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ARTICLE INFO ABSTRACT

Keywords: The Sveconorwegian orogen represents a branch of Grenville-age (~1250-950 Ma) orogenic belts that formed
Mesoproterozoic during the construction of the supercontinent Rodinia. This study traces the Sveconorwegian records from its
Baltica

type-area in the Baltic Shield of South Norway into basement windows underneath Caledonian nappes, by
combining zircon U-Pb geochronology and Hf-O isotopes. Samples along a N-S trending transect reveal multiple
magmatic episodes during Gothian (ca. 1650 Ma), Telemarkian (ca. 1500 Ma) and Sveconorwegian (1050-1020
Ma vs. 980-930 Ma) orogenesis as well as Sveconorwegian migmatization (1050-950 Ma). Newly documented
1050-1020 Ma magmatism and migmatization extend the Sirdal Magmatic Belt to a 300 km-long, NNW-SSE
trending crustal domain, with the northern boundary corresponding to the gradual transition from Tele-
markian to Gothian crust. These Precambrian crustal heterogeneities largely controlled the development of
Caledonian shear zones. The ca. 1050-1040 Ma granitic and mafic magmas show similar isotopic signatures with
slightly negative or positive eHf(t) and moderate 580 values (6-7%o), which indicates that crustal reworking was
more dominant than juvenile inputs during their genesis. The generation of leucosomes and leucogranites at ca.
1030-1020 Ma, which have a more evolved Hf isotopic composition, probably reflects an even higher degree of
remelting of older crust. The Hf-O isotopic patterns show that Sveconorwegian magmas differ from typical arc
magmas by lower involvement of sedimentary components and juvenile material. This makes the 1050-930 Ma
magmatism incompatible with a long-term subduction setting. The ca. 1650-1500 Ma samples, in contrast,
generally have juvenile Hf isotopic compositions associated with varying 580 values of 4.5-9%o, consistent with
subduction-accretion processes involving significant sedimentary recycling. This accretionary margin was most
likely transformed into the Sveconorwegian orogen through collisional interactions of Baltica, Laurentia and
Amazonia in the context of Rodinia amalgamation.

Zircon U-Pb geochronology
Hf-O isotopes

Collisional orogen

Rodinia

1. Introduction

Baltica records a long-lived orogenic history associated with the
formation of the supercontinent Columbia/Nuna and its breakup and
reassembly into Rodinia. Svetlana Bogdanova, honored in this special
volume, made a career-long effort to correlate the geology across con-
tinents to give substance to models of assembly and breakup of these
supercontinents (Gorbatschev and Bogdanova, 1993; Bogdanova et al.,
2008, 2015). The southwestern margin of Baltica has been interpreted as
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an active continental margin that probably witnessed a continuous
process of crustal accretion and growth during the Paleo- and Meso-
proterozoic (Gorbatschev and Bogdanova, 1993; Ahéll and Larson,
2000; Andersen et al., 2002; Roberts and, 2015), and was subsequently
overprinted by the Grenville-age Sveconorwegian orogeny during
Rodinia assembly (Fig. 1a, Bogdanova et al., 2008). The Sveconorwe-
gian orogenic evolution remains a hot topic of debate, although much
has been published on the many very varied aspects of geology,
geophysics and geochemistry in recent years (e.g. Bingen and Viola,
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Fig. 1. (a) Tectonic sketch map of Baltica (after Bogdanova et al., 2008) and the Sveconorwegian orogen; (b) Geologic overview map of South Norway, showing the
distribution of Sveconorwegian crust, its relation to the Caledonian province (nappes) to the north and location of the study area with samples localities in the WGR;
schematic cross section (A-A’, modified from Milnes et al., 1997) showing the structural relationship between the undeformed Baltic Shield and variably deformed
crust (schematically represented by the shape of granites) exposed in the Caledonian basement windows; (c) Newly compiled geologic map of the study area, with
igneous and migmatite samples from the @ygarden Complex and the Hardangerfjord area. The interpreted distribution of Sveconorwegian crustal ages is based on
new and previously published U-Pb zircon geochronology. Abbreviations: AMC, Anorthosite-Mangerite-Charnockite suite; ES, Eastern Segment; H, Hardangerfjord

area; HBG, hornblende-biotite granite; Ko, Kongsberg unit; NSDZ, Nordfjord-Sogn Detachment Zone; #C, @ygarden Complex; SMB, Sirdal Magmatic Belt; SZ, shear
zone; WGR, Western Gneiss Region.
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2018; Slagstad et al., 2018a,b, 2020; Stephens, 2020; Bingen et al.,
2021). In archetypal reconstructions of Rodinia, Laurentia is located in
the centre of Rodinia, with Baltica to the east and Amazonia to the south
and the Sveconorwegian orogen facing the northern margin of Ama-
zonia (present coordinates) (Hoffman, 1991; Torsvik et al., 1996; Dal-
ziel, 1997; Li et al., 2008; Cawood and Pisarevsky, 2017; Merdith et al.,
2017). The Kalahari craton is regarded as another core constituent of the
Rodinia landmass on the western side of the supercontinent, as sup-
ported by both paleomagnetic and geological studies (Dalziel et al.,
2000; Jacobs et al., 2008; Swanson-Hysell et al., 2015, 2019).

