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A B S T R A C T   

The formation of low-angle detachments involves exhumation of previously ductile material and fault zone 
weakening. To better understand this relationship, we studied a deeply eroded metamorphic core complex, 
which formed in the core of the Bergen Arcs (W Norway) during Caledonian post-orogenic collapse. Multi-scale 
structural mapping in the Øygarden Complex constrains three structural levels characterized by localized shear 
(Upper Unit), distributed deformation (Middle Unit) and a migmatite double-dome (Lower Unit). All levels show 
retrogressive E-W stretching accompanied by extension-parallel recumbent folding, albeit, with opposing shear 
senses at upper and middle/lower levels. The systematic comparison of 23 shear zones constrains the ductile-to- 
brittle structural evolution. Initially, high temperatures and partial melting controlled pervasive deep crustal 
flow and ductile doming. During retrogressive shearing, lithological heterogeneity controlled strain localization 
and channelized fluid flow causing retrograde phyllosilicate growth. This established a feedback loop of fluid- 
flow, fabric weakening and progressive shear localization. The interconnection of inherited and newly formed 
weak, phyllosilicate-rich layers promoted the formation of bivergent detachments that rapidly exhumed a dome 
of previously ductile crust. Retrogressive weakening in a kilometer-wide ductile-to-brittle ‘processing zone’ may 
be essential for the formation of continental detachments.   

1. Introduction 

Detachments are ductile-to-brittle low-angle normal faults (Fig. 1) 
that record commonly 10s of kilometers of displacement (Armstrong, 
1972; Axen, 2007; Buck, 1988; Lister and Davis, 1989; Wernicke, 1981). 
While oceanic detachments form at (ultra)slow spreading ridges 
(Fig. 1d), continental detachments are found in convergent as well as 
divergent tectonic settings (Platt et al., 2015; Whitney et al., 2013). 
Syn-convergent continental detachments (Fig. 1a, e g. South Tibetan 
Detachment) can form through (episodic) gravitational collapse 
(Burchfiel and Royden, 1985; Rey et al., 2001; Zhang et al., 2012) or 
channel flow and ductile extrusion (Beaumont et al., 2001; Grujic et al., 
1996; Searle, 2010; Teyssier et al., 2005; Vannay and Grasemann, 
2001). Classical low-angle detachments in the North American Cordil
lera, on the other hand, result from large-magnitude extension and 
bound domes/antiforms of metamorphic rocks known as metamorphic 
core complexes (MCCs; Fig. 1b) (Armstrong, 1982; Coney, 1980). 
Similar structures are found around the globe, particularly in areas that 
experienced orogenic collapse such as the Aegean (Jolivet and Brun, 

2010), Variscides (Vanderhaeghe et al., 2020) or Caledonides (Fossen, 
2010). Furthermore, recent models of passive margins increasingly 
invoke a crucial role of detachments and supradetachment basins in 
their distal parts (Fig. 1c; Brun et al., 2018; Clerc et al., 2018; Jolivet 
et al., 2018; Osmundsen and Péron-Pinvidic, 2018). 

Although detachments are fundamental tectonic features, their for
mation is far from fully understood (Axen, 2007). Driving forces, 
low-angle fault mechanics, localization mechanisms and structural 
models are often controversial (Labrousse et al., 2016; Lavier et al., 
1999; Platt et al., 2015; Searle and Lamont, 2020). Detachments in 
distinct lithospheres, settings and areas clearly have different charac
teristics (John and Cheadle, 2013), still their formation shows two 
common denominators: I) Detachments are inevitably associated with 
the exhumation of previously ductile material (Fig. 1), sometimes 
including (partially) molten rocks (Whitney et al., 2013); II) Detachment 
faults are weakened by growth of weak phases such as phyllosilicates 
(Collettini et al., 2009b; Grasemann and Tschegg, 2012; Holdsworth, 
2004). Therefore, the retrogressive structural and rheological evolution 
of the ductile crust is a key to better understand the formation of 

* Corresponding author. 
E-mail address: johannes.wiest@uib.no (J.D. Wiest).  

Contents lists available at ScienceDirect 

Journal of Structural Geology 

journal homepage: http://www.elsevier.com/locate/jsg 

https://doi.org/10.1016/j.jsg.2020.104139 
Received 20 November 2019; Received in revised form 2 July 2020; Accepted 6 July 2020   

mailto:johannes.wiest@uib.no
www.sciencedirect.com/science/journal/01918141
https://http://www.elsevier.com/locate/jsg
https://doi.org/10.1016/j.jsg.2020.104139
https://doi.org/10.1016/j.jsg.2020.104139
https://doi.org/10.1016/j.jsg.2020.104139
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsg.2020.104139&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Structural Geology 140 (2020) 104139

2

detachment zones. However, even in exposed continental detachment 
systems, inadequate erosion levels or steep topographic relief (Fig. 1) 
often limit access to systematically study their ductile parts. 

To address this issue, we studied the deeply eroded footwall of a 
major continental detachment system in W Norway that formed during 
collapse of the Caledonian orogen (Andersen and Jamtveit, 1990; Fos
sen, 2010; McClay et al., 1986; Norton, 1987; Osmundsen et al., 2005). 
Located in the core of the Bergen Arcs megastructure (Fig. 2), the 
Øygarden Complex (ØC) represents a domiform MCC with a flat erosion 
surface at sea level (Fig. 3) that cuts through ~10 km of crustal section. 
The so-called ‘strandflat’ morphology (Holtedahl, 1998) results in 
>1200 km of coastlines within an area of 75 km × 25 km, furthermore 
complemented by road sections along and across structural trends. This 
situation provides ideal conditions for systematic structural mapping at 
multiple scales. In this contribution, we present the first comprehensive 
study of ductile(-to-brittle) structures in the ØC including 
semi-quantitative mapping of ductile strain with the DISK scheme (Wiest 
et al., 2019) and a systematic analysis of 23 shear zones. Based on our 
results, we discuss the boundary conditions and dynamics of MCC for
mation and the structural evolution of the exhuming ductile crust. We 
compare the ØC to MCCs in other orogens, neighboring domes, and 
geodynamic models, to infer implications for the formation of 
large-magnitude continental detachments. 

1.1. Detachments vs. décollements 

Although the term detachment is sometimes also used to include 
reverse faults or thrust zones with marked structural and/or meta
morphic breaks (e.g. Milnes et al., 1997), we here follow Whitney et al. 
(2013) and restrict the term to large-magnitude, low-angle, extensional 
high-strain zones that comprise ductile shear zones as well as brittle 
faults. As pointed out by Brun et al. (2018), the terms detachment and 
décollement are not synonymous. Detachments are kilometer-scale fault 
zones, which cut across lithological contacts and unit boundaries (inci
sion and excision as defined by Lister and Davis, 1989). In contrast, 
décollements are weak layer-parallel horizons localizing deformation, 
which can occur from the microscale (see examples below) to the scale 
of entire orogens (Fossen, 1992). 

2. Geological setting 

The Øygarden Complex (ØC) is a dome-shaped window (Fig. 3) that 
exposes Baltic Shield basement in the core of the Bergen Arcs (Kolderup 
and Kolderup, 1940). The latter is an enigmatic megascale structure that 
formed through the combined effects of Caledonian orogenesis and 
post-orogenic collapse (Fossen and Dunlap, 1998). 

2.1. Baltic Shield 

The Baltic Shield in W Norway originally formed between 1.6 and 
1.5 Ga through arc magmatism and sedimentation (Bingen and Solli, 
2009; Roberts and Slagstad, 2015; Roberts et al., 2013). The crustal 
configuration of this part of the Baltic Shield mainly formed during the 
1.2–0.9 Ga Sveconorwegian orogeny (Bingen et al., 2005). Alternating 
episodes of extension and contraction characterized by a hot orogenic 
setting (Bingen et al., 2008) involved extensive magmatism and wide
spread migmatization (Coint et al., 2015; Slagstad et al., 2013, 2018b). 
During the Ediacaran, a segmented passive margin was established and 
continental ribbons rifted off the margin while the Iapetus ocean was 
opened (Andersen et al., 2012; Jakob et al., 2019; Kjøll et al., 2019). The 
Baltic Shield was transgressed and Cambrian shales were deposited onto 
deeply eroded Sveconorwegian crust (Gee et al., 2008). 

