 1048 8| 1045 14 0.5 0.49 12 I
LYD-44-1-07 1804 124 0176 083 067 210 195 50 0.93 1052 18 1047 8 1044 8| 1045 15 0.2 0.69 -0.8 I
LYD-44-1-08 1758 096 0173 078 081 290 233 66 0.80 1031 11 1030 6 1030 7| 1030 12 0.0 0.94 -0.1 I
LYD-44-1-09 1791 1.07 0175 080 0.75| 18 172 45 0.92 1044 14 1042 7 1041 8| 1042 14 0.0 0.87 -0.3 I
LYD-44-1-10 1791 096 0176 077 081|291 265 70 091 | 1034 11 1042 6 1046 7| 1043 13 07 0.40 12 I
LYD-44-1-11 1814 102 0177 079 078|216 194 52 090 | 1054 13 1050 7 1049 8| 1050 13 01 076 -0.5 I
LYD-44-1-12 1790 096 0176 078 081|296 240 69 081 | 1036 11 1042 6 1044 8| 1042 12 04 0.55 0.9 I
LYD-44-1-13 1787 098 0176 080 082 324 266 76 0.82 1030 11 1041 6 1046 8| 1041 13 14 023 17 I
LYD-44-1-14 1796 114 0175 083 073 150 116 35 0.77 1051 16 1044 7 1041 8| 1043 14 03 0.58 -1.0 I
LYD-44-1-16 1784 109 0176 084 077 194 191 47 0.98 1029 14 1040 7 1045 8| 1041 14 1.0 033 17 I
LYD-44-1-15 1798 096 0177 078 081|293 274 71 0.94 1035 11 1045 6 1050 8| 1045 13 12 0.27 16 I
LYD-44-1-17 1834 1.06 0183 097 091| 463 603 125 130 1005 9 1058 7 1083 10| 1042 13 332 0.00 84 I
LYD-44-1-18 1781 097 0175 081 083|367 381 90 104 [ 1042 11 1039 6 1037 8| 1039 13 01 074 -0.5 I
LYD-44-1-19 1770 110 0175 082 075[ 184 109 40 059 | 1027 15 1034 7 1038 8| 1036 14 04 0.50 1.2 I
LYD-83-1-04 1198 131 0116 121 093(1235 208 160 017 [ 1058 10 800 7 710 8| 828 14 8370 0.00 -347 D
LYD-83-1-05 3414 119 0264 111 093|288 79 8 027 | 1503 8 1508 9 1511 15f 1505 15 02 0.64 0.6 I
LYD-83-1-06 3401 117 0264 111 094|362 94 112 026 | 1496 8 1505 9 1511 15| 1499 14 08 037 11 I
LYD-83-1-07-1 3395 118 0264 111 094|337 91 105 0.27 1491 8 1503 9 1512 15| 1495 14 16 021 16 I
LYD-83-1-07-2 1882 114 0164 107 0941627 570 314 035 1277 8 1075 8 978 10 1036 15 9496 0.00 -25.2 D
LYD-83-1-08 3196 120 0253 109 091|463 74 132 0.16 1462 9 1456 9 1452 14| 1459 16 0.4 0.55 -0.8 P
LYD-83-1-09 3420 117 0265 110 094|329 88 102 0.27 1500 8 1509 9 1515 15| 1504 14 0.7 0.39 11 I
LYD-83-1-10 3451 120 0266 111 092|293 8 92 029 | 1513 9 1516 10 1518 15| 1514 16 01 0.78 0.4 [
LYD-83-1-11 3445 121 0266 113 094] 303 139 99 046 | 1509 8 1515 10 1519 15f 1511 15 03 057 0.7 I
LYD-83-1-12 2569 114 0209 109 095( 923 160 220 017 | 1409 7 1292 8 1223 12| 1367 11 1872 0.00 -145 D
LYD-83-1-13 3456 119 0267 110 093|390 109 123 028 | 1503 8 1517 9 1527 15f 1509 15 19 017 18 I
