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A B S T R A C T

The Øygarden Complex is the westernmost basement window in the Norwegian Caledonides, yet, the age and
evolution of this part of the Baltic Shield is largely unknown. We examined the eastern part of the window by
detailed field mapping and SIMS U–Pb zircon geochronology, to disentangle the record of Caledonian and
Sveconorwegian orogenesis and to constrain the long-term crustal evolution. The eastern Øygarden Complex
comprises mainly Sveconorwegian metaigneous rocks, which intrude Telemarkian granitic basement, dated at
1506 ± 5Ma. Sveconorwegian magmatism occurred in two distinct phases: Contemporaneous hornblende
biotite granite and gabbro intrusions revealed crystallization ages of 1042 ± 3Ma and 1041 ± 3Ma, respec-
tively. We dated younger leucogranitic intrusions at 1027 ± 4Ma, 1024 ± 6Ma and ca. 1022Ma. The new
ages clearly identify the Øygarden Complex as a part of Telemarkia and correlate it with the Sirdal Magmatic
Belt. Furthermore, they show that the Precambrian evolution of the Øygarden Complex is distinctly different
from the Western Gneiss Region. Bimodal magmatism at 1041Ma and the absence of Sveconorwegian high-
grade metamorphism in the eastern Øygarden Complex support the idea of an accretionary Sveconorwegian
orogen. Following long-term residence at low temperatures, a temperature increase caused resetting of high-U
metamict zircons at ca. 482Ma. This early Ordovician thermal event might reflect extension of the Baltican
margin or early Caledonian convergence. Caledonian ductile reworking involved top-to-E shearing and re-
cumbent lineation-parallel folding followed by the formation of ductile-to-brittle normal-sense shear zones. We
discuss this structural evolution in the light of existing and new tectonic models, including early Devonian core-
complex exhumation of the Øygarden Complex.

1. Introduction

Grenville-age orogens (1.3–1.0 Ga) are found on all continents and
indicate a very important period of continental crust formation (Rino
et al., 2008) that finally led to the formation of Rodinia (Li et al., 2008).
Across the planet, the style of Grenville-age orogens ranges from large
and hot continent-continent collision orogens to variably sized accre-
tionary orogens (Cawood and Pisarevsky, 2017; Roberts et al., 2015).
The Sveconorwegian orogen in southern Baltica is traditionally seen as
a direct continuation of the Grenvillian continent-continent collision
(e.g. Bingen et al., 2008b; Bingen et al., 2005; Möller et al., 2015).
However, since the recent recognition of the late Mesoproterozoic
(1050–1020Ma) Sirdal Magmatic Belt in southern Norway (Coint et al.,
2015; Slagstad et al., 2013a) the style of Sveconorwegian orogenesis

has become a matter of controversy (Möller et al., 2013; Slagstad et al.,
2013b). Previously, calc-alkaline 1040–1020Ma granitoids in Tele-
markia were interpreted as evidence of syn-collisional magmatism
caused by crustal thickening (Bingen et al., 1993; Bingen and Van
Breemen, 1998). Slagstad et al. (2013a,b), however, point out the
subduction-related geochemical signatures of 1050–1020Ma granitoids
and the widespread absence of regional metamorphism and deforma-
tion after 1020Ma in the Sirdal Magmatic Belt. Emplacement of the
major granitic batholith was contemporary with mafic magmatism and
voluminous mafic underplating (Bybee et al., 2014; Slagstad et al.,
2017 and b). Based on these findings, Slagstad et al. (2013a) proposed a
non-collisional and rather accretionary style of the Sveconorwegian
orogen. Slagstad et al. (2017) argue that the Sveconorwegian province
represents the lateral termination of the Grenvillian continent-continent
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collision, related to the spatially limited extent of the Amazonian con-
tinent (Fig. 1A). Cawood and Pisarevsky (2017) suggested a more dy-
namic model that is based on clockwise rotation of Baltica related to the
opening of the Asgard Sea. In this alternative scenario, the southern
margin of Baltica collided softly with Amazonia. However, the re-
lationship between the Grenvillian and Sveconorwegian orogens is
obscured by the loss or extensive tectonic reworking of vast parts of
continental crust, which were originally linking the two orogenic belts
(e.g. Gee et al., 2017). Large parts of the Sveconorwegian crust were
strongly overprinted by the Caledonian orogeny (e.g. Gee et al., 2008).
Therefore, tectonic models for the Sveconorwegian orogeny are based
on a limited belt of preserved Precambrian crust as well as allochtho-
nous fragments of Baltican crust (e.g. Roffeis et al., 2013). The Pre-
cambrian evolution of large parts of the ‘caledonized’ Baltican base-
ment, on the other hand, remains poorly understood.

We address this problem by taking a closer look at the Øygarden
Complex, the westernmost basement window in the Norwegian
Caledonides (Fig. 2). The window exposes Precambrian rocks that ex-
perienced strong Caledonian reworking (Fossen and Rykkelid, 1992b;
Sturt et al., 1975), but the precise age and origin of the pre-Caledonian
protoliths are still unknown. The Øygarden Complex is located along-
strike of the Sirdal Magmatic Belt in the direction towards the Gren-
villian orogen (Fig. 1), making it a key area for our understanding of
Sveconorwegian orogenesis. In this study, we test a possible Grenville-
age affinity of the Øygarden Complex after carefully disentangling its
strong Caledonian overprint. Thereby, we try to clarify the relationship
between the Øygarden Complex and adjacent basement provinces as
well as the Sirdal Magmatic Belt. Detailed field mapping in the eastern
Øygarden Complex constrained igneous and metamorphic as well as
structural relationships, and formed the basis for Secondary Ion Mass
Spectrometry (SIMS) U-Pb zircon geochronology. This paper presents a
detailed geologic description of the eastern Øygarden Complex and the
first high-resolution U–Pb zircon geochronological data from the entire
Øygarden Complex.

2. Geologic setting

2.1. Precambrian evolution of SW Norway

Most of the Baltican continental crust formed in the Proterozoic at
the long-lived (1.9–0.9 Ga) accretionary margin of Fennoscandia
(Bingen and Solli, 2009; Roberts and Slagstad, 2015; Torsvik and Cocks,
2005). This evolution is reflected in the distribution of main crustal
formation ages in Scandinavia, getting generally younger from E to-
wards W (Fig. 1B). In SW Norway, the basement can be principally
subdivided into a Gothian (1.66–1.52 Ga) and a Telemarkian
(1.52–1.48 Ga) domain (Bingen et al., 2005). The Gothian-Telemarkian
orogenic episode marks a distinct period of spatially and temporally
variable arc magmatism, sedimentation and accretion in a subduction-
zone environment at the long-lived accretionary margin of Fennos-
candia (Roberts and Slagstad, 2015). Gothian crust constitutes the
Western Gneiss Region (WGR) and the Idefjorden Terrane (e.g. Rohr
et al., 2013; Skår, 2000; Skår et al., 1994; Skår and Pedersen, 2003). In
contrast, 1.52–1.48 Ga crust and a significant volume of Sveconorwe-
gian intrusives (1.15–0.9 Ga) define Telemarkia and the Bamble-
Kongsberg terrane (e.g. Bingen et al., 2008a,b; Bingen and Solli, 2009;
Coint et al., 2015; Slagstad et al., 2013a). The Sveconorwegian orogeny
marks the final episode of the long-lived accretionary history at the
active SW margin of Fennoscandia (Roberts and Slagstad, 2015). Sve-
conorwegian tectonics juxtaposed different crustal blocks and largely
formed the internal structure of the Baltican basement (Bingen et al.,
2005), yet, the style of the Sveconorwegian orogeny remains con-
troversial (e.g. Bingen et al., 2008b; Möller et al., 2013; Slagstad et al.,
2017; Slagstad et al., 2013a,b). Rodinia’s break up around 800Ma was
followed by the opening of the Iapetus Ocean from around 550Ma, with
Baltica emerging as an independent continent (Cocks and Torsvik,
2005; Li et al., 2008; Pease et al., 2008; Torsvik and Cocks, 2005).
Multiple phases of extension apparently led to the formation of a hy-
perextended margin of Baltica (Abdelmalak et al., 2015; Andersen

Fig. 1. A: Schematic paleogeography of Laurentia, Baltica and Amazonia for the period 1090–1020Ma, showing the Sveconorwegian orogen as a lateral termination of the Grenville
continent-continent collision modified from Slagstad et al. (2017). Possible clockwise rotation of Baltica (Cawood and Pisarevsky, 2017) is shown symbolically and a possible northward
continuation of the Sveconorwegian belt (Gee et al., 2017) is indicated by green dashed lines. B: Simplified geologic map showing major tectonic units and crustal formation ages of the
Baltic Shield. After Bingen and Solli (2009) and Slagstad et al. (2013a). Red rectangle marks extend of Fig. 2A. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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et al., 2012; Jakob et al., 2017).