During and after Rodinia breakup, the margins of Laurentia, Baltica
and Amazonia were affected by two Wilson cycles from the late Neo-
proterozoic to the Mesozoic. These cycles involved the opening and
closing of the Iapetus Ocean, formation of the Caledonian and Appala-
chian orogens, and opening of the Atlantic Ocean (Torsvik et al., 1996;
Bingen et al., 1998; Cawood et al., 2001; Cocks and Torsvik, 2005).
Portions of the margins of Laurentia, Baltica and Amazonia, character-
ized by Mesoproterozoic magmatism and metamorphism, are now
located in basement windows (inliers) and in thrust nappes in the
Caledonides of Scandinavia, the British Isles and Greenland, and the
Appalachian Mountains of Canada and the USA (McLelland et al., 2010;
Roffeis and Corfu, 2014). In West Norway, the Baltican basement is
largely exposed underneath vast thrust sheets (Fig. 1b), and the inter-
section between the Caledonian and Sveconorwegian orogens makes it a
challenging but interesting issue to clarify the northward extension of
the Sveconorwegian Province (e.g. Lorenz et al., 2012; Gee et al., 2015).
Investigating these basement windows is crucial to understand the
composition and evolution of the continental crust, determine the dis-
tribution of the orogenic domains, and reconstruct the Grenville-age
orogeny during Rodinia assembly.

In this paper, we address the geology, geochronology and isotope
geochemistry of four parts of the Baltican basement in West Norway that
represent variable states of Caledonian reworking (Fig. 1). Corre-
sponding to increasing strain from southeast to northwest, they are the
Hardangerfjord area (Fossen and Hurich, 2005), the @ygarden Complex
(Wiest et al., 2020a) and the southern and central parts of the Western
Gneiss Region (Gulen dome (Wiest et al., 2019) and Nordfjord area
(Labrousse et al., 2004)). We report zircon U-Pb, Lu-Hf and O isotopic
data on zircons from magmatic rocks and leucosomes from migmatites.
By constraining the magmatic and metamorphic events, we explore the
relation between the basement windows and the type-area of the Sve-
conorwegian orogen in southwest Norway, and thereby trace the Sve-
conorwegian orogeny northwards. Furthermore, the review and
comparison of Mesoproterozoic orogenesis along the margins of Baltica,
Laurentia and Kalahari allow for a better understanding of the tectonic
evolution of Grenville-age orogenic belts in the core of Rodinia.

2. Geological setting
2.1. The Sveconorwegian orogen

The Sveconorwegian orogen (ca. 1150-900 Ma) is a ca. 550 km wide
orogenic zone covering south Norway and southwest Sweden (Fig. 1a).
It can be divided into five main lithotectonic units/terranes separated by
N-S-trending crustal-scale shear zones. From the Sveconorwegian front
in the east towards the west these are: the Eastern Segment, the Idef-
jorden, Kongsberg, Bamble and Telemarkia lithotectonic units (Bingen
etal., 2008a, 2021). The Sveconorwegian orogen was built on the Paleo-
Mesoproterozoic continental lithosphere. In general, the formation of
the first lithosphere in these five units occurred progressively later to-
wards the west: in the Eastern Segment as part of the 1710-1660 Ma
Transcandinavian Igneous Belt, at 1660-1520 Ma during the Gothian
orogeny in the Idefjorden, Bamble and Kongsberg units, and at
1520-1480 Ma during the Telemarkian orogeny in the Telemarkia unit
(Bingen et al., 2005; Roberts and Slagstad, 2015). After lithosphere
formation, the Eastern Segment was affected by the 1.47-1.38 Ga
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Hallandian accretionary orogeny, which has been scarcely reported in
the remaining of the Sveconorwegian orogen to the west of the Eastern
Segment (Ulmius et al., 2015).

The five lithotectonic units are characterized by distinct Sveco-
norwegian magmatic and metamorphic histories. The Eastern Segment
appears to be distinct from the other four units by lacking >1000 Ma
Sveconorwegian events. It is characterized by ca. 990 Ma eclogite-facies
metamorphism with estimated peak P-T conditions at 860-900 °C/
1.65-1.8 GPa (Moller et al., 2015; Tual et al., 2017). This metamorphism
was interpreted to reflect underthrusting of the Eastern Segment
beneath the lithotectonic units to the west (Moller and Andersson,
2018). The Idefjorden unit contains evidence for 1050-1020 Ma
granulite-facies metamorphism and several pulses of magmatism be-
tween 1040 and 910 Ma (Bingen et al., 2008b; Soderlund et al., 2008;
Bergstrom et al., 2020). In the Kongsberg and Bamble units, high-grade
metamorphism is older at 1150-1120 Ma (Cosca et al., 1998; Bingen
et al., 2008b; Engvik et al., 2016; Bingen and Viola, 2018). The Tele-
markia unit features 1050-930 Ma granitic magmatism, 930-920 Ma
anorthosite-mangerite-charnockite magmatism and associated high-
grade metamorphism (more details below). Distinct Sveconorwegian
magmatic and metamorphic records in the five lithotectonic units reflect
a complex orogenic history. Therefore, there are distinct views in the
literature on the formation and evolution of the Sveconorwegian orogen,
and contrasting tectonic models have been proposed (see review in
Bingen et al., 2021 and references therein). In general, the debate cen-
ters on whether the Sveconorwegian orogen represents an accretionary
orogen with long-term subduction, or a continental collision orogen that
can be regarded as an extension of the Grenville Orogen in Laurentia (e.
g. Bingen and Viola, 2018; Moller and Andersson, 2018; Slagstad et al.,
2020; Bingen et al., 2021).