LYD-83-1-14 3436 119 0266 111 093] 272 67 84 0.25 1502 8 1513 9 1520 15| 1506 15 11 0.29 14 I
LYD-83-1-15 3394 114 0266 110 097 635 120 194 019 1480 6 1503 9 1519 15| 1486 11 59 0.01 3.0 P
LYD-83-1-16 3150 113 0247 110 097| 830 217 253 0.25 1477 5 1445 9 1424 14| 1469 10 123 0.00 -4.0 D
LYD-83-1-17 3140 112 0249 108 097 944 330 279 035 1459 5 1443 9 1432 14| 1455 11 33 0.07 -2.1 P
LYD-83-1-18 3408 115 0265 1.09 095| 495 127 154 026 | 1493 7 1506 9 1516 15| 1497 13 19 0.17 1.7 I
LYD-83-1-19 3417 120 0264 111 093] 241 93 77 0.39 1502 9 1508 9 1513 15| 1505 15 03 0.56 0.8 I
LYD-83-1-20 3415 117 0265 110 094|309 61 94 020 [ 1500 8 1508 9 1513 15| 1503 14 06 0.46 0.9 [
LYD-83-1-21 3351 120 0264 113 094f 535 63 159 012 | 1466 8 1493 9 1512 15f 1476 14 70 0.01 3.5 D
LYD-163-1-04 0.885 109 0100 105 096]3649 1229 427 034 744 6 643 5 615 6| 679 9 2253 0.00 -18.1 D
LYD-163-1-05 2104 112 0192 105 094]1133 387 255 034 | 1184 8 1150 8 1132 11| 1166 13 151 0.00 -4.8 X
LYD-163-1-06 1781 113 0174 104 093| 561 349 124 062 1042 9 1039 7 1037 10| 1040 13 0.2 0.68 -0.6 I
LYD-163-1-07 1726 128 0171 110 086| 635 725 137 114 1021 13 1018 8 1017 10| 1018 16 0.1 0.78 -0.5 I
LYD-163-1-08 1370 1.09 0142 106 097|2146 1367 387 0.64 928 6 876 6 856 81 905 10 492 0.00 -8.3 D
LYD-163-1-09 1590 1.17 0159 111 095| 940 439 182 0.47 1003 7 966 7 950 10| 983 12 186 0.00 -5.7 D
LYD-163-1-10 1522 114 0154 104 091|1631 1187 324 073 976 10 939 7 924 9| 947 13 156 0.00 -5.8 D
LYD-163-1-11 1444 112 0147 109 0971973 917 352 046 9%2 6 907 7 885 9| 940 10 527 0.00 -8.6 D
LYD-163-1-12 1721 109 0171 104 0961086 463 223 043 | 1019 6 1016 7 1015 10| 1018 11 01 0.71 -0.5 I
LYD-163-1-13 1757 109 0174 104 095[ 993 598 216 060 | 1026 7 1030 7 1032 10| 1028 11 02 0.65 0.6 I
LYD-163-1-14 1109 156 0120 154 0982894 1551 428 0.54 843 6 758 8 729 11| 817 10 90.8 0.00 -143 D
LYD-163-1-15 0796 157 0093 1.52 097|3703 1364 406 037 683 8 595 7 572 8| 629 12 96.8 0.00 -17.0 D
LYD-163-1-16 0868 195 0099 1.61 083]4515 2032 542 0.45 737 23 635 9 606 91 620 18 26.5 0.00 -18.5 D
LYD-163-1-17-2 1609 171 0163 152 0891060 546 213 0.51 977 16 974 11 972 14| 974 21 0.1 0381 -0.6 P
LYD-163-1-17-1 1684 184 0169 158 086| 322 331 75 1.03 999 19 1003 12 1005 15| 1002 23 01 0.80 0.7 I
LYD-163-1-18 1794 111 0178 108 0971617 770 352 048 | 1013 5 1043 7 1058 11| 1023 10 139 0.00 438 I