2.2. Caledonian orogeny and extensional collapse 

The Silurian to Early Devonian Caledonian orogeny comprises the 
closure of the Iapetus ocean until collision of Baltica (lower plate) with 
Laurentia (upper plate) from around 430 Ma (Corfu et al., 2014; Slagstad 
and Kirkland, 2018). Nappe stacking of different units of the Iapetus 
ocean, the Laurentian margin and the previously formed continental 
ribbons formed a thick orogenic wedge that was thrusted onto the Bal
tican margin while the Cambrian shales acted as a basal décollement 
(Fossen et al., 2017; Gee et al., 2008). At this stage, the Baltican margin 
must have been very strong so that it could get coherently subducted 
(Butler et al., 2015) reaching high-to ultrahigh-pressure conditions 
recorded in eclogites (ages ~425–400 Ma, see compilation by Kylan
der-Clark and Hacker (2014)) and felsic gneisses in the Western Gneiss 
Region/Complex (Cuthbert et al., 2000; Dobrzhinetskaya et al., 1995; 

Fig. 1. Cartoon-style cross sections of detachments in different tectonic settings. In all cases their formation is linked to exhumation of previously ductile material, 
but the systematic study of ductile footwalls is commonly inhibited by steep relief, erosion level or water cover. Loosely based on: a: Beaumont et al. (2001); b: Miller 
et al. (1999); c: Clerc et al. (2018); d: Whitney et al. (2013). 
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Griffin and Brueckner, 1980; Root et al., 2005; Wain, 1997). 
While there is evidence for syn-convergent detachments in the 

overriding plate on the Laurentian (Greenland) side of the orogen 
(Andresen et al., 2007; Hartz et al., 2001; Hodges, 2016), the Scandi
navian lower plate shows overwhelming evidence for post-orogenic 
collapse (Fossen, 1992, 2010). Following continent collision from 
around 405 Ma, reversed plate movements (Fossen et al., 2017; Rey 
et al., 1997) led to extensional reactivation of the basal décollement 
(Fossen, 2000) and the resulting eduction of the continental slab caused 
near-isothermal decompression of the deeply buried Baltican crust 
(Andersen et al., 1991; Butler et al., 2013; Duretz et al., 2012; Root et al., 
2005). Crystallization ages of migmatites between 405 and 390 Ma 
witness the thermal softening and increased buoyancy of the orogenic 
root at this stage (Ganzhorn et al., 2014; Gordon et al., 2013; Kylan
der-Clark and Hacker, 2014; Labrousse et al., 2002). This led to 
wholesale collapse of the overthickened crust in a regime of sinistral 
transtension, forming orogen-scale extensional detachments and sinis
tral strike-slip zones while Devonian supradetachment basins were 
deposited (Andersen and Jamtveit, 1990; Chauvet and Seranne, 1994; 
Fossen, 2010; Fossen et al., 2013; Hossack, 1984; Krabbendam and 

Dewey, 1998; Osmundsen and Andersen, 2001; Osmundsen et al., 2006; 
Séguret et al., 1989; Seranne, 1992; Seranne and Seguret, 1987). Ages of 
amphibolite-to greenschist-facies reworking during exhumation and 
cooling mostly fall between 405 and 375 Ma (Chauvet and Dallmeyer, 
1992; Fossen and Dallmeyer, 1998; Fossen and Dunlap, 1998; Kylan
der-Clark et al., 2008; Spencer et al., 2013; Walsh et al., 2013). 

Post-orogenic deformation shows a regional strain gradient from 
cold crust in the foreland and the upper parts of the orogenic wedge to 
hot crust in the orogenic infrastructure (Fauconnier et al., 2014; Fossen 
et al., 2014; Hacker et al., 2010; Milnes et al., 1997). The Hardangerfjord 
shear zone (Fig. 2) is an extensional shear zone that cross-cuts the basal 
décollement and corresponds to the limit of thick-skinned post-orogenic 
deformation involving the Baltic Shield basement (Fossen and Hurich, 
2005). Along the west coast of southern Norway, the Nordfjord-Sogn 
detachment zone exhumed strongly deformed eclogite-bearing crust in 
MCCs that were juxtaposed with Devonian supradetachment basins 
(Braathen et al., 2004; Hacker et al., 2003b; Johnston et al., 2007a; 
Norton, 1987; Osmundsen and Andersen, 2001; Wiest et al., 2019). Deep 
crustal flow was largely coaxial (Andersen et al., 1994; Hacker et al., 
2010) and involved large-scale internal necking as well as 

Fig. 2. Regional tectonic map of W Norway, showing 
brittle and ductile features of the Devonian detach
ment system and the intensity of (post-orogenic) 
Caledonian deformation in the Baltic Shield base
ment. The Øygarden Complex (ØC) represents a 
basement window affected by detachment shearing. 
The E-W cross-section A-A’ (modified from Milnes 
et al., 1997) shows exhumation of strongly deformed 
basement below the Nordfjord-Sogn detachment zone 
(NSDZ) and Devonian supradetachment basins. The 
N–S cross section B–B’ (modified from Johnston et al., 
2007b; Krabbendam and Dewey, 1998; Wiest et al., 
2019) shows the relation between the corrugated 
detachment and extension-parallel basement domes, 
including the ØC and the Gulen MCC. A white rect
angle marks the location of Fig. 2. Other abbrevia
tions: BASZ – Bergen Arcs shear zone, SHD – 
Sunnhordland detachment.   
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extension-parallel upright folding due to constriction (Fig. 2: cross sec
tion B–B’’; Krabbendam and Dewey, 1998; Labrousse et al., 2002; 
Labrousse et al., 2004). In proximity to the detachment zones, coaxial 
flow was overprinted by retrograde simple-shear deformation that 
involved vertical shortening (Andersen et al., 1994; Johnston et al., 
2007b; Wiest et al., 2019). Detachment shearing started at 
amphibolite-facies conditions and evolved progressively into brittle 
conditions (Braathen et al., 2004). From the Permian through the 
Mesozoic, two phases of North Sea rifting brittlely overprinted and 
partly reactivated Caledonian structures (Fazlikhani et al., 2017; Len
hart et al., 2019). 

2.3. The Bergen Arcs 

The Bergen Arc system (Fig. 3) consists of a heterogeneous stack of 

thrust nappes that were imbricated during Caledonian convergence 
(Kolderup and Kolderup, 1940; Kvale, 1960). The Minor Bergen Arc 
comprises elements of the Iapetus ocean (Fossen, 1989), while the Blå
manen Nappe represents a fragment of Baltican basement and its sedi
mentary cover (Fossen, 1988). The Lindås Nappe is famous for early 
Caledonian fluid-induced eclogitization of granulite-facies anorthosites 
and experienced partial melting leading to syn-convergent exhumation 
(Austrheim, 1987; Bingen et al., 2004; Jolivet et al., 2005; Kuhn et al., 
2002; Labrousse et al., 2010). The Gullfjellet Ophiolite and the Sunn
hordland Batholith belong to a suite of arc-related rocks that formed in a 
supra-subduction setting, possibly at the Laurentian margin (Andersen 
and Jansen, 1987; Furnes et al., 2012; Pedersen et al., 1992). The Major 
Bergen Arc includes parts of the pre-Caledonian hyperextended margin 
(Andersen et al., 2012; Jakob et al., 2017). Together, these different 
units are folded into an arcuate synformal structure, which occupies the 

Fig. 3. New geological map of the Øygarden Complex distinguishing three map units (see section 3.1). Note that mafic bodies are contained in all of the units. Small 
remnants of Devonian supradetachment basins are exposed in the NW corner of the map. Steep brittle faults are not shown. Abbreviations: MaBA – Major Bergen Arc, 
MiBA – Minor Bergen Arc, SHB – Sunnhordland Batholith. 
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hanging wall of the extensional Bergen Arcs shear zone (Wennberg, 
1996; Wennberg et al., 1998). The ØC forms the core of this structure 
and the contact between the ØC and the nappe stack is a basal thrust that 
has been reactivated as an antithetic detachment (Wiest et al., 2018b). 
Small remnants of Devonian supradetachment basins are preserved on 
islands directly north of the ØC (upper left corner of Fig. 3). 