2.2. The Telemarkia unit

The Telemarkia crust mainly formed during three episodes of
magmatic events, at 1520-1480 Ma, 1280-1140 Ma and 1060-930 Ma
(Andersen et al., 2001, 2007, Bingen et al., 2005, 2008c; Pedersen et al.,
2009; Roberts et al., 2013; Roberts and Slagstad, 2015). The 1520-1480
Ma event (Telemarkian) is interpreted as a supra-subduction accre-
tionary event, with voluminous volcanic arc lithologies towards the west
(the Suldal volcanic arc; Roberts et al., 2013) and back-arc rift lithol-
ogies towards the east (the Rjukan rift). The 1280-1140 Ma rocks are
mainly bimodal plutonic and volcanic suites as well as associated sedi-
mentary rocks, which formed in the 1280-1240 Ma, 1230-1200 Ma and
1180-1140 Ma time intervals. The 1060-930 Ma Sveconorwegian syn-
orogenic magmatic rocks include three main plutonic suites, the
1060-1020 Ma Sirdal Magmatic Belt (SMB), the 980-930 Ma
hornblende-biotite granite suite (HBG) and the 930-920 Ma Rogaland
anorthosite-mangerite-charnockite suite (Vander Auwera et al., 2011;
Granseth et al., 2020) (Fig. 1b). The SMB is a >150 km long, NNW-SSE
trending batholith exposed from the southern tip of Norway and dis-
appearing northwards under Caledonian nappes (Slagstad et al., 2013).
It is mainly composed of porphyritic amphibole-biotite and biotite
granitoids, associated with leucogranite and garnet granite (Coint et al.,
2015). These rocks have a high-K calc-alkaline geochemical signature
(Slagstad et al., 2013; Bingen et al., 2015) that may reflect inheritance
from the source rocks, i.e. the 1520-1480 Ma calc-alkaline rocks of the
Suldal volcanic arc (Coint et al., 2015). The 980-930 Ma HBG suite
occurs as discrete granitoid plutons with a ferroan ‘A-type’ geochemical
signature, cropping out in the area defined by the SMB and east of it
(Bogaerts et al., 2003; Vander Auwera et al., 2011; Granseth et al.,
2020). The 930-920 Ma Rogaland anorthosite-mangerite—charnockite
suite, exposed in the westernmost part of the orogen, is a Proterozoic
massif-type anorthosite plutonic complex, which is anhydrous with an
alkalic ferroan geochemical signature (Fig. 1b; Ashwal, 1993; Scharer
et al., 1996; Vander Auwera et al., 2011).

The metamorphic grade increases southwestwards in the Telemarkia



C.-C. Wang et al.

unit towards the Rogaland anorthosite-mangerite—charnockite plutonic
complex. Three isograds are mapped, the orthopyroxene-in, osumilite-in
and pigeonite-in isograds (Tobi et al., 1985). Metamorphic zircon and
monazite define a wide range of U-Pb apparent ages ranging from ca.
1050 to 920 Ma (Moller et al., 2002; Tomkins et al., 2005; Bingen et al.,
2008a; Driippel et al., 2013; Blereau et al., 2017; Laurent et al., 2018a,b;
Slagstad et al., 2018a), suggesting that this region underwent long-lived
high-grade metamorphism. In more detail, two distinct metamorphic
events can be recognized, both reaching ultra-high temperature (>900
°C) conditions. The first event is interpreted as part of a long-lived
regional metamorphic event, peaking at ca. 0.6 GPa/920 °C and dated
between ca. 1045 and 990 Ma, while the second event, peaking at ca.
4.5 GPa/900 °C, was closely related to the intrusion of the anorthosi-
te-mangerite—charnockite complex at ca. 930 Ma (Driippel et al., 2013;
Blereau et al., 2017; Laurent et al., 2018a, 2018b).

2.3. The Caledonian orogen

Break-up of Rodinia and the opening of the Iapetus Ocean in the
Neoproterozoic formed a segmented passive margin of Baltica (e.g.
Jakob et al., 2019). Subsequent closure of the Iapetus in the Paleozoic
resulted in the Caledonian orogeny, which culminated with the collision
between Laurentia, Avalonia and Baltica in the Silurian-Devonian
(Scandian orogeny) (Corfu et al., 2014a). Various parts of the Laurentian
margin, the Iapetus oceanic realm and the distal domains of the Baltican
margin were thrust onto Baltica, while the western margin of Baltica was
subducted below Laurentia down to mantle depths (Brueckner, 2018).
Continent-continent collision was swiftly followed by a change from
plate convergence to divergence (Fossen, 1992; Rey et al., 1997). Early
Devonian transtensional collapse formed an orogen-wide network of
extensional detachments and supra-detachment basins (Fossen, 2010)
and resulted in the diachronous exhumation of the former orogenic
infrastructure in metamorphic core complexes of variable size (Wiest
et al., 2021). Later extensional episodes, related to North Sea rifting,
took place from the Permian throughout the Mesozoic, reactivating the
previously formed crustal template in a brittle fashion (Fossen et al.,
2016; Ksienzyk et al., 2016; Peron-Pinvidic and Osmundsen, 2020;
Wiest et al., 2020b).