2.2. Paleozoic evolution of the Baltoscandian margin

From around 480Ma, the Caledonian orogeny evolved around the
closure of the Iapetus Ocean and resulted in Scandian (Silurian) oblique
continent-continent collision between Laurentia and Baltica (Gee, 1975;
Gee et al., 2008; Roberts, 2003; Torsvik and Cocks, 2005). Various early
Caledonian events are recorded in different allochthonous units, but

their allocation to either the Baltican or the Laurentian margin is in
many cases controversial (e.g. Corfu et al., 2014; Faerseth et al., 2011;
Roberts, 2003; Sturt et al., 1978). At the Laurentian margin, several
Ordovician ophiolite complexes were emplaced in a suprasubduction
setting, accompanied by arc magmatism, accretion and subduction of
transitional Laurentian crust (Taconic orogeny; e.g. Andresen and
Steltenpohl, 1994; Augland et al., 2014; Dunning and Pedersen, 1988;
Furnes et al., 2012; Pedersen and Dunning, 1997; Slagstad et al., 2014;
Steltenpohl et al., 2003). Early subduction of previously rifted parts of

Fig. 2. A: Simplified geologic map of the Bergen Arc System based on Ragnhildstveit and Helliksen (1997). Dashes indicate the trace of foliation and the red rectangle marks the study
area around Mt. Lyderhorn. B: Schematic E-W cross section through the Bergen Arc System based on Ragnhildstveit and Helliksen (1997) and Fossen (1998). The present geometry of the
Basal Caledonian Thrust (BCT), which separates the Øygarden Complex from the overlaying nappes, could be explained either by passive rotation or by reactivation as a detachment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the Baltoscandian margin is recorded in Ordovician ultra-high pressure
rocks in some Caledonian thrust nappes (e.g. Brueckner et al., 2004;
Essex et al., 1997; Gee et al., 2013; Hacker and Gans, 2005; Klonowska
et al., 2014; Root and Corfu, 2012).

During the Scandian phase, the Baltican margin was deeply sub-
ducted below Laurentia, reaching ultra-high pressure conditions in
parts of the WGR (Hacker et al., 2010; Root et al., 2004). The meta-
sedimentary basement cover acted as the basal décollement for a
wedge-shaped pile of nappes that was thrust onto the Baltoscandian
margin to the SE (Gee, 1975; Gee et al., 2008). Post-orogenic exten-
sional deformation strongly affected the Scandinavian Caledonides
(Fossen, 2010). During Mode I extension, the basal décollement zone
was reactivated with top-to-the-hinterland (NW) transport (Fossen,
1992, 2000; Fossen and Dunlap, 1998), corresponding to eduction of
the Baltican slab (Andersen et al., 1991). Subsequent Mode II extension
formed steeper hinterland-dipping extensional shear zones that cut
through the orogenic wedge and the inactivated décollement zone and
rapidly exhumed the basement to shallow crustal depths (e.g. Andersen
and Jamtveit, 1990; Fossen, 1992; Fossen and Hurich, 2005; Milnes
et al., 1997; Norton, 1987) . Intermontane basins filled with Middle
Devonian conglomerates and sandstones formed in the hanging wall of
the Nordfjord-Sogn Detachment Zone (Johnston et al., 2007; Seranne
and Seguret, 1987; Steel et al., 1985; Vetti and Fossen, 2012) and the
Bergen Arc Shear Zone (Wennberg et al., 1998). The detachments, high-
grade footwall gneisses as well as the supra-detachment basins were
folded into E-W-trending upright folds in a transtensional regime
(Chauvet and Seranne, 1994; Fossen et al., 2016; Fossen et al., 2013;
Krabbendam and Dewey, 1998; Osmundsen and Andersen, 2001). The
onset of brittle extensional deformation (Mode III) has been dated in the
Bergen area to 396Ma (Larsen et al., 2003). At the same time, partial
melting continued in the WGR (Gordon et al., 2013). Brittle conditions
were reached in parts of the WGR as late as the Permian, according to
Eide et al. (1997).

2.3. The Øygarden Complex

The Øygarden Complex forms a tectonic window occupying the core
and the western part of the Bergen Arc System (Fig. 2; Johns, 1981;
Kolderup and Kolderup, 1940). The Bergen Arcs consist of a series of
Caledonian nappes with different origins and tectonic histories, which
are synclinally folded and refolded into a large-scale arc structure
(Fossen, 1989; Kvale, 1960; Sturt and Thon, 1978). The allochthons
occupy a major depression in the basement (Fig. 2B; Fossen and Dunlap,
2006) which is related to the Bergen Arc Shear Zone (BASZ), a Devo-
nian extensional shear zone (Fossen and Rykkelid, 1992a; Wennberg
and Milnes, 1994; Wennberg et al., 1998). Basement rocks in the
footwall of the concave-shaped BASZ are considered part of the
southern WGR. The Øygarden Complex comprises (par)autochthonous
basement in the hanging wall of the shear zone (Kvale, 1960;
Ragnhildstveit and Helliksen, 1997; Sturt et al., 1975). However, due to
strong penetrative deformation of the Øygarden Complex, an al-
lochthonous state has also been suggested (Bering, 1985).

The rocks in the Øygarden Complex are mainly granitic, grano-
dioritic and tonalitic gneisses as well as several bodies of gabbroic
rocks, which are mostly transformed into amphibolites (Johns, 1981).
The only published geochronological ages, so far, are Rb/Sr whole rock
ages that show a large scatter ranging from 1750 to 473Ma (Sturt et al.,
1975). SIMS U–Pb analysis of three single zircon grains revealed a
poorly constrained upper intercept age of 1620 ± 120Ma (Knudsen
and Fossen, 2001). Johns (1981) suggested that most gneisses and
amphibolites in the Øygarden Complex are Pre-Svecofennian
(> 1800Ma) and represent a meta-volcanic-sedimentary succession.
Gabbroic and granitic rocks in the Haganes gneissose granite suite on
Sotra (Fig. 2A) partially preserve intrusive relationships and revealed
Sveconorwegian Rb–Sr ages (Johns, 1981; Sturt et al., 1975). These
rocks have been correlated with a large gabbroic pluton on Askøy

(Askvik, 1971) and the arc-shaped belt of augen gneisses that forms the
eastern limit of the Øygarden Complex (Weiss, 1977). In some of the
granitic rocks within the latter group, exceptionally high radiogenic
heat production values have been recently discovered (Pascal and
Rudlang, 2016; Schulze, 2014).

Thermochronological studies in the western part of the Øygarden
Complex showed that Scandian peak metamorphism reached upper
amphibolite facies conditions with temperatures in excess of 650 °C at
7–8 kbar (Boundy et al., 1996). They were followed by rapid exhuma-
tion in the early Devonian through lower amphibolite facies at
408–404Ma and greenschist facies at 401Ma to the brittle-plastic
transition at 396Ma (Boundy et al., 1996; Fossen and Dunlap, 1998;
Larsen et al., 2003). Besides basic field studies conducted by Askvik
(1971) and Weiss (1977), neither detailed structural nor thermo-
chronological constraints are available from the eastern Øygarden
Complex so far. Generally, the mylonitic contact between the Øygarden
Complex and the Paleozoic rocks of the Minor Bergen Arc is considered
as the basal Caledonian thrust (Fossen, 1989; Kvale, 1960) and top-to-E
fabrics in the eastern Øygarden Complex are accordingly interpreted to
reflect Scandian southeastward thrusting (Fossen and Dunlap, 1998;
Larsen et al., 2003; Wennberg, 1996). In contrast to the basal décolle-
ment of the SW Norwegian Caledonides farther east, this segment of the
basal thrust was not reactivated with top-to-NW deformation corre-
sponding to Mode I extension (Fossen, 1993; Fossen and Dunlap, 1998).
Structurally lower levels in the western part of the Øygarden Complex,
on the other hand, record strong ductile top-to-W shearing related to
early Devonian crustal extension (Fossen and Rykkelid, 1992a;
Rykkelid and Fossen, 1992). The main composite gneissic fabric in the
Øygarden Complex is folded into a series of upright E-plunging syn- and
antiforms (Fig. 2A), including top-to-W fabrics (Fossen and Rykkelid,
1990). The general eastward dip of the gneissic fabrics becomes pro-
gressively shallower towards the west and rotates into shallow west-
ward dip at the westernmost shoreline, reflecting a large N–S-trending
anticline (Fig. 2C; Fossen, 1998; Larsen, 1996; Larsen et al., 2003).
Steep brittle faulting and the intrusion of N–S-trending basaltic dykes
are related to various phases of Mesozoic rifting (e.g. Fossen, 1998;
Fossen et al., 2016; Ksienzyk et al., 2014; Ksienzyk et al., 2016; Larsen
et al., 2003).