2.4. The Øygarden Complex (ØC) 

The ØC consists of Telemarkian (1.5 Ga) granitic crust and Prote
rozoic metasediments that were migmatized and intruded by volumi
nous plutons during the ~1.0 Ga Sveconorwegian orogeny (Slagstad 
et al., 2018a; Sturt et al., 1975; Wiest, 2020; Wiest et al., 2018b; un
published SIMS U–Pb zircon ages of granitic leucosomes). These 
1050–1000 Ma Sveconorwegian magmatic rocks can be directly corre
lated with equivalent rocks in southern Norway, which are undeformed 
(Coint et al., 2015) and suggest an autochthonous position of the ØC and 
a Caledonian age of deformation (Wiest et al., 2018b). While large 
granitic and gabbroic plutons dominate the eastern and southern part of 
the complex (Askvik, 1971; Bering, 1985; Fossen and Ragnhildstveit, 
2008; Weiss, 1977; Wiest et al., 2018b), the central and northern part 
comprise mostly migmatites, leucogranites and locally quartzite-schist 
assemblages that apparently resisted migmatization (Austrheim and 
Ragnhildstveit, 1999; Johns et al., 2001). Many of the granites in the 
entire ØC are exceptionally radioactive and associated with high heat 
production values (Pascal and Rudlang, 2016; Rudlang, 2011; Schulze, 
2014). On the 1:250.000 geological map (Ragnhildstveit and Helliksen, 
1997), mafic rocks cover 14% of the exposed surface of the ØC, but 
smaller scale mafic bodies are abundant. 

During the Caledonian orogenic cycle, the ØC experienced intense 
ductile reworking (Fossen and Rykkelid, 1990; Rykkelid and Fossen, 
1992) including partial melting of the lowest levels (Johns, 1981). SIMS 
U–Pb zircon ages date crystallization of granitic leucosomes at 405 ± 3 

Ma and overlap with Ar–Ar white mica and biotite ages in between 405 
and 399 Ma (Wiest, 2020). These new ages confirm that most of the 
observed deformation occurred during post-orogenic collapse and led to 
rapid exhumation of ductile crust as suggested by previous models 
(Boundy et al., 1996; Fossen and Dunlap, 1998; Fossen and Rykkelid, 
1992; Wiest et al., 2018b). This is furthermore constrained by the onset 
of brittle faulting dated at ca. 396 Ma (Larsen et al., 2003). During North 
Sea rifting, the ØC formed a horst (Fossen, 1998) and limited number of 
coast-parallel alkaline dikes intruded in the Permian and Triassic (Fos
sen and Dunlap, 1999). Steep brittle faults, which cut through the 
gneissic fabrics, formed in multiple episodes from the Carboniferous 
until the Cretaceous (Fossen et al., 2016; Ksienzyk et al., 2014, 2016). 

3. Structural architecture of the ØC 

The ØC forms a shallow dome structure with only the eastern half 
exposed. The western part is below sea level and structural trends can be 
traced in the bathymetric data (Fig. 3). A series of cross-sections and a 
pseudo-3D view (Fig. 4) show the internal architecture of the complex. 
Extension-parallel E-W sections show consistently E-dipping fabrics that 
obtain a gentle westward dip at the westernmost exposures and in 
offshore seismic sections (Fossen, 1998; Grünwald, 1994). The ca. 25 
km-long, continuously exposed central E-W section (F–F′) represents ca. 
10 km of vertical crustal section from the top of the complex in the east 
to the deepest exposed levels in the west. Extension-perpendicular N–S 
sections show a very different picture. At upper levels (section B–B′), the 
gneissic fabric forms an open antiform with second-order undulations. 
At lower levels (section A-A’), the gneissic fabrics define five subdomes. 
Except for the Fedje dome (Larsen, 1996) in the north, the subdomes are 
exposed as E-plunging antiforms (Larsen et al., 2003). At the lowest level 
in the core of the complex, migmatites define a double-dome structure. 

We distinguished three structural units within the ØC that are 
characterized in the following section 3.1. They share important 

Fig. 4. Cross sections and pseudo-3D network of cross sections. See Fig. 2 for locations.  
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similarities such as retrogressive simple shearing, similar orientations of 
fabrics of different metamorphic grades (section 3.2) and a similar style 
of stretching and folding (3.3). Section 4 provides a more detailed 
characterization of shear-zone evolution in each of the units. 

3.1. Structural units (levels) 

3.1.1. Upper Unit 
Localized amphibolite-facies deformation characterizes the Upper 

Unit (Fig. 5). Pervasive shearing was weak and dominated by L > S 
fabrics (Fig. 6) so that primary textures within large Precambrian granite 
and gabbro plutons were preserved (Wiest et al., 2018b). Augen gneisses 
with feldspar augen in a fine-grained multi-phase matrix represent the 
most common rock type. Banded gneisses and mylonites are only found 
in high-strain zones. Retrograde deformation at greenschist facies to 
semi-brittle conditions was abundant in the Upper Unit. On the map 
scale, there are large tracts of phyllonites and fault rocks that range from 
mixed mylonites/cataclasites to amorphous ultracataclasites. On the 
microscale, low-temperature/high-stress fabrics commonly overprint 
coarse-grained high-grade fabrics. Quartz-rich rocks show regime 3 
fabrics as defined by Hirth and Tullis (1992), cut by micro-scale shear 
zones and mylonitic quartz veins with regime 1–2 fabrics (electronic 
supplement 2). While symmetric fabrics are sometimes found in ho
mogeneous gneisses and amphibolites, most fabrics are asymmetric, 

especially where phyllosilicate-rich layers are present, and indicate 
almost exclusively top-to-E kinematics (Fig. 6). 

3.1.2. Middle Unit 
Pervasive amphibolite-facies shearing characterizes the Middle Unit 

(Fig. 5). It consists largely of banded gneisses and amphibolites, while 
Precambrian protoliths and localized deformation are only found in low- 
strain domains (Fig. 6). Isolated lenses of micaschist contain kyanite, 
sillimanite and garnet. The characteristic rock type of the unit are 
banded gneisses with L = S fabrics (Fig. 6) formed by a medium-grained 
phase mix of quartz, feldspar and biotite. Fine-grained feldspar layers 
show no competence contrast to quartz-rich layers with regime 3 
microfabrics. Feldspar-rich pegmatites, on the other hand, represent 
weakly deformed rigid bodies within gneisses and amphibolites. Pro
gressive strain-localization occurred during retrograde deformation 
from kilometer-scale gneissic zones into meter-scale high-strain zones. 
These weak zones are inherited micaschists or formed by retrograde, 
fluid-induced phyllonitization (see documentation in section 4.3 and 
electronic supplement 2). In either case they show highly localized semi- 
brittle deformation. On the microscale, regime 1–2 quartz microstruc
tures are restricted to micro-scale shear zones, while the gneissic fabric 
shows abundant sericitization and saussuritization. Similar to the Upper 
Unit, coaxial deformation is recognized in homogeneous gneisses and 
amphibolites (Fig. 6), but more common are asymmetric fabrics 

Fig. 5. Characteristics of the structural units: Localized deformation preserves protoliths in the Upper Unit. Most fabrics show top-to-E kinematics and pervasive low- 
grade deformation on the microscale. The Middle Unit comprises pervasively sheared gneisses with low-strain lenses preserving protoliths. Most fabrics show top-to- 
W kinematics and low-grade deformation is highly localized, even on the microscale (note muscovite growing in micro-shear zone). The Lower Unit consists of late 
Caledonian migmatite (Wiest et al., 2018a). Localized post-migmatitic shear zones transform the migmatites into banded gneisses, but large domains preserve 
magmatic (micro-)structures. 
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indicating top-to-W kinematics. Simple shearing comprises distributed 
as well as localized deformation at different metamorphic grades, 
ranging from banded gneisses to semi-brittle chlorite phyllonites (see 
section 4.3). The mapped boundary between Upper and Middle Unit 
(localized vs. distributed deformation) coincides with the respective 
occurrence of top-to-E and top-to-W fabrics. 

3.1.3. Lower Unit 
The Lower Unit (Fig. 5) consists of Caledonian migmatites with melt 

crystallization dated by SIMS U–Pb zircon geochronology to 405 ± 3 Ma 
(Wiest et al., 2018a). These migmatites are metatexites with varying 
amounts of melt and form a double-dome structure with steep E-W 
striking foliations in the core of the complex (Fig. 4). However, het
erogeneous solid-state deformation overprinted the original geometry of 
the migmatite bodies. A weak pervasive stretching lineation developed 
in biotite-melanosomes, while localized shear transformed the migma
tites into banded gneisses. A suite of garnet-staurolite-kyanite amphib
olites within the migmatites show a progressive development from 
melt-present deformation to ductile-brittle greenschist facies deforma
tion (see section 4.4). Other shear zones in the migmatite domain show a 
cataclastic overprint. 