2.4. Geology of the studied areas

2.4.1. Western Gneiss Region (WGR)

The WGR represents a giant (>30,000 km?) basement window un-
derneath the Caledonian nappes, exposing the Proterozoic Baltican
margin that was subducted to (ultra)high-pressure metamorphism and
variably deformed (Milnes et al., 1997; Wain, 1997; Hacker et al., 2010)
(Fig. 1b). The WGR mainly consists of migmatitic orthogneisses with
dioritic to granitic compositions. The protoliths formed mostly during
the Gothian orogeny around 1650 Ma (Bingen et al., 2005) and were
intruded by mafic dykes at 1470-1450 and 1260-1250 Ma (Austrheim
et al., 2003; Krogh et al., 2011; Beckman et al., 2014). Except for the
north-easternmost part of the WGR, there is abundant evidence for
Sveconorwegian reworking, including widespread migmatization,
granitic magmatism and granulite-facies metamorphism (Tucker et al.,
1990; Skar and Pedersen, 2003; Rghr et al., 2004; Glodny et al., 2008;
Gordon et al., 2013; Rghr et al., 2013; Kylander-Clark and Hacker,
2014). Ages of Sveconorwegian granites and migmatites in the WGR fall
exclusively in the range between ca. 980 and 940 Ma (e.g. Skar and
Pedersen, 2003; Gordon et al., 2013; Rghr et al., 2013; Kylander-Clark
and Hacker, 2014). In contrast to the Sveconorwegian orogen in
southwest Norway, 1060-1020 Ma intrusives have not been reported.

This study addresses the Nordfjord and Gulen areas, which constitute
a transect from ultra high-pressure to high-pressure conditions of Cale-
donian reworking in the Baltican basement. The Nordfjord domain
represents the southernmost occurrence of ultra high-pressure minerals
and furthermore records migmatization and intense shearing during
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extensional collapse (Labrousse et al., 2002, 2004; Kylander-Clark and
Hacker, 2014). The Gulen area defines a metamorphic core complex in
the southernmost WGR, the Gulen dome, which exhumed strongly
deformed, eclogite-bearing crust during Devonian collapse (in the
footwall of the extensional Bergen Arcs Shear Zone and the Nordfjord-
Sogn detachment) (Wiest et al., 2019). Like other parts of the WGR,
eclogites are hosted in migmatites, but based on field observations,
Wiest et al. (2019) inferred that Caledonian deformation involved
exclusively solid-state shearing and, hence, migmatization must be
older. Granulite-facies rocks along the rim of a weakly deformed granite-
diorite pluton revealed Tonian U-Pb zircon (ca. 980 Ma) and monazite
(ca. 950 Ma) ages (Rohr et al., 2004), while the Caledonian shear zones
are associated with Ar-Ar mica ages mostly in the range from 405 to 393
Ma (Wiest et al., 2021).

2.4.2. Oygarden Complex

The @ygarden Complex is the southernmost Devonian metamorphic
core complex along the west coast of South Norway (Wiest et al., 2020a).
It is separated from the neighbouring Gulen dome by the Bergen Arcs
Shear Zone (Fig. 1c) (Wennberg et al., 1998) and in contrast to the
former, no eclogites have been documented in this region. The eastern
(structurally higher) part of the @ygarden Complex consists of a Sve-
conorwegian magmatic complex, comprising ca. 1040 Ma granites and
gabbros as well as 1020 Ma leucogranites, intruding Telemarkian (1500
Ma) granitic basement (Wiest et al., 2018). The western (structurally
lower) part of the @ygarden Complex consists mostly of migmatites with
granitic to dioritic compositions and associated leucogranites. The
migmatites at the deepest levels of the dome are evidently Caledonian
and crystallized at ca. 405 Ma, but preserve also Sveconorwegian ages
(Wiest et al., 2021). The entire complex was strongly sheared (Wiest
et al., 2020a) during core-complex exhumation between 405 and 398
Ma (Wiest et al., 2021).

2.4.3. Hardangerfjord area

The Hardangerfjord runs along a major Devonian extensional shear
zone, the Hardangerfjord shear zone, that juxtaposes Caledonian nappes
in the NW, above a Proterozoic basement little affected by Caledonian
reworking in the SE (Fig. 1c) (Fossen and Hurich, 2005). As such, the
Hardangerfjord shear zone represents the southernmost limit of thick-
skinned deformation during Caledonian extensional collapse (Fossen
et al., 2014). Towards the SE, this Proterozoic basement is largely
covered by Caledonian nappes, called the Hardangervidda-Ryfylke
nappe complex, in such a way that the continuity of outcrop between
the Proterozoic rocks in the Hardangerfjord area and the Telemarkia
lithotectonic unit of the Sveconorwegian orogen is only locally observ-
able (Roffeis et al., 2013). On geological maps, the Proterozoic basement
in the Hardangerfjord area is directly correlated with the Telemarkia
lithotectonic unit further south and considered as integral part of it
(Bingen et al., 2005; Sigmond, 1998). However, actual data to support
this correlation are scant.