The last column (Int.) gives the interpretation of the spot as recommended by Spencer et al. (2015). The
abbreviations used are: I - magmatic; X - xenocryst/inheritance; D - discordant/geological meaningless; P
- concordant but interpreted to have undergone radiogenic Pb-loss.
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9 Appendix

Isotopic Ratios Element concentrations Ages Concordia Age Int.
207Pb s 206Pb s r [Ul [Th] [Pb] Th/U | 207Pb s 207Pb s 206Pb +s| Conc. +2s MSWD prob.of Disc. %

Spot 235U % 238U % ppm ppm ppm meas | 206Pb 235U 238U Age concord.  conv.
LYD-169-1-01 1777 076 0176 0.72 0962030 1331 457 0.66 1015 4 1037 5 1048 7| 1026 8 141 0.00 35 I
LYD-169-1-02 1757 081 0173 076 093]1100 858 251 0.78 1027 6 1030 S 1031 7| 1029 9 0.1 0.73 04 I
LYD-169-1-03 1767 080 0174 075 0941330 1539 332 116 1027 5 1033 5 1036 7| 1031 9 09 0.34 0.9 I
LYD-169-1-04 1764 080 0175 073 091)1021 1011 247 099 | 1018 7 1032 5 1039 7| 1029 10 43 0.04 22 I
LYD-169-1-05 1721 088 0170 0.77 087] 890 860 207 0.97 1026 9 1017 6 1012 7| 1018 11 14 023 -1.5 I
LYD-169-1-06 1732 082 0172 074 090]1021 1031 242 101 1020 7 1021 5 1021 7] 1020 10 0.0 093 0.1 I
LYD-169-1-07 1751 081 0174 074 091] 81 779 200 0.92 1013 7 1028 5 1035 7] 1023 10 48 0.03 24 I
LYD-169-1-08 1782 079 0176 0.73 092]1070 1259 271 118 1025 6 1039 5 1045 7] 1034 10 43 0.04 21 I
LYD-169-1-09 1769 125 0174 076 0.60]1480 1739 371 118 1034 20 1034 8 1034 7| 1034 14 0.0 0.98 0.1 I
LYD-169-1-10 1732 085 0172 0.78 092]1108 1036 260 0.94 1009 7 1020 S5 1026 7| 1017 10 26 011 17 I
LYD-169-1-11 1773 080 0174 073 092] 94 995 234 103 | 1034 6 1036 S5 1037 7| 1035 10 0.1 0.74 03 I
LYD-169-1-12 1659 084 0166 074 0881126 871 245 077 | 1002 8 993 5 989 7| 9% 10 16 021 -14 p
LYD-169-1-13 1772 080 0175 074 092] 957 633 214 066 | 1027 6 1035 5 1039 7| 1032 10 17 0.19 13 I
LYD-169-1-14 1718 082 0170 0.73 0.88]1050 957 242 091 1017 8 1015 5 1014 7| 1015 10 01 0.82 -03 I
LYD-169-1-15 1741 081 0173 073 091] 80 686 194 0.81 1016 7 1024 5 1027 7| 1022 10 13 0.26 12 I
LYD-169-1-16 1594 088 0159 0.76 0.86]1140 1215 254 1.07 1004 9 968 6 952 7 969 11 203 0.00 -5.5 D
LYD-169-1-17 1764 095 0176 0.89 093]1055 810 243 0.77 1009 7 1032 6 1043 9| 1024 11 89 0.00 3.6 I
LYD-169-1-18 1737 081 0173 0.76 093]1105 973 257 0.88 1009 6 1022 5 1028 7] 1018 10 4.0 0.05 2.1 1
LYD-197-1-01 1766 110 0175 083 076] 230 76 47 0.33 1022 14 1033 7 1038 8| 1034 14 09 0.34 17 I
LYD-197-1-02 1754 111 0175 082 0.74] 209 69 43 0.33 1008 15 1028 7 1038 8| 1032 14 3.0 0.09 32 I
LYD-197-1-03 1779 124 0174 088 0.71] 150 61 31 041 1045 18 1038 8 1034 8] 1036 15 03 0.59 -11 I
LYD-197-1-04 1763 100 0172 077 077)570 8 110 014 | 1046 13 1032 7 1026 7| 1030 13 19 0.17 -21 I
LYD-197-1-05 1778 118 0174 083 070| 151 47 31 031 | 1039 17 1037 8 1036 8| 1037 14 0.0 0.87 -03 I
LYD-197-1-06 1786 1.09 0176 082 075|185 72 39 039 1027 14 1040 7 1047 8| 1042 14 14 0.24 21 I