3.2. Fabric orientations 

We compiled a large structural dataset, which comprises newly ac
quired data from this study, digitized measurements from structural 
maps (Bering, 1985; Bernhard, 1994; Grünwald, 1994; Johns, 1981; 
Larsen, 1996; Wiest et al., 2018b; Ytredal, 1995, 1996) as well as the 
digital structural database of maps from the Norwegian geological sur
vey (Andersen et al., 1988; Austrheim and Ragnhildstveit, 1999; Bering 
et al., 1988; Fossen and Ragnhildstveit, 2008; Johns et al., 2001). In 

total, our dataset comprises 4024 foliations, 1072 lineations and 115 
fold axes and is made available in electronic supplement 1. 

Fabrics throughout the complex show a consistent pattern of shal
lowly ESE-plunging stretching lineations, lineation-parallel fold axes 
and a corresponding girdle of mostly flat-lying foliations (Fig. 7). 
Structural trends are similar in the three units and amphibolite- and 
greenschist-facies fabrics are parallel. The migmatitic Lower Unit, 
however, shows steeper migmatitic foliations cut by solid-state fabrics 
(electronic supplement 2). We distinguish six structural subareas to 
highlight second-order geographical variations in fabric orientations. 
The Laksevåg area (Upper Unit) shows a dominant ENE fabric trend that 
rotates towards ESE in the northern part of the Askøy area (Upper and 
Middle Unit) and in the southern Sotra area (Upper and Middle Unit). 
The Øygarden area (Middle Unit) shows consistently flat-lying foliations 
and an ESE-trend within a large scatter of linear fabrics. NE-plunging 
fold axes are found in weakly deformed rigid bodies. West-dipping 
fabrics occur in the westernmost part of this area. Linear fabrics in the 
Fedje area (Middle Unit) have a clear ESE-WNW trend, while foliations 
define a dome. Both linear and planar fabrics are here steeper than in 
most of the Middle and Upper Units. The migmatite core (Lower Unit) 
has steep migmatitic foliations that have been vertically shortened by 
solid-state shearing. The trend of fabrics in this area is close to E-W and 
foliations show a S-vergence with a steeper southern limb and a shallow 
northern limb. This asymmetry is reflected in the geometry of the entire 
complex (Fig. 3). 

3.3. Folding and boudinage 

Gneissic tectonites in the ØC are strongly anisotropic and display 
very different structural characteristics in lineation-parallel (E-W) and 
-perpendicular (N–S) sections (Fig. 8). Different fold structures are 

Fig. 6. Semi-quantitative mapping of ductile strain with the DISK scheme (Wiest et al., 2019). The results are shown separately for each parameter as map symbols 
and corresponding histograms. The symbols for kinematics are scaled corresponding to the confidence of the observation (small symbols – uncertain, middle symbols 
– certain, large symbols – very certain). 
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observed on different scales. While E-W-trending upright folds are seen 
on the map-scale (Figs. 4 and 8a), tight to isoclinal recumbent folds are 
abundant on the outcrop-to micro-scale. Literal textbook examples of 
multilayer buckle folds (Fig. 8b; see Fossen, 2016) show that competent 
layers (amphibolites or feldspar-rich pegmatites) controlled fold geom
etries during vertical shortening. Fold hinges are commonly occupied by 
retrograded amphibolites (biotite ± chlorite phyllonites) in between 
more competent granitic layers (Fig. 8c). The weak phyllosilicate-rich 
layers allowed the formation of tight to isoclinal folds and show a ge
netic relationship between recumbent folds and retrogressive shear at 
amphibolite to greenschist facies conditions (see section 4). 

In contrast to N–S sections, E-W sections show a remarkably parallel 
stratification of the undulating gneissic foliations (Fig. 8d). On the 
outcrop-scale, the lineation-parallel sections reveal abundant necking 

instabilities formed by layer-parallel extension. Purely ductile necking 
structures are symmetric, but more commonly we find asymmetric 
boudinage of amphibolites and feldspar-rich pegmatites associated with 
shear fractures (Fig. 8e). In heterogeneous gneisses, asymmetric folia
tion boudinage (Fig. 8f) and small-scale folding instabilities (Fig. 8g) 
formed above phyllosilicate-rich small-scale décollements (Rykkelid and 
Fossen, 1992). The map-scale structural relationships suggest that E-W 
stretching lead to necking and extension-perpendicular horizontal 
shortening forming upright folds. Under retrograde metamorphic con
ditions, shearing involved vertical shortening and was becoming pro
gressively more non-coaxial. 

Fig. 7. Lower-hemisphere equal area plots of the compiled structural data grouped into six structural subareas. Poles to foliations (small black circles) are contoured 
in red. Note that some of the structural data digitized from maps was recorded only at 5◦ precision creating an unnatural scatter. See text for references. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Shear-zone evolution at different structural levels 

To characterize the structural and metamorphic evolution of 
different levels of the MCC in more detail, we present a description of 23 
high-strain zones (Fig. 9) in form of a catalogue (electronic supplement 
2) that contains field photos, illustrations and microphotographs. We 
summarize our observations in Table 1 and classify shear zones with 
respect to their geometry, lithologies, localization and rheology. In the 
following, we describe representative shear zones of the different 
structural levels before we summarize aspects of shear zone evolution 
during MCC exhumation. 

4.1. Bounding shear zones/faults 

4.1.1. Austevoll shear zone 
The southern bounding shear/fault zone of the ØC is exposed on the 

island Austevoll, where it merges with the higher-level Sunnhordland 

detachment (Andersen and Andresen, 1994). The Austevoll locality 
(Fig. 10) is separated from the ØC by the 700 m-deep Krossfjord. An E-W 
trending ductile-to-brittle fault zone juxtaposes strongly sheared 
gneisses with weakly deformed granites of the Sunnhordland batholith 
(Andersen and Jansen, 1987), which occupied high structural levels of 
the orogenic wedge (Scheiber et al., 2016). The footwall of the fault 
consists of a 300 m-wide section of S-dipping mylonitic to ultramylonitic 
banded gneisses (Fig. 10b) that have characteristics of the Middle Unit 
with top-to-W and dextral kinematics. Shear fractures host quartz veins 
and phyllonitic layers show new growth of white mica and chlorite, 
suggesting the presence of fluids during mylonitization. A zone of 
granitic and mafic ultramylonites was incised by a steep E-W trending 
brittle fault zone. In a 10-20 m-wide damage zone the rocks are strongly 
fractured and shattered, while there is a very discrete fault plane that 
juxtaposes the embrittled gneisses with fractured granite. Away from the 
fault, the granite in the hanging wall (Fig. 10c) is weakly deformed 
except for local shear zones. A large amount of incision and excision 

Fig. 8. Folding, stretching and boudinage. a: Kilometer-scale ESE-plunging antiform (red) – synform (blue) - pair on southern Sotra. Black lines highlight the trace of 
the foliation. Orthophoto from norgeskart.no. b: Multilayer buckle folds in heterogeneous gneiss of the Toftøy shear zone indicating vertical shortening. c: Granitic 
pegmatite folded into isoclinal recumbent fold in the Ramsøy shear zone. Note the phyllonitic amphibolite in the hinge (dark) that acted as a “smear” in the fold hinge 
between the more competent pegmatite layers. d: Subhorizontally undulating gneissic foliation in the Rong shear zone. e: Asymmetric boudinage of amphibolite layer 
in gneiss in the Klokkarvik shear zone. f: Asymmetric foliation boudinage in the Toftøy shear zone. g: Train of asymmetric folds (contractional composite structure) in 
ultramylonite above a biotite-rich décollement in the Skogsøy shear zone. See Fig. 9 for locations. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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must have taken place in the fault zone, to juxtapose gneisses from the 
Middle Unit of the ØC with the upper levels of the Caledonian nappe 
stack. This fault is cut by coast-parallel faults and fractures that carry 
Permian dikes (Fossen and Dunlap, 1999), suggesting that it originated 
prior to North Sea rift initiation. Also, the deep fjord in between the 
Austevoll locality and the ØC (Fig. 3), invokes the presence of weak 
rocks (e.g. phyllonites) in a wide shear zone in the footwall of the 
exposed fault. 