The Proterozoic basement in the Hardangerfjord area consists of
large NNW-SSE-trending granite plutons, which intrude tracts of tona-
litic to gabbroic rocks and supracrustal sequences (Torske, 1982). Met-
avolcanic rocks within the latter have a Telemarkian (1500 Ma) age
(Bingen et al., 2005) similar to gabbros and granites in the Suldal vol-
canic arc further south (Roberts et al., 2013). Caledonian extensional
deformation was highly localized into weak lithologies in the nappes
and a narrow shear zone in the basement, leaving most of the Precam-
brian lithologies in this area virtually undeformed.

3. Methods

This study involves twenty-five newly collected igneous and mig-
matite samples from the Hardangerfjord area, the @Jygarden Complex
and the WGR as well as six igneous samples dated by Wiest et al. (2018).
Selected zircon grains were mounted in epoxy and polished. Prior to
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U-Pb analyses, images were collected with optical microscopy (reflected
and transmitted light) and with a cathodoluminescence (CL) detector in
a scanning electron microscope, to reveal the internal textures of zircon
and select analytical spots. U-Pb, Lu-Hf and O isotopic analyses were
performed as much as possible on the same spot or from the same growth
zone. Detailed analytical methods are described in Supplementary File
A.

Zircon U-Pb dating was carried out using a CAMECA IMS-1280 in-
strument at the NordSIM laboratory, Swedish Museum of Natural his-
tory, Stockholm. Weighted mean ages and concordia ages are calculated
with the program Isoplot (Version 4.15). All errors are reported at the
20-level. Oxygen isotope ratios of zircon were measured with the same
instrument with a Cs source. Prior to O analysis, the U-Pb analysis pits
were removed by polishing. The values of average 5'%0 values are re-
ported as mean =+ standard deviation (S.D.).

Table 1
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Lu-Hf isotopes were measured at the University of Johannesburg,
using an ASI Resonetics 193 nm Excimer laser ablation system coupled
to a Nu Plasma I multi-collector ICPMS. Initial epsilon Hf values (eHf(t))
were calculated using a decay constant of 1.867 x 107! (Scherer et al.,
2001; Soderlund et al., 2004), and CHUR models of Bouvier et al. (2008)
(A76Lu/77Hf and Y7Hf/77Hf of 0.0336 and 0.282785, respectively).
The calculation of model ages is based on the depleted mantle model of
Griffin et al. (2000) with present-day 7®Hf/}”’Hf = 0.28325 and
176Lu/Y7Hf = 0.0384. Initial 7°Hf/177Hf and epsilon Hf values for
analyzed zircons from magmatic rocks were calculated using the
respective interpreted crystallization age of each sample. For anatectic
zircons from leucosomes in migmatites, the concordia age interpreted as
the crystallization age of the melts were used, although some samples
may record multiple periods of partial melting and migmatization. The
values of average eHf(t) and 7®Hf/ 177Hf(i) for each sample are reported

Summary of geochronology and Hf-O isotopic results of magmatic samples in this study.