3. High-resolution field mapping of the eastern Øygarden
Complex

Directly west of the city of Bergen, the mountains Lyderhorn,
Damsgårdsfjellet and Løvstakken form a horseshoe-shaped belt, mostly
consisting of granitic rocks (sometimes referred to as the “Løvstakken
granite”) that follows the contact between Øygarden Complex and
Minor Bergen Arc (Weiss, 1977). The 400m-high mountain Lyderhorn
(Figs. 2 and 3) forms an N–S-elongated ridge with steep eastern and
western flanks, which offer excellent and easily accessible exposures.
Based on lithological differences, five metaigneous lithological units
have been identified (Table 1) and are shown on the newly compiled
detailed geologic map (Fig. 3).

3.1. Lithological field relationships

The northern ridge of the mountain consists of a layered sequence of
granitic, granodioritic and tonaltitic gneisses that are variably de-
formed, ranging from coarse-grained granites to mylonites. Local am-
phibolite dykes are concordant to the foliation without clear cross-
cutting relationships. A major body of gabbroic rocks that has been
mostly metamorphosed and transformed into metagabbros and am-
phibolites occupies the central part of the study area. Minor lenses that
escaped deformation show an original noritic composition, indicating
that the basic body can be correlated with the nearby norite pluton on
Askøy (Fig. 2A; Askvik, 1971). Different types of granites intrude the
gabbroic rocks. Hornblende biotite granite gneiss forms two confined
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Fig. 3. Newly compiled geologic map and N–S cross section of the Lyderhorn area in the eastern Øygarden Complex showing sample localities for U–Pb zircon geochronology. Note that
the shear zone pattern reflects the topography of the mountain, which relates to shallowly E-dipping shear zones and steep N–S- and E–W-trending brittle faults.
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bodies and show a gradual transition towards tonalite at the margins of
the intrusions. Locally, hornblende biotite granite clearly intrudes
gabbroic rocks (Fig. 4A), but more commonly the contacts are inter-
layered zones with ambiguous relationships, which imply that the
granite intruded the gabbro before the latter was entirely crystallized.
Leucogranites and pegmatites intrude all the previously described units
and form E-W striking dykes that get increasingly more voluminous
towards the south. Compositions range from alkali feldspar granite to
monzogranite, and textures vary gradually from pegmatitic to medium-
grained granitic gneiss. The mapped occurrence of the leucogranites
and pegmatites coincides precisely with high concentrations of radio-
active elements, found through gamma-spectrometry measurements
carried out by Schulze (2014). In the southernmost part of the study
area, the previously described lithologies alternate on a meter-scale
with the dominant leucogranitic gneisses. Lenses of amphibolite and
metagabbro are contained within layers of hornblende biotite granite
gneiss and banded mylonitic granitic gneisses. Abundant K-feldspar-
rich leucogranitic pegmatites show clear intrusive relationships with
the other lithologies. The unit is here termed Mixed Series, following
Weiss (1977) who mapped the unit as ‘layered series’. The strong
mixing of lithologies appears to be related to intrusive relationships in
combination with strong tectonic transposition.

3.2. Metamorphic fabrics and mineralogy

To various degrees, all the magmatic lithologies were affected by
metamorphic recrystallization and transformed into L, L > S or L= S
tectonites. Metamorphosed and deformed gabbroic rocks clearly show
that peak metamorphism reached amphibolite facies conditions.
Metagabbros consist mostly of plagioclase and green hornblende
overgrowing relict orthopyroxene, with minor amounts of biotite, ti-
tanite-rutile aggregates and epidote. In areas of higher strain, meta-
gabbros grade into amphibolites, which are mineralogically similar but
characterized by finer grain size, the absence of pyroxenes and the local
occurrence of garnet. Recrystallized plagioclase and aligned growth of
hornblende form a pronounced E-plunging mineral lineation in mylo-
nitic amphibolites (Fig. 4B).

Metagranitic rocks range from protomylonites to ultramylonites and
show heterogeneous, but generally, strong dynamic recrystallization of
quartz and feldspar. Elongated rods of recrystallized quartz and feldspar
form a well-defined shallowly E-plunging linear fabric in most granitic
rocks while the development of a mylonitic foliation is more hetero-
geneous (Fig. 4C): Foliations are well developed within anastomosing
shear zones and in mica-rich lithologies, however, augen gneisses with
a dominant L fabric are abundant. Microfabrics in metagranitic rocks

show mostly deformation at greenschist facies conditions, but amphi-
bolite facies fabrics occur in banded gneisses. Metamorphic index mi-
nerals that could constrain peak metamorphic conditions more pre-
cisely are absent. Leucogranites and pegmatites are commonly rich in
K-feldspar and exhibit heterogeneous mineral-dependent deformation
at greenschist facies conditions (Fig. 4D), i.e. quartz domains show
strong dynamic recrystallization, while K-feldspar crystals are only
marginally recrystallized and deform mainly by brittle fracturing. In
places, feldspathic pegmatites appear to have escaped ductile de-
formation probably due to strain partitioning into more quartz- or mica-
rich lithologies.

A characteristic feature of the area is the intensity of low-grade
deformation and alteration. Cataclastic fabrics are abundant in shal-
lowly E-dipping high-strain zones, which exhibit a strong brittle over-
print on previously ductile fabrics (see section 3.4). Within this ductile-
to-brittle shear zones retrograde hydration mineral reactions indicate
the presence of fluids during deformation at greenschist facies and even
lower metamorphic grades (Wintsch et al., 1995). Chlorite phyllonites
formed from mafic rocks, where biotite replaced amphibole and was
itself altered into chlorite (Fig. 4E). In felsic phyllonites that formed
from granitic rocks, K-feldspar was largely replaced by muscovite and
quartz (Fig. 4G–H). The strain weakening that is associated with these
retrograde mineral reactions (Bos and Spiers, 2002) enhanced the lo-
calization of low-grade deformation in discrete shear zones. Further
evidence for hydrothermal activity at greenschist facies conditions in
high-strain zones can be found at several locations. In a mylonitic to
cataclastic granitic fault rock, garnet porphyroblasts overgrow musco-
vite and quartz, which themselves replace K-feldspar (Fig. 4F). Radial
aggregates of actinolite have been found overgrowing granitic frag-
ments in a chlorite breccia and in most thin section samples abundant
saussuritization of plagioclase and kaolinitization of K-feldspar can be
observed.

3.3. Fabric orientation, kinematic indicators and fold geometries

Shallow eastward dipping planar fabrics and ENE-plunging linear
fabrics characterize the structural geometry of the study area with a
distinct appearance of E–W and N–S outcrop faces (Fig. 5A). In sections
parallel to the E-plunging mineral stretching lineations, fabrics appear
with mostly subhorizontal preferred orientations and are rotated into
parallelism. On the other hand, sections perpendicular to the lineation
exhibit contrasting domains with predominant linear or planar fabrics,
respectively. L > S domains are characterized by prolate feldspar
augen as well as ribbons of recrystallized quartz and feldspar that could
indicate constriction. The preservation of primary intrusive

Table 1
Lithological units and SIMS U–Pb zircon geochronology samples.