4.2. Upper Unit 

4.2.1. Loddefjord shear zone 
The 300 m-thick, shallowly E-dipping shear zone (Fig. 11a–c) is 

located structurally ca. 1 km below the eastern boundary of the complex 
(Wiest et al., 2018b). Anastomosing zones of banded gneisses and 
mylonitic amphibolites show top-to-E fabrics and contain low-strain 
lenses of weakly deformed protoliths (Fig. 11a). They show that the 
Loddefjord shear zone formed in the heterogeneous contact zone be
tween large gabbro and leucogranite bodies (Fig. 11b). Heterogeneous 
deformation of mafic layers led to boudinage and fracturing of rigid 

(coarse grained) layers. Abundant veins and hydration of the amphib
olites demonstrate fluid ingress along these fractures. Within the alter
ation zones, biotite replaced amphibole and, if more water was present, 
biotite was almost entirely replaced by chlorite. Chlorite-phyllonites 
form layers that are up to 10 m thick and 100s of meters wide. Within 
these phyllonitic shear zones, the original rheological relationships were 
reversed. The mafic phyllonites represented the weakest layers and 
contain fractured and sheared clasts of granitic rocks (Fig. 11c). Small 
angular granitic clasts were rotated and rounded in the ductile phyl
lonite matrix (Wiest et al., 2018b, their Fig. 6B), which gave the 
peculiar-looking fault rock the nickname ‘tectonic conglomerate’ (Kol
derup and Kolderup, 1940). Anastomosing subhorizontal fractures 
represent the last stage of deformation in the phyllonite shear zones. 

4.2.2. Klokkarvik shear zone 
This shallowly E-dipping shear zone is up to 800 m-thick and rep

resents the boundary between the Upper and Middle Unit along the 
eastern coast of Sotra. The Klokkarvik shear zone localized in a highly 
heterogeneous zone of amphibolites, granitic gneisses and pegmatites 
(Fig. 11d) that separates relatively weakly deformed homogeneous 
bodies of granite and gabbro above and below the shear zone, respec
tively. Fabrics within the shear zone show consistently top-to-ESE ki
nematics, while top-to-W fabrics are found in the gneisses below (Fig. 6). 
Lithological heterogeneity and variable deformation of coarse- and fine- 
grained amphibolites caused large competence contrasts within the 
shear zone that resulted in ductile-brittle deformation. Boudinage- 
related fracturing of rigid coarse-grained mafic rocks (Fig. 11d) 
created pathways for fluids that formed hydrothermal mineralizations of 
quartz, feldspar and pyrite. Within granitic layers, coarse-grained feld
spar-rich pegmatites represent rigid layers and quartz-filled fractures 
formed at their borders. The quartz veins were themselves mylonitized, 
while hydration at the contacts formed muscovite (±chlorite) phyllon
ites (Fig. 11d). These felsic phyllonites show phase-mixing microstruc
tures and the development of micro-shear bands through the connection 
of muscovite layers (electronic supplement 2). 

4.3. Middle Unit 

The pervasive deformation in the Middle Unit makes the definitions 
of shear zones somewhat arbitrary. Yet, some zones show even higher 
strains than their surroundings and fall into three categories: 1. Strain 
localization next to weakly deformed bodies, 2. Localization in inherited 
weak rheologies, 3. Progressive strain-localization during retrograde 
deformation. 

4.3.1. Skogsøy shear zone 
Located in the westernmost part of the ØC, where fabrics turn into 

westward dip, a ca. 50 m-thick subhorizontal shear zone developed at 
the contact between a leucogranite and Precambrian migmatite 
(Fig. 12a). The homogeneous leucogranite consists almost entirely of 
coarse-grained K-feldspar and quartz and contains dismembered mafic 
boudins. On top of the shear zone, the leucogranite forms a NW-verging 
fold with NE-plunging fold axes and mineral stretching lineations. To
wards the shear zone, grain size decreases continuously, and the mafic 
bodies become more and more stretched out. The core of the shear zone 
is a 10 m-thick zone of ultramylonite with shallowly NW-plunging 
stretching lineations, clear top-to-NW kinematic indicators and sheath 
folds. The granitic ultramylonite contains rare K-feldspar augen but 
shows mostly a uniform fine-grained microstructure with evenly 
distributed feldspar, quartz and finely dispersed biotite. Thin biotite- 
layers act as small-scale decollements (Fig. 8h). 

4.3.2. Blom shear zone 
The 200 m-thick shallowly NE-dipping shear zone shows consistent 

top-to-W kinematics. It represents a heterogeneous zone of mylonitic 
gneiss, amphibolite, quartzite and sulfidic garnet-micaschist (Fig. 12b). 

Fig. 9. Map of key shear zones classified in Table 1, illustrated in electronic 
supplement 2 and described in the text (bold labels). 

J.D. Wiest et al.                                                                                                                                                                                                                                 



Journal of Structural Geology 140 (2020) 104139

11

Table 1 
Classification of shear zones illustrated in electronic supplement 2, sorted by units from the highest to the lowest structural level. The first main column shows 
general features: name, coordinates of the type locality, shear sense, average fabric orientation (dip direction/dip, trend → plunge) and thickness and exposed lateral 
extent of the shear zone. The second main column (Lithologies) classifies lithologies from high to low metamorphic grade: MI – migmatite, GN – gneiss, AM – 
amphibolite, QZ – quartzite, MS – micaschist, PH – phyllonite, CA – cataclasite, FG – fault gouge. The third main column (Localization) classifies factors of strain 
localization: Protolith – localization in weak protolith (e.g. schist), Rim – localization at rim of rigid body, Heterog. – localization in zone of lithological hetero
geneity, Boundary – localization at unit boundary. The last main column (Rheology) classifies rheological aspects: Inher. MS – inherited micaschist, Melanos. – 
inherited biotite melanosomes, Melt – syn-tectonic melt, D-B def. – ductile-brittle deformation, Fluids – Fluid-rock interaction (e.g. veins, hydration reactions, 
staining), Phyllon. – phyllonitization. 
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The protolith relationships suggest that the quartzite/schist lenses are 
resisters, which escaped Precambrian migmatization, and represent 
inherited weak layers that localized Caledonian shearing. In the largest, 
ca. 5–10 m thick schist layer folded and mylonitized quartz veins are 
abundant. These brittle-ductile fabrics are cut by a foliation-parallel, 
dm-thick subhorizontal fault gouge (Fig. 12b), which in turn is cut by 
steep brittle faults and fractures of Early Devonian age (Larsen et al., 
2003). 

4.3.3. Toftøy shear zone 
The Toftøy shear zone (Fig. 12c) represents a wide zone of strongly 

deformed gneisses that locally contain weakly deformed Precambrian 
migmatites. Foliations dip shallowly to the east and are folded along 
lineation-parallel ESE-plunging recumbent folds (Fig. 8c). Kinematic 
indicators show consistently top-to-W kinematics. Abundant biotite- 
décollements controlled the evolution of shear zone structures in the 
gneisses (Fossen and Rykkelid, 1990, 1992; Rykkelid and Fossen, 1992). 
These biotite layers formed either as melanosomes of Precambrian 
stromatic metatexites (cm-thick, several m2 lateral extent) or as 

retrogressed amphibolite layers (m-thick, several km2 lateral extent). 
The metatexites are more strongly deformed than neighboring quartzitic 
gneisses. Vertical shortening through recumbent folding allowed the 
formation of laterally extensive, subhorizontal high-strain zones that 
show progressive strain-localization during retrograde deformation and 
hydration of mafic layers. The best exposures of these processes are 
found in the Toftøy-Vik locality, which is part of a 3 km-long, shallowly 
E-dipping ductile-to-brittle fault zone (Fig. 12c–e). Amphibolite-facies 
gneisses show boudinage of mafic layers, while some large amphibo
lite layers are transformed into chlorite-biotite phyllonite (Fig. 12d) and 
form a ‘tectonic conglomerate’ with fractured granitic clasts in a sheared 
phyllonite matrix (Fig. 12d and e). Compared to the phyllonite zones in 
the Upper Unit, however, these phyllonites are coarser grained and show 
top-to-W kinematics. 