Sample Longitude Latitude Rock types Main mineral Igneous age (Ma) eHf (t) 5180 (%0)
(E) ™) composition concordia weighted mean  weighted mean
age 207pp/295pb age  2°°pb/?%8U age
Hardangerfjord area
HCT-11 5.83297 59.93082  Tonalitic gneiss Qz +Pl+ Amp + Bt + 1528 +7 1516 £ 6 1541 + 8 6.9 +0.7 4.5+ 0.2
Grt + Chl
HCT-13 6.20977 59.93102  Tonalitic gneiss Qz + P1 + Amp + Bt 1516 + 6 1509 + 8 1529 + 10 4.8+0.8 4.6 £ 0.2
HCT-16 6.07065 60.07829  Granite Kfs + Qz + P1 + Bt + 1042 +£9 1029 + 12 1051 +£8 0.4 £ 0.5 6.4 + 0.3
Ms + Spn
HCT-5 6.20556 60.23750  Augen gneiss Pl+Qz + Kfs+ Amp 1045+ 5 1035 + 8 1048 +£ 5 0.7 £0.7 6.4+ 0.2
-+ Bt + Spn
HCT-3 6.14859 60.13702  Foliated granite Qz +Kfs +Pl+Bt+ 978 +4 964 + 8 980 + 4 -2.0+0.5 5.6 + 0.3
Ms + Spn + Mnz
HCT-14 6.04722 59.99917  Granite Qz + PI (secondary 944 £ 5 914 + 15 948 £ 5 -0.8+ 0.6 6.4+ 0.3
alteration) + Kfs + Bt
+ Spn + Ep
HCT-12 5.82155 59.83664  Foliated granite Qz + Kfs + Pl 944 + 6 923 + 13 948 +£ 6 2.6 + 0.6 5.9+ 0.2
(secondary alteration)
+ Bt + Ms
HCT-1 6.55885 60.45515  Granite Qz + PI (secondary 938 +£11 937 + 32 938 + 12 -3.7 £0.7 6.7 £ 0.4
alteration) + Kfs + Bt
+ Ms + Grt + Spn
@ygarden Complex
LYD83-1% 5.25992 60.38736  Mylonitic granitic Qz + Pl + Bt + Kfs 1506 + 5 1501 + 4 1515+ 8 3.9+09 8.5+ 0.3
gneiss
LYD44-1° 5.23914 60.37553  Metagabbro Amp + Opx + Pl 1041 +£3 1035 + 8 1044 £5 1.8+ 0.6 6.3 +0.2
LYD197-1* 5.24186 60.37358  Hornblende biotite Kfs + Qz + Amp + P1 1041 +3 1039 £ 7 1042 + 3 1.2+ 0.9 6.3 +0.2
granite gneiss + Bt
LYD35-1% 5.23156 60.37714  Amphibolite Amp + Pl 1040 £ 11 1026 + 9 1037 +£17 -0.2+1.3 6.3 +0.3
TSS-2 4.99556 60.26667  Augen gneiss Qz + Kfs + P1 + Bt + 1036 + 5 1036 +7 1035 £ 11 0.5+ 1.0 6.4 + 0.3
Ms + Ap
LYD169-1* 5.24958 60.36792  Mylonitic granitic Qz + Kfs + Pl + Bt 1027 + 4 1020 + 4 1032 + 5 -2.6 + 0.8 6.5+ 0.3
gneiss
LYD163-1* 5.25992 60.38736  Gneissic leucogranite Kfs + Pl + Qz + Ms + 1022 +11 1022 + 13 1031 + 21 -24+1.0 6.2+ 0.7
Bt
Western Gneiss Region
VAH78 6.49285 61.93872  Augen gneiss Qz + Kfs + P1 + Bt + 1653 + 8 1648 +7 1671 + 18 25+0.7 9.1+1.0
Ms + Ep
VAH48 5.18452 62.19870  Augen gneiss Qz + Kfs + P1 + Bt + 1651 +7 1649 + 11 1656 + 12 3.1+0.7 8.4+0.3
Ms + Ep
MLM134 5.13059 61.94703  Augen gneiss Qz + Kfs + P1 + Bt + 1621 + 8 1624 + 14 1610 + 16 2.3+0.8 8.9+ 0.5
Ms + Ep
TSG-3 5.03647 60.98648  Foliated granite Qz +Kfs + Pl +Bt+ 966 + 4 954 +£9 969 + 5 -2.5+0.5 5.8 +0.2
Spn + Mnz
VAH11 6.96253 61.84878  Foliated granite Qz +Kfs +Pl+Bt+ 961 +8 939 + 13 965 + 8 -5.1 £0.6 6.8+ 0.3
Ap
VAH4 6.82158 61.66319  Foliated granite Qz + Kfs + P1 + Bt + 958 +7 939 + 15 962 + 7 -5.3+1.0 6.8+ 0.2
Ap + Ep
VAH23 5.04299 61.58910  Foliated granite Qz +Kfs+Pl+Bt+ 944 +7 917 + 14 950 + 9 -3.1+0.7 6.4+ 0.4

Ap

Samples with superscript ‘a’ were dated by Wiest et al. (2018). The concordia age is preferred to represent the crystallization age and be used for Hf isotopic
calculation. Mineral abbreviations after Whitney and Evans, 2010.
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as mean + S.D.
4. Results, (meta)igneous rocks

Key information on the samples, including the lithologies, co-
ordinates, U-Pb, Lu-Hf and O isotopic data, is summarized in Table 1.

4.1. Hardangerfjord area

4.1.1. Telemarkian (ca. 1520 Ma) tonalitic gneisses

Samples HCT-11 and HCT-13 are two grey tonalitic gneisses
collected some 15 km apart. The outcrop of HCT-13 is weakly foliated
and interlayered with amphibolite (Fig. 2a, b). Zircon crystals from these
two samples exhibit broad CL-bright domains with oscillatory or banded
zoning frequently surrounded by CL-dark rims, tips or prisms. In sample
HCT-11, 16 analyses mostly on CL-bright, zoned domains give a con-
cordia age at 1528 + 7 Ma (MSWD = 1.6) (Fig. 2a). In sample HCT-13,
20 analyses were conducted on zoned domains, and 11 of them define a
concordia age at 1516 + 6 Ma (MSWD = 1.5) (Fig. 2b). These ages
represent the crystallization age of the tonalite protolith.

Their Hf isotopic compositions are rather juvenile with mean eHf{(t)
values of + 6.9 £+ 0.7 and + 4.8 £ 0.8 for HCT-11 and HCT-13 respec-
tively; 5'80 values are in the range of or slightly lower than mantle
value, and the average values are 4.5/4.6 + 0.2%o.

4.1.2. Sveconorwegian (ca. 1050-930 Ma) granitoids

Sample HCT-16 is a weakly foliated porphyritic granite (Fig. 2c).
Zircon crystals are usually subhedral, fractured and rich in inclusions. In
CL images, most grains exhibit highly luminescent cores with oscillatory
zoning surrounded by darker rims, tips or prisms. Some grains are
entirely CL-dark with patchy and mosaic CL emission locally or along
the margin, and have high contents of common lead, suggesting possible
metamictization and alteration by hydrothermal fluids. Seventeen ana-
lyses were conducted on oscillatory zoned cores. One analysis, although
slightly discordant (disc. 5.6%), gives a 207pp, /206p, age at ca. 1480 Ma,
indicating zircon inheritance. Eight concordant analyses on zoned do-
mains define a concordia age at 1042 + 9 Ma (MSWD = 1.9) (Fig. 2c),
which is interpreted as the crystallization age of the granite. Eight an-
alyses on rims are mostly slightly discordant ranging from 1050 to 460
Ma (2%°Pb/238U ages), and reflect varying degrees of resetting of
U-Th-Pb system. Two concordant analyses give an age at ca. 460 Ma,
which may represent the time of metamorphic resetting. The Hf isotopic
compositions defined by 8 concordant spots yield eHf(t) values of +0.4
+ 0.5. All analyses have similar O isotopic composition with an average
§'%0 value of 6.4 £ 0.3%.