Unit Lithologies Sample Igneous Age GPS Position

Mylonitic granitic gneiss LYD-83-1 1506 ± 5Ma 5°15′35,7″E, 60°23′14,5″N
Layered gneisses Granitic augen gneiss

Micaceous granit. gneiss
Tonalitic gneiss

Gabbro
Gabbroic rocks Metagabbro LYD-44-1 1041 ± 3Ma 5°14′20,9″E, 60°22′31,9″N

Amphibolite LYD-35-1 1040 ± 11Ma 5°13′53,6″E, 60°22′37,7″N

Hornblende biotite granite gneiss Hornblende biotite granite gneiss LYD-197-1 1041 ± 3Ma 5°14′30,7″E, 60°22′24,9″N

Pegmatite and Leucogranitic pegmatite LYD-197-2 1022 ± 11Ma 5°14′30,7″E, 60°22′24,9″N
leucogranite Gneissic leucogranite LYD-163-1 1022 ± 11Ma 5°14′58,5″E, 60°22′4,5″N

Leucogranitic pegmatite
Mylonitic granitic gneiss LYD-169-1 1027 ± 4Ma 5°14′18,8″E, 60°21′37,5″N

Mixed Series Amphibolite
Hornblende biotite granite gneiss
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Fig. 4. Photographs of field relationships and metamorphic fabrics. A: Bright hornblende biotite granite veins intruding amphibolite (60°22′55.58″N; 5°13′56.30″E) seen in section
perpendicular to mineral lineation. B: Mylonitic amphibolite in section parallel to the mineral lineation (60°21′34.07″N; 5°14′27.75″E). C′-shear bands deflect the mylonitic foliation (S)
and indicate top-to-E sense of shear. C: Mesoscale shear zone in mylonitic granitic gneiss (60°23′18.11″N; 5°14′24.57″E). A mylonitic foliation is well developed within the shear zone
(L= S), while the gneiss in the footwall has a dominant L fabric. Deflection of the foliation and asymmetrically sheared feldspar clasts indicate top-to-E sense of shear. D:
Photomicrograph (crossed polarized light) of granite pegmatite showing strong dynamic recrystallization of quartz and brittle fracturing of plagioclase. E: Photomicrograph (plain
polarized light) of chlorite phyllonite (same as Fig. 6E). F: Photomicrograph (crossed polarized light) of granitic fault rock (60°23′6.92″N; 5°14′56.96″E) showing unstable K-feldspar
being replaced by quartz and muscovite close to a large garnet porphyroblast. G: Cut hand specimen of felsic phyllonite (60°22′17.74″N; 5°14′34.86″E), showing almost complete
replacement of K-feldspar (yellowish-white) by muscovite and quartz. H: Photomicrograph (crossed polarized light) of the same fault rock. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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relationships in the L > S domains and the geometric relationship
between all measured fabric elements with consistent orientations in-
different of metamorphic grade (Fig. 5B) indicate that all of the fabrics
seem to be related to one main deformation event. In outcrop sections
parallel to the mineral lineation, abundant kinematic indicators are
well developed. S-C′ type structures (Figs. 4B and 6D), deflected my-
lonitic foliations (Fig. 4C), asymmetrically sheared clasts (Fig. 6C) as
well as E-vergent isoclinal folds show without exception non-coaxial
strain with top-to-E(NE) sense of shear from amphibolite facies to
lowest greenschist facies conditions.

The mylonitic foliation and contacts between all the different
lithologies exhibit strong folding on various scales. Planar fabrics ex-
hibit folding around an ENE-plunging fold axis (Fig. 5B), and the gen-
eral NE-dip reflects the position of the study area on the northern limb
of an upright, E-plunging megafold (Weiss, 1977). Observable meso-
and macrofolds can be grouped into two sets based on different

geometries and orientations. A minor set of N–S-trending, E-vergent,
isoclinal recumbent folds are commonly non-cylindrical with strongly
curved hinge lines and non-planar axial surfaces. Far more abundant
are ENE-plunging tight to isoclinal recumbent folds that are mostly
cylindrical on the outcrop scale and classify as parallel folds with at-
tenuated limbs and thickened hinge areas (Fig. 5D). This set of folds has
subhorizontal axial surfaces that dip to the North, as well as the South,
creating in places bivergent fold patterns in single layers (Fig. 5A).
Statistically, the orientation of the acquired fold axes and mineral
stretching lineations is identical; both have a mean trend of 82°
(Fig. 5C). Folded mylonitic foliations, which are cut by discrete top-to-E
shear zones with lower greenschist facies fabrics (see below), indicate
that the recumbent lineation-parallel folds formed most likely si-
multaneously with amphibolite to upper-greenschist facies top-to-E
shearing. Assuming that the recumbent mesofolds and the upright
megafold (Weiss, 1977) formed at the same time, their relationship

Fig. 5. A: Schematic drawing illustrating the style of ductile
deformation. See text for discussion B: Lower hemisphere
equal-area plot of measured linear and planar fabrics. The
plot was created with Stereoplot (Allmendinger et al.,
2011). C: Lower hemisphere equal-area plot of mineral
lineations (red, n=64) and fold axes (black, n= 52)
showing rose diagrams and calculated mean trends (ar-
rows). Both populations have an identical mean trend of
82°. D: Cut hand specimen of a cylindrical isoclinal re-
cumbent fold in mylonitic granitic gneiss. The orientation
of the fold axis (15→ 074) is parallel to the mineral
lineation defined by elongated rods of recrystallized quartz
and feldspar. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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corresponds to the geometry of cascading folds (Whitney et al., 2004)
and indicates that the area was affected by vertical shortening on a
regional scale.

3.4. Ductile-to-brittle low-angle shear zones

Numerous shallowly NE- and SE-dipping shear zones with top-to-E
displacement dissect the entire study area and cut earlier formed fold
structures (Fig. 3). The pattern of shear zones on the geologic map is
caused by the intersection of E-dipping shear zones with subvertical
N–S- and E–W-striking brittle faults. High-strain zones exhibit relict
amphibolite facies fabrics, but most deformation occurred at greens-
chist facies conditions and continued, enhanced by retrograde strain-
weakening hydration reactions (section 3.2), to semi-brittle conditions.

The Loddefjord Shear Zone, which consists of several anastomosing
branches at the western base of the mountain Lyderhorn (Fig. 3), pro-
vides excellent exposures to study shear zone evolution (Fig. 6). Strain
localization at amphibolite and upper greenschist facies deformation
was facilitated by abundant intrusive contacts in the Mixed Series,
which are associated with strong rheological contrasts. The alteration of
amphibolites into chlorite phyllonites allowed strain localization into
mafic layers at lower metamorphic grades. The deformation zone of the
Loddefjord Shear Zone is of variable thickness, reaching up to 10m, and
contains fragments of granitic and tonalitic gneiss floating in a matrix of
greenish-grey chlorite phyllonite (Fig. 6A). Linear fabrics are defined by
the preferred orientation of amphiboles in mylonitic amphibolite,
quartz-feldspar rods in granitic gneiss as well as biotite and chlorite in
the phyllonitic matrix and plunge consistently shallowly to the East. In

Fig. 6. Loddefjord shear zone: A: View of the main deformation zone in section perpendicular to the mineral lineation (60°21′46.50″N; 5°14′17.10″E). Within the deformation zone,
granitic fragments float in a matrix of chlorite phyllonite. Drone image from Robert Sasak. B and C: Field photographs of shallowly E-dipping fabrics in section parallel to the mineral
lineation (60°21′42.69″N; 5°14′19.39″E). Asymmetrically sheared granitic clasts and C′-S structures within the phyllonitic matrix indicate top-to-E sense of shear. D: Strongly rounded
granitic clasts in the “tectonic conglomerate”.
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addition, quartz-striations on corrugated shallowly E-dipping brittle
fault surfaces show an identical orientation. In sections parallel to the
lineation, asymmetrically sheared granitic clasts, E-vergent folding of
the mylonitic foliation, as well as S-C structures in the phyllonitic
matrix indicate uniformly top-to-E sense of shear (Fig. 6B and C). In
other exposures, ductile flow of the phyllonitic matrix caused breccia-
tion of granitic fragments and created a peculiar-looking fault rock with
strongly rounded clasts, which consist of isolated fold hinges (Fig. 6D).
Kolderup and Kolderup (1940) coined the term ‘tectonic conglomerate’
that has been used to describe similar fault rocks from various parts of
the Øygarden Complex (Johns, 1981; Weiss, 1977).