4.4. Lower Unit 

4.4.1. Spjeld shear zone 
The steeply N-dipping Spjeld shear zone represents the northern 

Fig. 10. The Austevoll locality exposes the southern bounding shear zone/fault of the ØC. The main fault juxtaposes strongly sheared gneisses from the ØC (b, width 
of view ca. 100 m) with weakly deformed granite of the Upper Allochthon Sunnhordland batholith (c, width of view ca. 150 m). Image from Google Earth. 
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boundary of the migmatite domain. The migmatites in this zone contain 
a tract of highly reactive garnet-staurolite amphibolites with three 
distinct fabric domains that record a progressive evolution from high to 
low grade (Fig. 13). Domain 1 consists of meter-scale lenses of unfoliated 
amphibolite, which contains no macroscopically visible plagioclase. The 
rock consists of large, unoriented amphiboles and garnet and skeletal 
staurolite crystals reaching up to 10 cm in diameter. Rutile inclusions 

occur commonly in garnet and Johns (1981) describes occurrences of 
kyanite. The rock contains veins consisting entirely of garnet and 
plagioclase-garnet-staurolite leucosomes at the boundary to Domain 2. 
The latter consists of coarse-grained amphibolites that contain abundant 
plagioclase and have a well-developed vertical foliation that wraps 
around the Domain 1 lenses. Plagioclase shows textures indicative of 
partial melting and occurs commonly around garnet that is replaced by 

Fig. 11. Shear zones in the Upper Unit. a: Architecture of the Loddefjord shear zone based on a surface model from Google Earth that is cut open in E-W direction. 
The location of b and c is marked in the image. b: Low strain lens revealing the heterogeneity of the protolith: A Sveconorwegian intrusive complex consisting of 
granites (orange-pink) and mafic lenses. Person for scale. c: Sheared clast of granitic gneiss contained within chlorite phyllonite that formed from amphibolite. The 
clast has a mixed δ- and σ-shape and indicates top-to-E shear sense. Hammer for scale. d: Panoramic photo stitch showing a heterogeneous low-strain domain of the 
Klokkarvik shear zone with granitic gneiss, pegmatite and amphibolite. Asymmetric shear fractures (red lines) are developed in a coarse-grained amphibolite layer, 
while fine-grained amphibolites (black) deform ductilely. Compositional variations in the granitic gneiss lead to fracturing, fluid ingress and phyllonitization (green 
arrow). Person for scale. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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magnetite. Solid-state symmetric fabrics show coaxial stretching in E-W 
direction, but asymmetric foliation boudinage indicates a sinistral sense 
of shear. Domain 3 is a coarse-grained chlorite phyllonite shear zone 
cutting obliquely through the Domain 2 fabric. The shear zone devel
oped along a vertical fracture with thick plagioclase-quartz veins that 

served as a pathway for fluids, which hydrated the rock so that all mafic 
phases were replaced by chlorite. 

Fig. 12. Shear zones in the Middle Unit. A: The Skogsøy shear zone developed at the base of a homogeneous orange leucogranite. The granite contains mafic bodies 
that become more and more stretched out towards the shear zone. The dark color of the shear zone is the result of extreme grain-size reduction in the ultramylonite. 
Note person for scale. B: Blom shear zone. A subhorizontal fault gouge (red arrow) cuts through a layer of garnet-micaschist that is surrounded by gneiss. C: Ar
chitecture of the Toftøy shear zone. D: The Toftøy-Vik shear zone consists of a wide zone of mylonites that developed into a localized ductile-brittle shear zone. The 
lower part of the outcrop shows a mylonitic gneiss with a boudinaged amphibolite layer. The upper part of the outcrop consists of a larger amphibolite layer that has 
been hydrated into a chlorite-biotite phyllonite that contains granitic clasts. E: Detail from the “tectonic conglomerate” showing small-scale chlorite-filled fractures in 
a large granitic clast contained in phyllonite. Note rounded clast on the upper right side. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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4.5. Shear zones and structures across the scales 

Some of the described structures and processes are self-similar on 
different scales, while others are not (Fig. 14). Necking occurs from the 
microscale, affecting minerals, to the crustal-scale forming an entire 
MCC. Folds are recumbent on the mesoscale, but upright on the macro- 
and megascale. Coherent migmatite bodies are observed up to the km- 
scale, however, the extent of migmatites at deeper levels of the com
plex could be larger. The mapped migmatites coincide precisely with an 
E-W-elongated positive magnetic anomaly (Gellein, 2007a). Similar 
anomalies in other parts of the complex might indicate unexposed 
migmatite bodies that could be connected at depth as indicated in Fig. 4. 

Based on Table 1 we can assess micro-to mesoscale aspects of shear 

zone localization and rheology. Shear zones localized either in inherited 
weak zones, at the rim of weakly deformed rigid bodies or at unit 
boundaries and always represent zones of strong lithological heteroge
neity. Phyllosilicates, either inherited or newly formed, played an 
important role in many shear zones. Phyllosilicate layers were inherited 
in form of melanosomes in stromatic metatexites or schist layers that 
escaped migmatization. Lithological heterogeneity and variable 
shearing of coarse-grained (rigid) and fine-grained layers lead to brittle- 
ductile deformation. Fluid ingress along shear fractures was associated 
with retrograde hydration, especially of mafic rocks. Biotite-phyllonites 
formed from retrogressed amphibolites are very common, but usually no 
more than a few decimeters thick. Individual bodies of chlorite 
(±biotite)-phyllonites, which formed through advanced hydration of 
mafic layers, can be up to 10 m thick, but shear zones commonly contain 
multiple levels of phyllonites. Muscovite-quartz phyllonites formed 
through hydration of felspar-rich granitic rocks but are less common. 

When trying to extrapolate our outcrop-scale observations, it be
comes clear that the inherited as well as newly formed weak 
décollements could have controlled the rheology of the ductile crust, as 
soon as they formed an interconnected shear zone network. The map- 
scale pattern of shear zones suggests this as a plausible scenario in the 
case of the ØC. Inside these shear zones, however, a multitude of factors 
and processes determined the rheology, which furthermore evolved over 
time. During retrogression, ductile-to-brittle deformation became pro
gressively localized into weak phyllosilicate horizons until the last 
increment represented by subhorizontal, foliation-parallel fault gouges 
that are cut by Early Devonian steep faults (Larsen et al., 2003). 

5. Discussion 

5.1. The Øygarden Complex – A bivergent MCC 

We have shown that the ØC is a ductile dome that contains structures 
formed at different crustal levels. Retrogressive E-W stretching with 
increasing strain intensity from top to bottom formed ductile-to-brittle 

Fig. 13. Migmatites in the Spjeld shear zone contain 
a suite of garnet-staurolite amphibolite xenoliths that 
record a progressive evolution in three distinct do
mains. Domain 1: Unfoliated ultramafic amphibolite 
(no plagioclase) with large garnets and staurolites 
and garnet veins. Domain 2: Foliated amphibolite 
with plagioclase and large garnet pophyroclasts with 
symmetric plagioclase strain fringes. Domain 3: 
Chlorite-phyllonite shear zone cutting through 
Domain 2 fabric along a brittle fracture (pencil for 
scale).   

Fig. 14. Schematic illustration of different structures and processes and the 
scales they occur on. Necking can be observed to affect different entities in a 
self-similar manner. The fold style, on the other hand, shows scale-dependent 
variations. The same accounts for the observed extent of partial melting and 
solid-state shear zones. Different processes control shear-zone localization, but 
in order to control the crustal-scale rheology, they must form an inter
connected network. 
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shear zones at all exposed structural levels. This deformation includes 
simple shear, vertical shortening and low-grade retrogression, which is 
characteristic for the footwall of continental detachment systems 
(Whitney et al., 2013). Available dates from the ØC show an evolution 
from partial melt crystallization (U–Pb zircon leucosomes: ~405 Ma) to 
rapid exhumation of ductile crust (Ar–Ar white mica and biotite: mostly 
405–399 Ma) (Boundy et al., 1996; Fossen and Dunlap, 1998; Wiest, 
2020) reaching brittle conditions around ca. 396 Ma (Fossen et al., 2016; 
Larsen et al., 2003). These ages correspond to post-orogenic collapse in a 
regime of sinistral transtension (Fossen, 2000; Fossen et al., 2013; 
Krabbendam and Dewey, 1998; Osmundsen and Andersen, 2001). 
Today, the ØC is in contact with remnants of Devonian supradetachment 
basins (north), uppermost parts of the orogenic wedge (south) and 
various nappes of the Bergen Arc system (Fig. 3). As discussed by Wiest 
et al. (2018b), the eastern contact of the ØC can be considered as an 
E-directed detachment that reactivated the original basal thrust (Fossen, 
1989) with variable amounts of excision. Besides, parallel reflectors in 
near-shore seismic data suggest a shallowly W-dipping detachment 
offshore (Fossen et al., 2016). This is also indicated by the westward 
rotation of fabrics into westerly dip associated with dominant top-to-W 
kinematics, top-to-W shear zones at the southern and northern tips of the 
complex, and overlaying Devonian supradetachment basins. Although 
not exposed, the location of this western detachment can be inferred 
from a pronounced E-W-trending magnetic anomaly (Gellein, 2007a) 
that corresponds precisely to the mapped migmatite domain. All of the 
aforementioned points suggest that the ØC represents a bivergent MCC, 
exhumed during post-orogenic collapse. 