Sample HCT-5 was collected from a heterogeneous outcrop consist-
ing of a folded sequence of granitic to dioritic gneisses (Fig. 2d),
intruded by granitic sheets, mafic dikes and pegmatite veins. It is a
mesocratic granite with mafic clusters consisting of amphibole and
biotite. Zircon grains are euhedral to subhedral, and most show oscil-
latory or banded zones occasionally surrounded by a dark rim (too
narrow to be analyzed). Several zircons have homogeneous CL-dark
cores; one analysis was slightly discordant at ca. 1270 Ma (disc.
3.9%), probably representing inheritance. Twenty analyses on zoned
domains give a concordia age of 1045 + 5 Ma (MSWD = 1.4) (Fig. 2d),
representing the time of igneous crystallization. In this sample, 21 iso-
topic analyses on zoned domains give an average eHf(t) value of +0.7 +
0.7, and an average 580 values of 6.4 - 0.2%o.

HCT-3 is a foliated granite sample (Fig. 2e). Zircon grains are
euhedral to subhedral, and commonly rich in mineral inclusions. In CL
images, most crystals are dominated by oscillatory, banded or sector
zones, and few ones have a thin and dark rim. Thirty-two analyses on
zoned domains define a concordia age at 978 + 4 Ma (MSWD = 1.03)
(Fig. 2e), representing the time of igneous crystallization. In this sample,
16 analyses on zoned cores give an average ¢Hf(t) value of —2.0 + 0.5,
and an average 5'%0 value of 5.6 = 0.3%o.
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HCT-14 is a granite sample. Zircon grains are mostly euhedral,
commonly rich in mineral inclusions, and are finely oscillatory in CL
images. Twenty-seven analyses on zoned domains, except one that is
excluded from the calculation because of a large uncertainty, define a
concordia age at 944 + 5 Ma (MSWD = 1.4) (Fig. 2f). This age represents
the crystallization age of the sample. In addition, minor zircon grains are
smaller and significantly darker in CL because of high U contents; one
analysis yields a 2°°Pb/238U age at ca. 1025 Ma, which may represent
zircon inheritance. Sixteen analyses on ca. 945 Ma zircon grains give an
average eHf(t) value of —0.8 + 0.6, and an average 5'%0 values of 6.4 +
0.3%o.

HCT-12 is a granite with abundant K-feldspar megacrysts up to 5 cm
wide. Sampled at the rim of the circular pluton (Fig. 1c), a weak foliation
is developed in the homogeneous exposure (Fig. 2g). In CL images, most
grains show moderate to high luminosity with oscillatory or banded
zones. Twenty-seven of 30 analyses define a concordia age at 944 + 6
Ma (MSWD = 1.6) (Fig. 2g), recording the crystallization time of the
granite. Seventeen analyses have an average eHf(t) value of +2.6 + 0.6,
and an average 5'%0 value of 5.9 + 0.2%o.

Sample HCT-1 is collected from an outcrop of grey isotropic equi-
granular granite, in the northern part of the Hardangerfjord area
(Fig. 2h). Most zircon grains consist of a CL-bright core with oscillatory/
banded zones surrounded by a CL-dark rim. In several grains, the rim
domains or even the whole grain of several zircons show bright and
patchy CL images, similar to the characteristics of metamict zircon
altered by aqueous fluids. The dating results of 13 analyses on cores
show two concordant age populations at 938 + 11 Ma (n = 4, MSWD =
0.82) and 1052 + 15 Ma (n = 3, MSWD = 1.7), respectively (Fig. 2h).
The former is interpreted as the time of igneous crystallization, while the
latter group together with two older analyses at 1.4-1.2 Ga probably
represents zircon inheritance. Six analyses on rims are concordant or
nearly concordant with 2°°Pb,/238U ages ranging from ca. 890 to 450 Ma,
and the youngest age at ca. 450 Ma is probably approaching the timing
of formation of the rim. The Hf isotopic analyses on the four concordant
ca. 938 Ma spots yield an average ¢Hf(t) value of —3.7 + 0.7. Oxygen
isotopic analyses on both concordant and discordant spots have very a
similar O isotopic composition with an average §'%0 value of 6.7 +
0.4%o.

4.2. @ygarden Complex, Sveconorwegian (ca. 1050-1030 Ma) (meta)
igneous rocks

TSS-2 is an augen gneiss sample (Fig. 2i). Zircon grains are euhedral
to subhedral with roundish terminations, and most grains have a
dominant oscillatory-zoned domain surrounded by thin, dark, struc-
tureless rims. Small, dark cores are observed in a few grains. Twenty-
four analyses were performed on domains with oscillatory zones. Ten
of them give a concordia age at 1036 + 5 Ma (MSWD = 1.4) (Fig. 2i),
which is interpreted as the crystallization time of the granite. Of the two
analyses on rims, one has significantly low Th content and Th/U ratio
(0.04) and is nearly concordant at ca. 960 Ma, probably representing the
time of subsequent metamorphism. Nine analyses on zoned domains
give an average eHf(t) value of +-0.5 = 1.0, and an average 5!%0 value of
6.4 £ 0.3%o.