4. SIMS U–Pb zircon geochronology

4.1. Samples and methods

Seven metaigneous samples were collected from key localities to
represent the previously identified lithological units, as well as different
states of deformation, comprising orthogneisses, gneissic leucogranite,
pegmatite, metagabbro and amphibolite (Table 1; Figs. 3 and 7).

Mineral separation at the University of Bergen followed standard pro-
cedures. Separated zircon grains were handpicked, mounted in epoxy
and polished prior to cathodoluminescence (CL) imaging using a ZEISS
SUPRA 55VP SEM (scanning electron microscope) at the University of
Bergen. U–Pb geochronology was performed using a CAMECA IMS1280
large-geometry ion microprobe at the NordSIMS facility, Stockholm,
following routine procedures outlined by Whitehouse et al. (1999) and
Whitehouse and Kamber (2005): A ca. 6 nA,−13 kV O2

− primary beam
(imaged aperture of 150 μm corresponding to a spot diameter on the
sample of ca. 15 μm) was used to sputter +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 (EM). The mass
spectrometer was operated at a mass resolution (M/ΔM) of 5400, suf-
ficient to separate all species of interest from molecular interferences.
Each analysis comprised a 70 s pre-sputter to remove the 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 90Zr216O peak, and 12
cycles through the species of interest. Groups of analyses were per-
formed in fully automated sequences, regularly interspersing reference

Fig. 7. Geochronology sample lithologies and
representative CL images of analyzed zircon
grains. Note the distinct textures of zircons from
granitic (A, D, E), gabbroic (B, C) as well as highly
radioactive leucogranitic samples (A, F), respec-
tively. Analyzed spots (15 μm diameter) are
shown by red circles together with resulting
single grain Concordia ages. Note that discordant
ages (grey) are not geologically significant. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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material 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 204Pb assuming the
present-day terrestrial Pb isotope composition calculated with the
model of Stacey and Kramers (1975), except where the 204Pb count was
statistically insignificant relative to the long-term background on the
EM, in which case no correction was applied. U/Pb ratios were cali-
brated using a Pb/UO–UO2/UO calibration (Jeon and Whitehouse,
2015) from regular measurements of the 1065Ma 91500 zircon
(Wiedenbeck et al., 1995). Age calculations assume the decay constant
recommendations of Steiger and Jäger (1977) and utilize the routines of
Isoplot-Ex (Ludwig, 2003). All age uncertainties include uncertainties
on the decay constants as well as propagation of the error on the Pb/
UO–UO2/UO calibration (Jeon and Whitehouse, 2015; Whitehouse
et al., 1997), and are reported at 2σ if not further specified. For Con-
cordia ages, the mean square of weighted deviates (MSWD) on com-
bined equivalence and concordance is reported following the re-
commendation of Ludwig (1998). Zircon U–Pb data are presented in
Appendix A: Table S1.

4.2. U–Pb geochronology results

4.2.1. Hornblende biotite granite gneiss (LYD-197-1)
Weakly foliated hornblende biotite granite gneiss was sampled at

the peak of Lyderhorn (Fig. 3) where it is intruded by a subvertical
pinkish pegmatite dike that constitutes sample LYD-197-2 (Fig. 7A).
The rock consists mostly of coarse grained K-feldspar augen surrounded
by a matrix of fine grained, dynamically recrystallized quartz, plagio-
clase and biotite. Large blueish-green hornblende phenocrysts form
mafic clusters together with biotite and rutile. The analyzed zircon
crystals are large (100–300 μm), idiomorphic (aspect ratio 3–4),
transparent and show oscillatory zoning in CL images, as is typical for
zircon crystallized from granitic melts (Corfu et al., 2003). Twenty-six
analyses with Th/U ratios typical for magmatic zircon (∼0.3) give a
Concordia age of 1041.6 ± 2.9Ma (Fig. 8A) that is interpreted as the
igneous crystallization age of the granitic protolith. One outlier analysis
with a lower age from an U-rich spot was excluded from the age cal-
culation.

4.2.2. Metagabbro (LYD-44-1)
Metagabbro was sampled in a weakly foliated outcrop that is in-

truded by a subvertical granitic pegmatite sheet (Fig. 7B). The main
mineral constituents are blueish-green amphiboles, which have almost
completely replaced primary orthopyroxene, and plagioclase. Minor
components are biotite, commonly altered to chlorite, and titanite as
well as opaque minerals and zircon as accessory phases. Zircon crystals
vary in size (up to 300 μm in length) and are subhedral, elongated
(aspect ratios 2–5), colorless and transparent. In CL images, they show
oscillatory zoning with broad zones parallel to the c-axis that are typical
for magmatic zircons from gabbroic melts. Eighteen analyses with Th/U
ratios typical for magmatic zircon (0.6–1.05) give a common Concordia
age of 1041.3 ± 3.3Ma (Fig. 8B) that is interpreted as the igneous
crystallization age of the gabbro. One reversely discordant outlier
analysis has been excluded from the age calculation.

4.2.3. Amphibolite (LYD-35-1)
The sampled amphibolite is intruded by subvertical pinkish peg-

matites and contains minor white granitic veins that are concordant
with the foliation (Fig. 7C). The sampled rock consists almost entirely of
hornblende, plagioclase and minor opaque minerals. Aligned amphi-
boles and dynamically recrystallized plagioclase form a pronounced L-
S-fabric. Zircon occurs as a very rare accessory phase and can be di-
vided into two subpopulations: The first consists of fragments of rela-
tively large, subhedral to anhedral crystals that are colorless and show
oscillatory zoning or more complex textures in CL. The second group
consists of smaller brownish metamict grains with rounded corners. The

comparison with other samples analyzed in this study suggests that the
first subpopulation represents the gabbroic protolith and the latter the
intrusive granitic veins. Zircons from both populations show thin dis-
continuous high-luminescent rims and revealed Th/U-ratios in the ty-
pical range for magmatic zircon. Analyses from the first zircon popu-
lation are mostly concordant and give a Concordia age of
1040 ± 11Ma (Fig. 8C) that is interpreted as the igneous crystal-
lization age of the gabbroic protolith. Metamict zircons from the second
subpopulation revealed high U concentrations and generally discordant
analyses that define a discordia. The upper intercept age of
1024 ± 10Ma (Fig. 8C) is interpreted as the crystallization age of the
granitic vein that is probably related to the nearby intrusion of granitic
pegmatites.

4.2.4. Mylonitic granitic gneiss, mixed series (LYD-169-1)
The sample locality exposes all the different lithologies that con-

stitute the mixed series. The sampled mylonitic gneiss has a leuco-
granitic composition and is intruded by granite pegmatites with het-
erogeneous shapes and dimensions. All lithologies in the sampled
outcrop are strongly ductilely deformed and folded around moderately
E-plunging fold axes. The sampled gneiss has a prominent L-S fabric and
consists of finely laminated layers of recrystallized quartz and feldspar
and coarser grained pinkish K-feldspar bands, respectively (Fig. 7D).
Biotite is the only mafic component and is commonly replaced by
chlorite. The analyzed zircons are mostly 100–150 μm in length,
brownish, euhedral or subhedral with stubby crystal shapes (aspect
ratio≈ 2) and subrounded corners. In CL images, zircon crystals show
oscillatory zoning as well as thin irregular high-luminescent rims. All
analyses revealed high U concentrations (800–2000 ppm) and Th/U-
ratios typical for magmatic rocks (0.6–1.2). Out of eighteen analyzed
grains, four slightly discordant analyses have been excluded to calculate
a Concordia age of 1027.1 ± 4.1Ma (Fig. 8D) that is interpreted as the
igneous crystallization age of the granitic protolith.