LYD-197-1-07 1811 129 0176 086 066] 170 55 35 033 1060 19 1049 8 1044 8| 1047 15 0.5 0.46 -16 I
LYD-197-1-08 1817 114 0177 083 0.73] 152 48 31 031 1058 16 1052 8 1048 8| 1050 14 03 0.57 -1.0 I
LYD-197-1-09-1 1.790 109 0175 083 076] 195 62 40 0.32 1047 14 1042 7 1039 8| 1041 14 0.2 0.65 -0.8 I
LYD-197-1-09-2 1691 081 0169 076 094]1399 43 256 0.03 1004 5 1005 5 1005 7| 1005 9 0.0 0.90 0.1 P
LYD-197-1-10 1805 1.00 0177 081 082|279 120 59 043 1045 12 1047 7 1048 8| 1047 13 01 081 0.3 I
LYD-197-1-11 1776 105 0176 080 076| 206 60 42 029 | 1020 14 1037 7 1044 8] 1039 13 23 0.13 26 I
LYD-197-1-12 1826 124 0176 087 070 121 35 25 0.29 1080 18 1055 8 1043 8| 1049 15 34 0.07 -3.7 I
LYD-197-1-13 1774 125 0176 080 0.64] 211 68 43 032 1019 19 1036 8 1044 8| 1041 14 15 022 2.8 I
LYD-197-1-14 1764 135 0176 087 064] 114 71 25 0.62 1002 21 1032 9 1047 8| 1040 16 39 0.05 49 I
LYD-197-1-15 1789 106 0176 080 0.76] 194 70 41 0.36 1034 14 1042 7 1045 8| 1043 14 04 0.52 11 I
LYD-197-1-16 1792 112 0176 082 073|179 57 37 0.32 1040 15 1043 7 1044 8| 1043 14 0.1 0.80 0.5 I
LYD-197-1-17 1769 093 0174 078 083|360 113 73 031 1031 10 1034 6 1036 7| 1034 12 01 0.73 0.5 I
LYD-197-1-18-1 1814 106 0177 081 077 195 94 42 0.48 1055 14 1051 7 1049 8| 1050 14 0.2 0.70 -0.6 I
LYD-197-1-18-2 1777 097 0176 078 080| 413 121 85 029 | 1021 12 1037 6 1045 7| 1038 13 28 0.09 25 I
LYD-197-1-19-1 1775 120 0175 082 069] 158 50 32 032 | 1031 17 1036 8 1039 8| 1037 14 02 0.68 038 I
LYD-197-1-19-2 1.809 132 0176 091 0.69] 100 41 21 041 1057 19 1049 9 1045 9| 1047 16 03 0.57 -12 1
LYD-197-1-20 1.826 110 0177 085 0.77] 18 60 38 033 1069 14 1055 7 1048 8| 1053 14 15 021 -21 I
LYD-197-1-21 1.796 107 0177 082 0.77] 194 65 40 033 1032 14 1044 7 1050 8| 1045 14 12 0.28 18 I
LYD-197-1-22 1820 113 0176 083 0.73] 153 38 31 0.25 1068 15 1053 7 1045 8] 1050 14 18 0.18 -24 I
LYD-197-1-23 1791 116 0175 085 073 141 49 29 0.35 1047 16 1042 8 1040 8| 1041 15 01 0.71 -0.7 I
LYD-197-1-24 1778 113 0175 084 075]| 186 43 37 023 | 1030 15 1038 7 1041 8] 1038 14 04 0.55 11 I
LYD-197-2-01 1601 116 0164 109 094]1076 31 190 0.03 955 8 971 7 978 10| 964 13 3.0 0.09 25 P
LYD-197-2-03 1841 282 0178 116 041|145 55 31 038 | 1072 51 1060 19 1055 11| 1055 22 0.1 0.75 -17
LYD-197-2-06 1335 118 0139 108 0921747 42 260 0.02 924 10 861 7 837 9 874 13 46.7 0.00 -10.1 D
LYD-197-2-07 0782 539 0094 108 0202838 121 [304] 004 618 110 587 24 579 6| 579 12 01 0.74 -6.6 D
LYD-197-2-08 0785 130 0093 116 0892871 80 284 0.03 650 13 588 6 572 6 586 12 30.2 0.00 -12.6 D
LYD-197-2-09 0605 136 0078 111 082|3517 113 289 0.03 472 17 480 5 482 51 481 10 0.3 0.60 21 P
LYD-197-2-10 0733 149 0089 118 0793233 96 306 0.03 590 19 558 6 550 6 554 12 37 0.06 -7.0 D
LYD-197-2-11 0863 556 0098 111 020]1988 335 210 0.17 736 111 632 26 603 6 604 13 1.2 0.27 -18.8 D
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Appendix 2 - List of Outcrops