5.2. Boundary conditions of post-orogenic MCC formation 

A post-orogenic MCC model agrees with the boundary conditions of 
the Bergen Arc system. Although ductile flow might have occurred 
during convergence (see section 5.3), we found no structures in the ØC 
that can be clearly assigned to this stage. In the overlaying nappes of the 
Bergen Arcs system, in contrast, ages and structures related to syn- 
convergent deformation and exhumation are abundant (Fossen, 1988, 
1989; Fossen and Dunlap, 1998, 2006; Jolivet et al., 2005; Kuhn et al., 
2002). This conforms with the notion, that the Baltican margin was cool 
and rigid during continental subduction so that deformation became 
localized into the overlaying basal décollement and weak allochthons 
(Butler et al., 2015; Fauconnier et al., 2014; Fossen, 1992). 
Post-orogenic extension, on the other hand, affected an overthickened 
and thermally softened, but rheologically highly heterogeneous crust. 
The orogenic wedge was relatively cold and consisted of various thrust 
nappes with very distinct histories and rheologies (Fossen et al., 2017). 
The Bergen Arcs system is mostly occupied by dry lower-crustal rocks of 
the Lindås Nappe (Austrheim, 2013) and the Gullfjellet Ophiolite, which 
represented both rigid and dense bodies (Gellein, 2007b). Structurally 
underneath, the km-thick thrust-related mylonites and schists of the 
Minor and Major Bergen Arcs (Faerseth et al., 2011; Fossen, 1989) 
constituted décollements localizing deformation. The three map units 
within the ØC and their structural characteristics can be interpreted as 
rheological layers with downward decreasing viscosity. The boundary 
between the Upper and Middle Unit represents the transition from 
localized to distributed strain (Cooper et al., 2017), while the limit of 
partial melting defines the Lower Unit. Highly radioactive granites 
(Pascal and Rudlang, 2016) may have caused a thermal anomaly in the 
ØC. Previously, late Caledonian partial melting has been reported only 

Fig. 15. Schematic illustration of the proposed MCC model for the ØC. Initial stretching of the rheologically layered orogenic crust caused ductile necking, doming 
and extension-perpendicular shortening in the deep crust. Strain-weakening feedbacks, illustrated in panels (a–e), led to retrogressive overprinting, vertical short
ening and the formation of interconnected weak décollements (green). The shear zone evolution contributed to the formation of bivergent detachments, which 
eventually exhumed the MCC, while dense nappes in the Bergen Arcs sank into a ‘ductile graben’ structure. Note, we do not imply that the ØC was exhumed to the 
surface. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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from the highest-grade regions of the Western Gneiss Region (Gordon 
et al., 2013, 2016; Hacker et al., 2010; Kylander-Clark and Hacker, 
2014; Labrousse et al., 2004, 2011). The rheological layering, inferred 
for the Bergen Arcs system and the underlying ØC (Fig. 15) at the onset 
of post-orogenic extension, represents a first-order parameter control
ling intra-crustal necking and MCC formation (Huet et al., 2011; Lab
rousse et al., 2016; Wijns et al., 2005). 

5.3. Formation of the Øygarden dome and the Bergen Arcs 

The formation of domes is commonly controversial (Yin, 2004) and 
the ØC is no exception. The juxtaposition of the migmatite domain with 
strongly deformed, but solid-state structural levels suggests that the 
Øygarden dome formed within the ductile (plastic) crust. This could 
have happened during convergence or initial post-orogenic extension. 
The peculiar relation of opposing shear senses at upper and lower levels 
of the ØC inevitably invokes comparison with models of channel flow 
(Grujic, 2006) or ‘compressional MCCs’ (Searle and Lamont, 2020). 
Doming and top-to-W fabrics above the migmatite domain could be 
related to horizontal eastward flow of a partially molten layer during 
ongoing convergence (‘channel detachment’ by Teyssier et al., 2005). 
Such a model, however, does not explain the systematic retrogressive 
overprinting of fabrics with consistent, but opposing kinematics in 
different domains. Alternatively, the opposing shear senses might 
represent westward extrusion of a ductile nappe similar to the Greater 
Himalayan Series (Grujic et al., 1996). However, this model is not 
supported by the regional structural context (Fossen, 2000; Fossen et al., 
2014) and available geochronological data (Wiest, 2020). A more 
consistent explanation may be provided by transtensional doming dur
ing post-orogenic collapse involving westward ductile extrusion of 
high-grade, low-viscosity material at lower levels. 

In the latter scenario (Fig. 15), initial stretching of the rheologically 
layered orogenic crust caused upper crustal faulting, while necking in
stabilities developed in the ductile crust. The inverted rheological and 
density structure with the Lindås Nappe and Gullfjellet Ophiolite on top 
of partially molten granitic basement induced doming of the ØC. Inside 
the basement, necking of upper levels was compensated by extension- 
perpendicular shortening within the lower levels, forming mega-scale 
upright folds including the migmatite double-dome (Le Pourhiet et al., 
2012; Rey et al., 2017; Wiest et al., 2019). During continued crustal 
stretching, these structures were progressively overprinted by bivergent 
detachments. As a result, the dense nappes sank into an arcuate syn
formal structure, caught in between the concave Bergen Arcs Shear Zone 
(Wennberg et al., 1998) and the convex eastern detachment wrapping 
around the Øygarden dome (Fig. 15). Considering the deep erosion 
level, the structural relationship of the ØC and Bergen Arcs can thus be 
seen as ductile equivalents to horsts and grabens. 

5.4. Shear zone evolution during MCC exhumation 

Indifferent of these models, we can discuss factors that controlled the 
rheology within the exhuming shear zones. The observed amount of 
leucosomes in the Lower Unit of the ØC (Fig. 15a) suggests that the 
presence of melt initially controlled deep crustal flow (Rosenberg and 
Handy, 2005), while high temperatures activated pervasive ductile flow 
in the Middle Unit. In the Upper Unit, preexisting lithological hetero
geneity (Fig. 15b) appears as the main parameter that controlled shear 
zone localization (Pennacchioni and Mancktelow, 2007) and became 
progressively more important for the lower levels. Competence contrasts 
related to variable mineralogy and grain size led to ductile-brittle 
deformation and channelized fluid flow in shear fractures (Fig. 15c). 
The ØC shows evidence of abundant syn-tectonic fluids of probable 
metamorphic and/or magmatic origin (Quilichini et al., 2016; Sie
benaller et al., 2012; Whitney et al., 2013). There must have been sig
nificant permeability in the ductile crust, to allow the large fluid fluxes 
that are needed to form the observed chlorite phyllonites (Fig. 15d). 

Chlorite contains on average 5 times as much water as amphiboles and 3 
times as much as mica (Hacker et al., 2003a). If we consider for example 
an ellipsoid-shaped amphibolite body with dimensions 100 m × 150 m x 
10 m (corresponding to one of the larger phyllonite bodies observed in 
the Loddefjord shear zone) that consisted of 50% amphibole, an influx of 
roughly 2 million liters of water would be needed to convert all the 
amphibole to chlorite. Fluids could have moved through shear zones by 
intergranular processes, such as creep cavitation (Fusseis et al., 2009), 
yet, on the mesoscale we observe ductile-brittle fracturing (Fig. 15c) as 
the major mechanism providing transient permeability. The relative 
abundance of pervasively phyllonitized amphibolites compared to 
granitic rocks implies a higher reactive potential for fluid-rock interac
tion in mafic rocks (Kleine et al., 2015). Furthermore, the fabric weak
ening associated with fluid-induced retrogressive phyllosilicate growth 
(Bos and Spiers, 2002) activated a feedback loop of shearing, channel
ized fluid flow and phyllonitization. This made mafic rocks sinks for 
fluids and turned them into the weakest layers, in stark contrast to their 
expected behavior at low metamorphic grades. During exhumation and 
retrogression, deformation progressively localized into 
phyllosilicate-rich décollements, either inherited (melanosomes and 
schists) or newly formed (phyllonites), eventually forming sub
horizontal brittle faults (Fig. 15e). If we assume that these décollements 
were interconnected in a self-similar manner across the scales (Fig. 14), 
the rheology of phyllosilicates (Aslin et al., 2019; Bos and Spiers, 2002; 
Hunter et al., 2016; Wintsch et al., 1995) controlled the deformation of 
the exhuming ductile crust at some stage. 