4.2.5. Mylonitic granitic gneiss, layered gneisses (LYD-83-1)
The sample locality represents the lower limb of a tight, E-plunging

fold in mylonitic granitic gneiss with a moderately N-dipping axial
surface. Finely laminated layers of recrystallized quartz, feldspar and
biotite alternating with coarse-grained pinkish K-feldspar bands
(Fig. 7E) constitute the gneissic banding. Elongated rods of quartz and
feldspar define an L-S fabric with a shallowly ENE-plunging mineral
stretching lineation. The analyzed zircon crystals are slightly brownish,
mostly around 100 μm in length, euhedral to subhedral and have stubby
shapes (aspect ratio 2–4) with commonly rounded corners. In CL
images, most of the zircons show oscillatory zoning typical for mag-
matic zircons, but also convolute zoning and sector zoning occur. Xe-
nocrystic cores and rims with high U concentrations and diffuse tex-
tures are found, but most of the grains have thin discontinuous high-
luminescent rims. All of the 22 analyzed spots have Th/U ratios be-
tween 0.2–0.4. The oldest and most concordant analyses come from 13
euhedral grains with clear oscillatory zoning and relatively low U
(<400 ppm), and give a Concordia age of 1506.0 ± 4.8Ma (Fig. 8E)
that is interpreted as the igneous crystallization age of the granitic
protolith. Rims and diffuse textural domains revealed analyses with
high U (400–1600 ppm) that are slightly or strongly discordant and
define a Discordia with a lower intercept age of 482 ± 25Ma, inter-
preted to reflect metamictization and partial resetting due to a thermal
event.

4.2.6. Leucogranite (LYD-163-1)
Gneissic leucogranite (LYD-163-1) was sampled from a 20m wide,

NE–SW-striking, subvertical body that intrudes amphibolite. Inside the
body, textures vary diffusively between pegmatitic and medium-
grained granite. The sampled rock (Fig. 7F) is mostly equigranular,
medium grained and consists of K-feldspar, plagioclase, quartz as well
as minor white mica and biotite, which is mostly altered to chlorite.
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Quartz and feldspar are partially dynamically recrystallized into a weak
L-S-fabric while flame perthites and myrmekites in feldspar appear to
represent preserved magmatic textures. The zircon population consists
of mostly idiomorphic grains of 100–200 μm in length, which are brown
and opaque due to very strong metamictization. Remnants of oscillatory
zoning are visible in CL images and some grains exhibit xenocrystic
cores, but most internal textures have been obliterated by metamicti-
zation. Sixteen analyses of the least metamict grains revealed very high
U concentrations reaching up to 4500 ppm and Th/U ratios typical for
magmatic zircons (0.4–0.7). The resulting ages show a large scatter
along a Discordia line, but a Concordia age of 1024.4 ± 6.3Ma can be
calculated for the most concordant analyses (Fig. 8F) and is interpreted
as the igneous crystallization age of the leucogranite. The discordance
of U-rich analyses reflects episodic Pb-loss due to thermal resetting and
is best constrained by the common lower intercept age of samples LYD-
163-1 and LYD-197-2 at 482 ± 14Ma (Fig. 7H), which represent the
same lithological unit. A single older analysis is discordant and most
likely represents an inherited core.

4.2.7. Pegmatite (LYD-197-2)
Pegmatite was sampled from a 1m-wide, subvertical NE–SW-

striking dyke that intrudes hornblende biotite granite gneiss (sample
LYD-197-1; Fig. 7A). The pegmatite has alkali feldspar granite com-
position and consists mostly of large pinkish K-feldspar, white plagio-
clase, grey quartz and subordinate red garnet. Quartz is dynamically
recrystallized into elongated rods while large feldspar crystals are only
marginally recrystallized and deform mostly by brittle fracturing. The
zircon population is characterized by extreme metamictization and
consists of brown, non-transparent and commonly idiomorphic crystals,
100–200 μm in length. Due to the extreme metamictization, internal
textures are largely obliterated and only eight grains could be analyzed
from a large number of picked zircons. All spots revealed very high U
concentrations between 1000 and 3500 ppm with Th/U ratios below
0.05. The resulting ages have a large scatter but correlate strongly with
U concentrations and define a Discordia line with poorly constrained
intercepts at 1015 ± 45Ma and 496 ± 20Ma (Fig. 8G). The dis-
cordance pattern with one concordant analysis at 481 ± 10Ma sug-
gests that the strongly metamict grains were partially or completely
reset by a thermal event. The pegmatite sample represents the same
lithological unit as the leucogranite sample LYD-163-1 and both sam-
ples revealed similar zircon populations and resulting ages. Therefore,
we assume that the best constraint on the intrusion age of the pegmatite

Fig. 8. A–G: Tera-Wasserburg Concordia diagrams of SIMS U–Pb zircon geochronology results. See text for explanation of the age calculations. H: Tera-Wasserburg Concordia diagram of
discordant samples LYD-83-1, LYD-163-1 and LYD-197-2. A common Discordia has been calculated for samples LYD-163-1 and LYD-197-2, which represent the same lithological unit.
Note that the lower intercept ages from different samples are identical with a concordant analysis from the pegmatite (LYD-197-2).
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and the age of the thermal resetting is given by the common discordia
line calculated for samples LYD-163-1 and LYD-197-2 together
(Fig. 8H) with intercepts at ca. 1022Ma and 482Ma, respectively.

4.2.8. Summary of U–Pb zircon geochronology
The oldest rock found in this study is a layer of granitic gneiss (LYD-

83-1) with an igneous crystallization age of 1506 ± 5Ma. The sampled
hornblende biotite granite (LYD-197-1) and metagabbro (LYD-44-1)
revealed within uncertainties identical crystallization ages of
1042 ± 3Ma and 1041 ± 3Ma, which overlap with the crystal-
lization age of the amphibolite (LYD-35-1) at 1040 ± 11Ma. The
granitic protolith of a mylonitic gneiss (LYD-169-1) crystallized at
1027 ± 4Ma. The intrusion age of gneissic leucogranite (LYD-163-1)
is 1024 ± 6Ma and a related leucogranitic pegmatite (LYD-197-2) is
best constrained by a common upper intercept age to ca. 1022Ma.
Three independent samples (LYD-83-1, LYD-163-1 and LYD-197-2) re-
vealed a partial to complete resetting of strongly metamict zircon at ca.
482Ma.

5. Discussion of U–Pb zircon geochronology

The U–Pb zircon ages acquired in this study range over more than
1000Ma from ca. 1506 to 482Ma. The following discussion will show
that concordant ages represent the Telemarkian, Sveconorwegian and
Caledonian orogenic periods, respectively, but also highlight a major
difference between Proterozoic and Paleozoic orogenesis: Proterozoic
ages in this dataset represent magmatic activity, while the Caledonian
orogeny is only represented by reseting of strongly metamict zircons.

5.1. Magmatic formation history of the eastern Øygarden Complex

The new geochronological data in combination with the results from
detailed field mapping allow us to establish the first precise magmatic
formation history for the eastern Øygarden Complex. Telemarkian
granitoids crystallized at 1506 ± 5Ma and have lithological compo-
sitions resembling the Suldal Arc (Roberts et al., 2013). Sveconorwe-
gian magmatism occurred in two distinct phases; contemporary gabbro
and hornblende biotite granite magmatism at ca. 1041Ma was followed
by leucogranitic magmatism in between 1027 ± 4Ma and ca.
1022Ma, with leucogranitic pegmatites being the latest intrusives.
Field relationships, implying that hornblende biotite granite intruded
the gabbro before the latter was entirely crystallized and the observed
transition from tonalite to hornblende biotite granite imply a genetic
link between gabbroic and granitic magmatism at 1041Ma. Bimodal
magmatism in the eastern Øygarden Complex resembles pre-Sveco-
norwegian bimodal magmatism in the Telemarkia terrane (Brewer
et al., 2004; Spencer et al., 2014). A late- to post-Sveconorwegian
(990–920Ma) Hornblende–Biotite Granite suite in southern Norway
might have evolved by extreme magmatic differentiation from mafic
magmas (Auwera et al., 2003; Bogaerts et al., 2003), however, con-
trasting models involve crustal anatexis (c.f. Andersen et al., 2009). In
the eastern Øygarden Complex, 1027–1022Ma leucogranitic magma-
tism shows a striking contrast in composition to the preceding mag-
matic phase, yet, it is not clear whether this reflects evolved differ-
entiation of the same parent magma or a different magmatic source.