No. Lithology Structural Foliation Contact Lineation Fold Axis
Dip dir.| Dip |Dip dir.| Dip | Trend | Plunge | Trend | Plunge
rnylonmc gramtlg gneiss, amphlbollte fold trapsposuon, ptygmatic folds, o057 | aa | 047 | 16
1lintruded by pinkish pegmatite catclasis
2|granitic L-tectonite 034 | 35 076 21
3|heterogeneous mylonitic gneiss
4|pegmatite 157 | 84
hornblende biotite granite gneiss
5|intruded by pegmatite 041 46
6|hornblende biotite granite gneiss 334 | 66
hornblende biotite granite gneiss
7|intruded by pegmatite 050 19 096 18
8|netagabbro
9|pegmatite 125 | 31
10|pegmatite 132 | 30
11|pegmatite
12 |pegmatite 016 | 74
13|pegmatite intruding metagabbro 012 | 75
14|hornblende biotite granite gneiss
hornblende biotite granite gneiss
15|intruded by aplitic granite 333 | 84
hornblepde biotite granite gneiss, minor 001 86
16[pegmatite
17|felsic phyllonite phyllonitic shear zone 020 36
18|hornblende biotite granite gneiss mylonitic shear zone 050 | 40
19|leucoranitic L-tectonite 075 25
20[leucoranitic L-tectonite 115 | 35 085 18
21|leucoranitic S-L-tectonite 118 | 32 076 21
22|pegmatite and heterogeneous gneiss cataclastic 046 | 24 085 26
23|heterogeneous gneiss cataclastic 045 28
24|protomylonitic gneiss 099 | 20
25[heterogenous gneiss 064 22 084 19
26 |heterogenous gneiss, pegmatite mylonitic 176 | 77
27|metagabbro 170 [ 90
28[amphibolite clastomylonitic shear zone 156 | 79
29|hornblende biotite granite gneiss
30/[hornblende biotite granite gneiss 092 34
31|heterogenous tonalitic gneiss mylonitic, strongly folded 065 | 56
32[metagabbro, medium grained 024 15
33|amphibolite intruded by pegmatite 021 | 27
34|amphibolite intruded by pegmatite isoclinal folding 022 54
35|amphibolite intruded by pegmatite L-tectonite 055 | 47| 035 [ 58
amphibolite intruded by pegmatite, white
L ) 028 | 44
36|tonalitic veins heterogeneous deformation
37[amphibolite intruded by pegmatite chlorite phyllonite shear zone 003 | 42
38|amphibolite intruded by pegmatite 025 | 70
39[heterogenous tonalitic gneiss mylonitic 006 | 26
40(hornblende biotite granite gneiss mylonitc 271 | 26
41|metagabbro intruded by pegmatite 086 15
42 [pegmatite
43|pegmatite sheared 123 45 122 45
44[metagabbro 103 | 10
gamet—l?eanng amphibolite intruded by o 146 | 23 075 20
45|pegmatite isoclinal recumbent macrofold
hornblende biotite granite gneiss contact 161 | 42
46|with metagabbro
hornblende biotite granite gneiss 052 28
47 [intruded by pegmatite mylonitic shear zone
hornblende biotite granite gneiss 037 30
48|intruded by pegmatite mylonitic shear zone
hornblende biotite granite gneiss contact|contact reactivated as mylonitic shear
) 059 | 29
49|with metagabbro zone
hornblende biotite granite gneiss contact
50|with metagabbro
51 [pegmatite mylonitic shear zone 058 69
hornblende biotite granite gneiss
52[intruded by pegmatite tight recumbent fold 001 75 260 10
53|hornblende biotite granite gneiss mylonitic 339 | 43
54[amphibolite intruded by pegmatite 056 20 104 24
55|pegmatite 069 | 42| 067 [ 50
56 [amphibolite mylonitic, crenulation folding 068 25
57|heterogenous tonalitic gneiss 070 | 25 080 24
58|heterogenous tonalitic gneiss 017 34
60|heterogenous tonalitic gneiss 059 | 30 084 14
61[pegmatite and mylonitic tonalitic gneiss [recumbent fold 158 54
62|pegmatite 154 | 55
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63| metagabbro
64 |heterogenous tonalitic gneiss 134 | 39
65|granitic S-L tectonite 119 31 072 27
66|tonalitic gneiss 026 | 40
67|amphibolite complex folding 347 65
68| metagabbro 119 | 41
hornblende biotite granite gneiss contact 101 | 27
69[with metagabbro
70]hornblende biotite granite gneiss mylonitic shear zone 083 | 30 100 26
hornblende biotite granite gneiss contact
71|with metagabbro fold 174 79 090 30
72|metagabbro, contact zone
hornblende biotite granite gneiss, more
73[tonalitic 054 | 20
74|hornblende biotite granite gneiss mylonitic shear zone 076 17 076 17
mylonitic shear zone; oblique isoclinal