5.5. Comparison with other MCCs 

Considering the rheological profile of the crust, the ØC appears to 
represent an intermediate case in between classical “Cordilleran meta
morphic core complexes” without migmatization (e.g. Armstrong, 1982; 
Coney, 1980; Platt et al., 2015) and migmatite-cored MCCs hosting 
gneiss domes with extensive melting such as the Cordilleran Shuswap 
MCC (Norlander et al., 2002; Teyssier et al., 2005; Vanderhaeghe et al., 
1999, 2003), the Aegean Naxos MCC (Cao et al., 2013; Jolivet et al., 
2004; Vanderhaeghe et al., 2004) or the Variscan Montaigne Noire dome 
(Brun and Van den Driessche, 1994; Roger et al., 2015; Whitney et al., 
2015). Besides the geological setting of orogenic collapse, the ØC re
sembles these MCCs also in other aspects. Despite the difference in 
erosion level, the similarity between Caledonian and Cordilleran MCCs 
has long been noted (McClay et al., 1986). The ØC shows similar Pre
cambrian basement rocks in the core, opposed shear senses (Cooper 
et al., 2010) and a downward succession from localized to distributed 
(solid-state) deformation (Cooper et al., 2017). The inferred structure of 
the migmatite double-dome, on the other hand, resembles the Montagne 
Noire and Naxos MCCs (Kruckenberg et al., 2011; Rey et al., 2017; Roger 
et al., 2015). The exotic garnet-staurolite amphibolites described in 
Section 4.4 might indicate that the ØC migmatites sampled portions of 
the lower crust and transported them upwards in a manner similar to the 
model proposed by Whitney et al. (2015) for the Montagne Noir eclo
gites. Rutile inclusions in garnets suggest that these amphibolites 
experienced pressures above 10 kbar (Zack and Kooijman, 2017), 
assuming that the rutile is metamorphic, which is 2 kbar higher than the 
only previously published thermobarometric estimate from the ØC 
(Boundy et al., 1996). Low-grade retrogression involving fluid alter
ation, has affected all structural levels of the Naxos MCC (Cao et al., 
2017). The retrogressive shear zone evolution described in this study 
can be better understood by comparing the ØC to nearby MCCs in W 
Norway. 

Coaxial stretching and deep crustal necking, followed by 
detachment-related simple shearing, is characteristic for most of the 
Western Gneiss Region and the extensional system of SW Norway 
(Andersen and Jamtveit, 1990; Andersen et al., 1994; Fossen, 2010; 
Hacker et al., 2010; Labrousse et al., 2002, 2004; Wiest et al., 2019). 
Although an order of magnitude smaller, the ØC structurally resembles 
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the Central Norway basement window (Braathen et al., 2000). More 
directly, it can be compared with the neighboring Gulen MCC (Fig. 2). 
While syn-extensional melting was absent at the exposed level of the 
Gulen dome (Wiest et al., 2019), deep crustal extension-perpendicular 
inward flow of solid-state low-viscosity material formed a high-grade 
core with abundant eclogites, coaxial strain, subvertical foliations and 
isoclinal upright folds parallel to subhorizontal lineations. Wrapping 
around the core, detachment mylonites are distinguished by retrograde 
simple shear deformation, vertical shortening and low-grade retrograde 
deformation involving fluid-rock interaction. Why was a high-grade 
core preserved in the Gulen MCC, while the entire ØC shows charac
teristics of detachment shearing? The Gulen MCC apparently experi
enced higher pressures during continental subduction, although 
retrogression may just have obliterated any traces of eclogite-facies 
metamorphism in the ØC (note the description of rutile inclusions in 
garnet in section 4.4). On the other hand, the crust in the ØC had either a 
higher geothermal gradient because of especially heat-producing gran
ites (Pascal and Rudlang, 2016) or experienced higher strain rates, so 
that migmatites were exhumed from a deeper crustal level (Rey et al., 
2009). Most importantly, however, fluids seem to have been more 
abundant in the ØC and triggered a weakening feedback in the 
exhuming ductile crust. The exact source of these fluids is yet unknown, 
but we note the location of the ØC above a postulated extinct Sveco
norwegian mantle wedge, which might have been hotter and more hy
drous than average lithospheric mantle (Slagstad et al., 2018a). Lastly, 
the ØC is the only MCC exposed in the hanging wall of the main 
detachment system that runs along the west coast of southern Norway 
(Fig. 2). An important implication of this point is the possible existence 
of multiple levels of (bivergent) detachments and MCCs in the North Sea 
region, which could have influenced rifting (Fazlikhani et al., 2017). 

5.6. Comparison with models and implication for detachments 

Based on numerical and analogue models (e.g. Brun et al., 1994; 
Tirel et al., 2008; Tirel et al., 2006), Brun et al. (2018) suggest that 

detachments must not necessarily initiate at the onset of extension, but 
can evolve progressively during exhumation of ductile crust. This 
model-based idea conforms very well with our observations from the 
ØC. We see a km-wide ‘processing zone’ in the ductile crust where 
retrogressive shearing forms an interconnected network of inherited and 
newly formed phyllosilicate-rich décollements (Fig. 16). The ØC might 
represent an extreme end-member case, caused by the excessive abun
dance of fluids. Still, similar processes could be essential for de
tachments in general, given their consistent ductile-to-brittle evolution 
and the important role of phyllosilicates within such structures (Bos and 
Spiers, 2002; Collettini et al., 2009a; Hunter et al., 2016; Whitney et al., 
2013; Wintsch et al., 1995). 

This idea could help to resolve an apparent paradox in the formation 
of extensional continental detachments. A high intra-crustal strength 
contrast is needed for internal necking of the crust (Labrousse et al., 
2016), as opposed to wide rifting or whole-crust necking compensated 
by mantle flow (Brun et al., 2018; Buck, 1991). On the other hand, the 
thickness (and hence the strength) of the brittle layer limits localization 
on a single detachment fault (Lavier and Buck, 2002; Lavier et al., 1999). 
So, while a strong brittle layer is mandatory for intra-crustal necking, it 
impedes the formation of MCCs. Based on our model of the ØC, we 
speculate that retrogressive shearing triggers positive weakening feed
backs, which reduce the viscous strength of the exhuming ductile crust. 
This effectively reduces also the thickness of the brittle layer, allowing 
brittle deformation to localize into single faults that eventually become 
detachments. 

6. Conclusions 

We explain the structure of the ØC and the Bergen Arcs by bivergent 
MCC exhumation during post-orogenic collapse. Extension of a rheo
logically layered orogenic crust led to necking and doming controlled by 
viscous flow of the (partially molten) Baltic Shield basement. Litholog
ical heterogeneity during shearing triggered a feedback loop of ductile- 
brittle deformation, channelized fluid flow and retrogressive 

Fig. 16. Suggested model of extensional continental detachments based on the ØC. In a km-wide processing zone, the formation and interconnection of décollements 
(light shade) weakens the ductile crust. The accumulation of these weak, phyllosilicate-rich layers forms detachment mylonites and promotes slip of low-angle brittle 
faults. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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phyllosilicate growth, which caused fabric weakening particularly in 
mafic layers. The interconnection of inherited and newly-formed, 
phyllosilicate-rich décollements controlled the progressive localization 
of deformation. The associated weakening of the exhuming ductile crust 
promoted the formation of bivergent detachments that juxtaposed the 
Øygarden dome with Devonian supradetachment basins and high levels 
of the former orogenic wedge. Our results suggest that retrogressive 
weakening can occur in a kilometer-wide ductile-to-brittle ‘processing 
zone’ and represents an essential mechanism for the progressive for
mation of continental detachments. 
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