5.2. Correlating the Øygarden Complex with Telemarkia and the Sirdal
magmatic Belt

To constrain the tectonostratigraphic position of the Øygarden
Complex, we compared the ages acquired in this study with the oc-
currence of magmatism in adjacent domains of Baltican basement and
Caledonian nappes of continental origin. The two main events dated at
around 1500Ma and 1040Ma (Fig. 9A) represent distinct magmatic
episodes that correspond precisely to the Telemarkian and Sveco-
norwegian orogenic periods. Igneous rocks of these ages occur in

several of the Sveconorwegian domains of southern Norway, but the
combination of 1500Ma and 1040Ma ages has not been reported from
the Caledonian continental nappes (Roffeis and Corfu, 2014). An im-
portant finding of this study is that the Øygarden Complex has a distinct
Precambrian evolution that is different from that of the WGR. The latter
is characterized by Gothian protholiths (1650–1600Ma) overprinted by
late Sveconorwegian (< 1000Ma) high-grade metamorphism and as-
sociated intrusives (e.g. Bingen and Solli, 2009; Roffeis and Corfu,
2014; Rohr et al., 2013; Skår, 2000; Skår et al., 1994; Skår and
Pedersen, 2003; Tucker et al., 1987). By contrast, the combination of
1500Ma and 1040Ma ages clearly correlates the Øygarden Complex
with Telemarkia (Fig. 9A). Furthermore, the newly acquired Sveco-
norwegian crystallization ages show a precise overlap with emplace-
ment ages of the Sirdal Magmatic Belt in southern Norway (Fig. 9B).
Ages of Sirdal Magmatic Belt granites form two clusters around 1050
and 1030Ma (Coint et al., 2015) which resemble two distinct magmatic
phases recorded in the eastern Øygarden Complex around 1040Ma and
1027–1022Ma. Nevertheless, it is interesting to note that 1040Ma bi-
modal magmatism in the Øygarden Complex falls within a period of
relatively low magmatic activity in the Sirdal Magmatic Belt (Fig. 9B).
Both areas have a number of common features, such as leucogranites
with diffuse textural variations and xenolith-rich zones (Mixed Series in
the eastern Øygarden Complex). Large parts of the Sirdal Magmatic Belt
are virtually undeformed (Slagstad et al., 2013a), in contrast to the
strong deformation that overprinted the eastern Øygarden Complex. Yet
we argue, that the ductile deformation described in this study is entirely
Caledonian (see section 6 for discussion), highlighting the absence of
Sveconorwegian deformation as an important similarity between the
Øygarden Complex and the Sirdal Magmatic Belt. Our results suggest
that the Øygarden Complex is part of the Telemarkia domain of the
autochthonous Baltican basement that has been subject to strong Ca-
ledonian deformation. Based on similar ages and the geographic re-
lationship between the two areas (Fig. 9C), we furthermore propose
that the Øygarden Complex represents a northern, “caledonized” con-
tinuation of the Sirdal Magmatic Belt.

5.3. Implications for Sveconorwegian orogeny in SW Norway and
reconstructions of the pre-Caledonian architecture of the Baltican margin

The newly acquired Sveconorwegian ages from the eastern
Øygarden Complex are very relevant with respect to the lively debate
about the style of the Sveconorwegian orogeny. The contemporaneous
occurrence of gabbroic and granitic magmatism at 1041Ma found in
this study, is more in accordance with arc-magmatism in an accre-
tionary setting (Slagstad et al., 2013a) than with syn-collisional mag-
matism caused by crustal thickening (Bingen et al., 2008b). Further-
more, we found no record of Sveconorwegian high-grade
metamorphism or deformation in the eastern Øygarden Complex. This
is consistent with interpretations of the Sirdal Magmatic Belt in the
context of an accretionary Sveconorwegian orogen (Coint et al., 2015;
Slagstad et al., 2013a). Based on findings from the Caledonian Hard-
anger-Ryfylke Nappe Complex, Roffeis et al. (2013) argue that Gothian
rocks were thrust on top of Telemarkian rocks around 1000Ma, but it is
not clear where this tectonism took place and whether it represents
accretion or continental collision. As large parts of the pre-Caledonian
basement in southern Norway remain poorly studied, we believe that
the spatiotemporal evolution of the Sveconorwegian orogeny, which
spans more than 200m.y. (Bingen et al., 2008b), could be more com-
plex than hitherto resolved by available data. In the light of our results,
however, we favor an accretionary model (Slagstad et al., 2017).
Clockwise rotation and soft collision of Baltica’s southern margin with
Amazonia is an alternative scenario that cannot be ruled out based on
presently available data (Cawood and Pisarevsky, 2017).

Our finding of Telemarkian crust in the Øygarden Complex and its
interpretation as a northern continuation of the Sirdal Magmatic Belt
contradicts the orientation and location of previously proposed terrane
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boundaries in SW Norway (Fig. 9C). Roffeis et al. (2013) and Roffeis
and Corfu (2014) suggested a ENE–WSW-trending terrane boundary to
explain different ages of the crust in Telemarkia (< 1.52 Ga) and the
Gothian crust (1.66–1.52 Ga) in the WGR. In contrast, our interpreta-
tion of a continuous NNW-trend of Sveconorwegian domain boundaries
into the ‘caledonized’ part of the Baltican basement is consistent with
the NW-trending limit of Sveconorwegian overprint in the WGR
(Bingen et al., 2008a) and the general strike of domain boundaries in
the entire Sveconorwegian province (Fig. 9C). The distinction between
Øygarden Complex and WGR found in this study suggests that the
northern branch of the Bergen Arc Shear Zone separates different
crustal domains (Fig. 2). Possibly, this crustal lineament originated
during the Sveconorwegian orogeny and was later reactivated by post-
Caledonian extensional deformation (Wennberg et al., 1998). Even
though we reject the reconstruction of the pre-Caledonian architecture
proposed by Roffeis et al. (2013), we agree that the obvious difference
in crustal formation ages between the WGR and Telemarkia (including
Øygarden Complex) needs to be explained. In our opinion, the relation
between these domains is still an open question with great significance
for the Sveconorwegian crustal assembly of Baltica as well as Caledo-
nian tectonic reconstructions.

5.4. Significance of the early Ordovician (482Ma) lower intercept age

None of the three samples with discordant zircon data (LYD-83-1,
LYD-163-1 & LYD-197-2) revealed zircon textures that could relate the
lower intercept ages to metamorphic recrystallization. The discordant
analyses are associated with idiomorphic magmatic zircons with very
high U concentrations. In these samples, a strong correlation between U
concentration and resulting age is observed. The most discordant ana-
lyses and youngest ages come from the highly radioactive leucogranite
and pegmatite samples that are the least deformed of the analyzed
samples. The samples that show the strongest state of dynamic

recrystallization at amphibolite and greenschist facies conditions (LYD-
35-1, LYD-83-1 & LYD-169-1) revealed zircons with thin discontinuous
U-poor rims, which were too thin to analyze. Therefore, we interpret
the ca. 482Ma lower intercept age as a partial to complete resetting of
metamict grains caused by a rapid temperature increase from low
temperatures to above the ‘critical amorphization temperature’ of
∼360 °C, as demonstrated by diffusion experiments (Cherniak and
Watson, 2003). The intense ductile deformation of the eastern
Øygarden Complex related to a regional amphibolite facies meta-
morphic event might be recorded in the thin U-poor rims, but their age
was not determined. In our geochronological dataset, the early Ordo-
vician (ca. 482Ma) resetting of strongly metamict zircons is the only
record of the entire Caledonian orogenic cycle. This result seems sur-
prising only at first sight, as it actually reflects the typical behavior of
the U–Pb zircon system with its robustness to high temperatures and
vulnerability to diffusional Pb-loss at low temperatures because of
metamictization (Mezger and Krogstad, 1997). Residence at low tem-
peratures over several hundred million years is necessary for U-rich
grains to accumulate enough metamictization to allow the strong or
complete resetting through Pb-diffusion that is recorded in our dataset
(Cherniak and Watson, 2003). Thus, this part of the Baltoscandian
platform must have been exhumed soon after the Sveconorwegian or-
ogeny and resided at shallow crustal levels through most of the Neo-
proterozoic and early Paleozoic. This thermal history likely reflects the
Cryogenian to Cambrian rift to drift history of Baltica related to the
break-up of Rodinia and the opening of the Iapetus Ocean (Abdelmalak
et al., 2015; Andersen et al., 2012; Gee et al., 2017; Torsvik et al.,
1996). The suggested temperature increase in the Øygarden Complex at
482Ma, on the other hand, falls into the poorly understood early Ca-
ledonian period. Early Ordovician ages of magmatism and meta-
morphism are very common in the Upper Allochthon of the Caledonian
orogenic wedge. They imply considerable tectonic activity in the early
Ordovician in outboard terranes and at the Laurentian margin (e.g.