75|hornblende biotite granite gneiss recumbent fold 048 25 081 25
76|amphibolite, contact zone 008 | 73
semi-brittle shear zone; isoclinal o11 | 38
77|heterogenous gneiss folding
78|cataclastic granitic gneiss semi-brittle shear zone 064 | 30
79|micaceous granitic gneiss phyllonitic 080 15
81|hornblende biotite granite gneiss
82|hornblende biotite granite gneiss 082 15
protomylontic to mylonitic; strain
83|granitic gneiss variations around tight inclined fold 001 45 090 29
84|granitic gneiss 010 | 38
85|hornblende biotite granite gneiss
86|tonalitic gneiss 084 | 20
87 [protomylonitic granitic gneiss 156 77
88|pegmatite 186 | 29
89[granitic gneiss protomylonitic
90|heterogeneous gneiss mylonitic shear zone 026 | 57
91|heterogeneous gneiss protomylonitic; folding 010 51
92|heterogeneous gneiss 181 | 87
93|hornblende biotite granite gneiss 015 90
94[garnet bearing granitic cataclastite
95|hornblende biotite granite gneiss 030 45
96 |granitic augen gneiss
97[granitic augen gneiss large Fsp Augen 012 29
98[granitic augen gneiss, amphibolite layer [protomylonite 092 37| 107 | 40
99|granitic cataclasite brittel-plastic transition shear zone 102 | 15
100[heterogenous gneiss 027 20
101(layered gneiss 349 38 072 9
102|granite mylonite mylonite to ultramlyonite, phyllonitic 067 17
layered gneiss and granitic augen
103|gneiss top-to-NE 052 28 070 15
104|heterogenous gneiss protomylonitic 005 | 40 070 20
105|granitic gneiss
106|granitic gneiss 001 17 064 10
107granitic gneiss and amphibolite 032 30 079 20
108|granitic augen gneiss top-to-NE 072 | 28 075 29
109(granitic augen gneiss top-to-E 069 20 069 20
110|granitic mylonite 094 | 35
111|heterogeneous mylonitic gneiss top-to-NE 146 46 072 24
112|granitic mylonite 071 | 29 071 29
113[granitic mylonite 150 35
114|heterogeneous mylonitic gneiss ptygmatic folding 082 | 26 086 14
115(granitic mylonite 081 32
116granitic mylonite top-to-NE 077 33 092 31
117granitic mylonite isoclinal folds 042 23 088 17 088 17
transition from mylonite to
- . . 118 | 26
118|granitic augen gneiss protomylonite
119|granitic augen gneiss 041 | 36 082 25
120(granitic augen gneiss 124 | 30
121|granitic augen gneiss 068 | 24 071 24
122]amphibolite 070 21
123|granitic augen gneiss 077 | 12
124 |heterogenous mylonitic gneiss clastomylonitic shear zone 001 84 087 10
125 [heterogenous mylonitic gneiss clastomylonitic shear zone 300 | 27
126granitic augen gneiss 350 70
127 [granitic augen gneiss 041 | 16
128[granitic augen gneiss top-to-E 026 36 079 3
129]heterogenous mylonitic gneiss
130|heterogenous mylonitic gneiss 004 | 24 090 6
131|heterogenous mylonitic gneiss shear zone: ductile to brittle 062 27
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132|mylontic granitic gneiss partly ultramylonitic 043 29 096 22
133[mylontic granitic gneiss strongly non-cylindrical folding 023 32 077 26
134|mylontic granitic gneiss 012 36
135|mylontic granitic gneiss 042 | 30
136|micaceous granitic gneiss phyllonitic? 079 13 091 1
137|granitic L-tectonite 087 | 10 071 10
138[granitic L-tectonite 002 20 061 19
139|granitic augen gneiss 034 | 24 059 19
140(granitic L-tectonite 071 24
141|granitic augen gneiss 035 | 18 077 22
142|granitic L-tectonite
143(granitic augen gneiss 040 29 059 26
144|amphibolite, thin layer 075 19
145|granitic augen gneiss top-to-E 055 | 20 080 13
146[mylontic granitic gneiss 175 49 100 10
147|mylontic granitic gneiss 109 17
148|mylontic granitic gneiss folding, top-to-E 070 | 24 079 16
149|heterogenous mylonitic gneiss shear zone 015 47 093 5
150|mylonitic granitic gneiss 031 | 27 074 9
151 [mylonitic granitic gneiss 048 26 048 26
152|heterogenous mylonitic gneiss 046 | 20
153|metagabbro 052 37 104 21
154 |amphibolite mylonitic, crenulation folding 041 | 20 084 10 095 13
155 [heterogenous mylonitic gneiss 088 15
156|heterogenous mylonitic gneiss 040 | 17
157|mylonitic granitic gneiss shear zone, top-to-E 050 42 092 7
158|amphibolite intruded by pegmatite 109 | 30