Fig. 9. A: Comparison of magmatic ages from this study
with the relative probability of magmatic ages in the
Telemarkia domain (Bingen and Solli, 2009). Error bars
represent 2σ and colors correspond to the legend in Fig. 3.
B: Comparison of Sveconorwegian igneous ages from this
study and the Sirdal Magmatic Belt (Coint et al., 2015).
Error bars represent 2σ and colors correspond to the legend
in Fig. 3. C: Schematic map proposing the Øygarden Com-
plex (ØC) as a northern continuation of the Sirdal Magmatic
Belt (SMB). The suggested NNW-trending domain boundary
highlights the difference between Øygarden Complex and
Western Gneiss Region (WGR) and contradicts the inferred
border of Gothian and Telemarkian crust proposed by
Roffeis et al. (2013).
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Corfu et al., 2014; Dunning and Pedersen, 1988; Gee et al., 2013;
Hacker and Gans, 2005; Klonowska et al., 2014; Pedersen et al., 1992;
Pedersen and Dunning, 1997; Root and Corfu, 2012; Slagstad et al.,
2014). In contrast, early Ordovician ages have not yet been reported
from rocks that are clearly part of the autochthonous Baltican base-
ment, as is the case with the eastern Øygarden Complex, although Or-
dovician intrusive rocks are intricately folded into the basement
gneisses of the northern WGR (e.g. Tucker et al., 2004). Recently, Jakob
et al. (2017) presented new evidence for early Ordovician magmatic
activity in the Samnanger mélange, which rests now in the Caledonian
nappe pile above the Øygarden Complex (Fig. 2). These authors inter-
pret the mélange to represent the Pre-Caledonian hyperextended
margin of Baltica and suggest two possible tectonic scenarios for the
early Ordovician: 1. The hyperextended margin formed in the Edia-
caran and experienced latest Cambrian–early Ordovician tectonomag-
matic activity related to shortening of transitional crust. 2. The mélange
formed entirely through latest Cambrian–early Ordovician (back-arc)
extension. In an alternative model, Slama and Pedersen (2015) argue
that the mélange represents an Ordovician arc located in between
Baltica and an outboard microcontinent. Our results cannot confirm or
contradict any of these models. However, they show that Ordovician
tectonothermal activity seems to have affected the proximal domain of
the Baltican margin, as represented by the Øygarden Complex. Fur-
thermore, this thermal event seems to have been strong enough to
anneal metamictization completely, as no Pb-loss occurred during
subsequent Scandian metamorphism.

6. Caledonian tectonic evolution of the eastern Øygarden
Complex

As previously discussed (section 5.1), U–Pb zircon geochronology
could not constrain the timing of the ductile reworking of the eastern
Øygarden Complex. In the context of regional geologic models, how-
ever, this deformation must have occurred during the Caledonian oro-
genic cycle (e.g. Fossen and Dunlap, 1998; Johns, 1981; Rykkelid and
Fossen, 1992). Structural analysis showed a geometric relationship
between all fabrics and structures with consistent fabric orientations
indifferent of metamorphic grade, including widespread low-grade
deformation. We have not identified distinct fabrics that could re-
present a Precambrian deformation history. Previous thermo-
chronological studies in the western Øygarden Complex found early
Devonian ages for amphibolite facies metamorphism and subsequent
cooling to the brittle-ductile transition (Boundy et al., 1996; Fossen and
Dunlap, 1998; Larsen et al., 2003). These ages represent the best
available constraints on the timing of ductile reworking in the eastern
Øygarden Complex, as they correspond well to the metamorphic se-
quence found in this study. Yet, the absence of top-to-W kinematics and
the abundance of ductile-to-brittle top-to-E low-angle shear zones with
intensive low-grade deformation in the eastern Øygarden Complex re-
quire further discussion. There are two plausible scenarios that could
explain the absence of top-to-W deformation: (I) the eastern Øygarden
Complex and the basal contact of the nappes comprise a large tectonic
lens that escaped post-orogenic top-to-W shearing and preserves Scan-
dian contractional deformation. (II) At least to some degree, the top-to-
E deformation in the eastern Øygarden Complex is also extensional
(post-orogenic). As extensional top-to-W shearing affected structurally
lower levels, the latter case would imply bi-directional extension in the
Øygarden Complex.

Since precise thermochronological constraints on the age of the
deformation are lacking, it is difficult to distinguish between contrac-
tional and extensional deformation. However, the ENE-plunge of linear
fabrics in the eastern Øygarden Complex, is slightly oblique to the re-
gional direction of Scandian thrusting (e.g. Fossen, 2000). Furthermore,
the occurrence of constrictional fabrics as well as the abundance of
lineation-parallel folds seem to be structurally better compatible with a
Devonian transtensional system (Fossen et al., 2013; Krabbendam and

Dewey, 1998; Osmundsen and Andersen, 2001) than with Scandian
thrusting. More importantly, however, the progressive overprinting of
brittle structures on previously ductile fabrics in low-angle shear zones
with top-to-E kinematics, such as the Loddefjord shear zone, records
exhumation during shearing. The phyllonites that formed in these shear
zones are comparable to similar fault rocks in the Nordfjord Sogn de-
tachment zone and have arguably an extraordinarily low shear strength
(Braathen et al., 2004). If one assumes that these phyllonitic top-to-E
fabrics formed during Scandian thrusting, they should have become
overprinted by the intense extensional top-to-W deformation that
overprinted gneisses with similar fabric orientation nearby (Rykkelid
and Fossen, 1992). This implies that the phyllonitic top-to-E shear zones
presumably formed during post-orogenic extension. Based on the
identical orientation of amphibolite and upper greenschist facies fabrics
it cannot be ruled out that also higher-grade mylonitic top-to-E de-
formation could have been extensional. Comparing the structure of the
Øygarden Complex with similar basement windows in the central
Norwegian Caledonides (Braathen et al., 2000; Osmundsen et al.,
2005), we speculate that the Øygarden Complex could represent an
early Devonian core complex. We believe that such a model could ex-
plain the occurrence of opposed shear-senses within the mylonitic fo-
liation, constrictional fabrics with lineation parallel folds as well as low-
angle normal-sense shear zones recording fluid-related strain weak-
ening facilitating deformation at the brittle-ductile transition (Whitney
et al., 2013).

7. Summary and conclusions

The evolution of continental crust in the eastern Øygarden Complex
through three distinct orogenic periods as well as intermittent episodes
of extension and tectonic quiescence is summarized in Fig. 10.

• The eastern Øygarden Complex consists of Telemarkian
(1506 ± 5Ma) granitic basement that was intruded by voluminous
Sveconorwegian melts. These Grenville-age rocks formed through
two distinct magmatic events: Bimodal gabbro and hornblende
biotite granite magmatism at ca. 1041Ma was followed by leuco-
granitic magmatism at ca. 1027–1022Ma.

• The Precambrian evolution of the Øygarden Complex is distinct
from that of the WGR. The Øygarden Complex rather represents a
part of Telemarkia and a northern continuation of the Sirdal
Magmatic Belt, but with a strong Caledonian overprint. Our results
contradict previously proposed terrane boundaries (Roffeis and
Corfu, 2014; Roffeis et al., 2013) separating Gothian and Tele-
markian crust.

• Careful ion microprobe dating did not reveal any record of
Sveconorwegian tectono-metamorphism in the eastern Øygarden
Complex. In accordance with the undeformed Sirdal Magmatic Belt
further south, our results support an accretionary Sveconorwegian
orogen (e.g. Slagstad et al., 2013a), rather than involvement in a
major continent-continent collision in the period 1040–1020Ma.

• Resetting of strongly metamict zircons at ca. 482Ma indicates an
early Ordovician thermal event, reflecting either extension of the
Baltican margin or early Caledonian convergence. Scandian regional
metamorphism left no measurable record in the U-Pb zircon system.

• Caledonian ductile reworking involved east-directed shearing and
recumbent lineation-parallel folding, followed by the formation of
ductile-to-brittle top-to-E shear zones. Whether these E-directed
fabrics/structures relate to Caledonian thrusting or post-Caledonian
extension needs to be resolved by careful thermochronological
dating. However, based on field observations, we currently favor an
extensional origin related to the exhumation of the Øygarden
Complex, possibly as an early Devonian core complex.
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