mylonitic tonalitic gneiss intruded by 002 57
159|pegmatite isoclinal recumbent fold

mylonm_c tonalitic gneiss intruded by 062 | 39
160|pegmatite

mylonltlg tonalitic gneiss intruded by 068 49
161 |pegmatite
162|leucogranite and pegmatite 005 25
163|gneissic leucogranite weakly foliated 150 | 82
164 |gneissic leucogranite 161 | 47
165 |pegmatite semi-brittle shear zone 083 | 35
166|gneissic granite 084 | 22
167|layered series 342 | 50
168|layered series C'-C shear bands in amphibolite 021 | 35
169|layered series ptygmatic folding 126 13
170|layered series 050 | 37

N-vergent fold, beginning amphibolite -
171|layered series chlorite phyllonite reaction 17 36 084 36
172|layered series; chlorite phyllonite tectonic conglomerate 084 | 28
173|layered series strong folding 084 14 093 9
Loddefjord detachment shear zone,

174|layered series; chlorite phyllonite top-to-E 048 25 120 7
175|layered series; chlorite phyllonite Loddefjord detachment shear zone 018 | 27 109 8
176|layered series shear zone 052 16 109 10
177 [pegmatite 017 33
178|pegmatite 178 | 35
179|layered series (metagabbro) 184 81
180(gneissic leucogranite 093 3
181 |layered series fold 041 | 32| 192 | 45 110 1
182|pegmatite
183 [pegmatite 019 | 22| 033 [ 60 [ 079 16
184|metagabbro mylonitic 030 57 095 21
185|pegmatite fold 140 | 23 081 25
186 |pegmatite 153 63
187|pegmatite 027 [ 50
188|pegmatite strong stretching lin - mullions? 070 | 25 082 29
189(gneissic leucogranite 080 27 095 18
190|pegmatite
191 [metagabbro intruded by pegmatite
192|cataclastic gneissic leucogranite semi-brittle shear zone
193(gneissic leucogranite 100 32 073 23
194|hornblende biotite granite gneiss
195 [heterogenous mylonitic gneiss

hornblende biotite granite gneiss
196|intruded by pegmatite shear zone 103 20 | 352 | 62

hornblende biotite granite gneiss
197|intruded by pegmatite 079 | 20 | 307 | 72
198|Gabbro (unaltered) 087 13
199|amphibolite
200|amphibolite mylonitic, isoclinal folding, sheath fold? 350 36 080 9
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20

-

amphibolite

folded, strong strain variation

085

20

metagabbro intruded by hornblende

202 |biotite granite (intrusive breccia) L-tectonite

203|pegmatite 353 | 63
204 |pegmatite 165 | 89
205|pegmatite

206 |pegmatite 320 | 58
207|pegmatite 339 | 80
208|pegmatite 350 [ 85
209|pegmatite 142 | 70
210|pegmatite 340 | 83
211|pegmatite 146 | 75
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Appendix 4 - Geological Map of Lyderhorn
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Appendix 5 - N-S Cross Section Lyderhorn
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Appendix 7
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Appendix 8 - 3D Geological Model of Lyderhorn
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Appendix 9 - 3D Basement Surface in SW Norway E'S“Z
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