In addition, 6 samples from the mountain Lyderhorn, the @ygarden
Complex, dated by Wiest et al. (2018), were also analyzed for Hf and O
isotopic compositions, including one ca. 1500 Ma granitic gneiss and
five Sveconorwegian 1040-1020 Ma mafic and granitic rocks. The oldest
sample (LYD83-1, 1506 + 5 Ma) is characterized by highly elevated 5'0
values of 8.5 + 0.3%o and positive eHf(t) values of +3.9 & 0.9. The two
mafic rocks (LYD35-1, 1040 + 11 Ma; LYD44-1, 1041 + 3 Ma) have
near-chondritic eHf(t) values of -0.2 & 1.3 and +1.8 + 0.6 respectively,
comparable to the value of coeval granitic rocks (LYD197-1, 1042 + 3
Ma, eHf(t) = +1.2 + 0.9). Two leucogranitic rocks (LYD163-1, 1022 +
11 Ma; LYD169-1, 1027 + 4 Ma) have more negative eHf(t) values of
—2.4 £1.0and —2.6 £ 0.8. The five Sveconorwegian samples have very
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(a) HCT-11 Tonalitic gneiss, Hardangerfjord (b) HCT-13 Tonalitic gneiss, Hardangerfjord (c) HCT-16 Granite, Hardangerfjord
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Fig. 2. Field outcrop photographs and zircon U-Pb Tera-Wasserburg diagrams of igneous samples from the Hardangerfjord and @ygarden Complex (@C); red ellipses:
igneous zircons used for calculation of concordia age (turquoise); purple: inherited zircons; grey: (reversely) discordant and Pb-loss analyses; black: Caledonian

metamorphic rims. For details of each data-point see Table 1, Supplementary File B.
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similar O isotopic compositions with average 5'20 values of 6.2-6.5%o.

4.3. Western Gneiss Region

4.3.1. Gothian (ca. 1650-1620 Ma) granitic gneisses

Samples VAH 78, VAH 48 and MLM 134 (Fig. 3a-c) are augen
gneisses collected from the west and east ends of the Nordfjord. In CL
images, zircon crystals are mostly subhedral, and dominated by low-
luminescent, oscillatory zoned cores surrounded by bright rims, tips or
prisms. The cores define concordia ages of 1653 + 8 Ma (n = 6, MSWD
=0.9),1651 + 7 Ma (n = 9, MSWD = 1.6), 1621 + 8 Ma (n = 5, MSWD
= 1.2) respectively (Fig. 3a-c), recording the crystallization time of the
granitic protolith. These samples have slightly depleted Hf isotopic
compositions with mean eHf(t) values of +2.3 + 0.8 to +3.1 + 0.7, and
highly elevated mean 530 values of 8.4-9.1%.

4.3.2. Sveconorwegian (ca. 970-940 Ma) granitoids

Sample TSG-3 is taken from a foliated granite pluton in the Gulen
dome. The granite grades into dioritic compositions towards the margins
of the intrusion. Along the contact between the granite and the host
rock, there is a zone of gneissic rocks that partly preserve granulite-
facies mineral assemblages (Rghr et al., 2004). It is a weakly sheared
biotite-rich granite (Fig. 3d). Zircon crystals are generally subhedral,
150-300 pm long, with aspect ratios of about 2. In CL images, most
grains show moderately- to strongly-luminescent oscillatory zones.
Twenty-five analyses define a concordia age at 966 + 4 Ma (MSWD =
0.99) (Fig. 3d), representing the crystallization age of the sample.
Sixteen analyses of zoned domains give an average eHf(t) value of —2.5
+ 0.5, and an average 520 value of 5.8 £ 0.2%.

Two granitic samples (VAH 11, VAH 04) were collected from the
inner Nordfjord, and sample VAH23 (Fig. 3e-g) was from the western
end of the Nordfjord. Zircon grains from these samples are euhedral to
subhedral, 150-250 pm long, with aspect ratios of about 2. They are
dominated by oscillatory, banded or sector zones in CL images. The
analyses on VAH 11, VAH 04 and VAH 23 give concordia ages of 961 +
8 Ma (n = 12, MSWD = 1.7), 958 + 7 Ma (n = 11, MSWD = 1.2), and
944 + 7 Ma (n = 14, MSWD = 1.4) respectively (Fig. 3e-g). These ages
are interpreted to record the time of crystallization of the granites. The
first two samples, VAH 11 and VAH 04, have very similar Hf-O isotopic
compositions, with significantly negative eHf(t) values (—5.1 + 0.6 and
—5.3 £+ 1.0) and moderately elevated 5180 values (6.8 + 0.3%0 and 6.8
+ 0.2%0). Sample VAH 23 has an average ¢Hf{(t) value of —3.1 + 0.7, and
an average 5'80 values of 6.4 + 0.4%.

4.4. Synopsis of U-Pb, Lu-Hf and O isotope data

The geochronological data in this study include four igneous age
groups of Gothian (1650-1620 Ma) and Telemarkian (1520-1500 Ma)
metagranitoids and Sveconorwegian (1050-1020 Ma, 980-930 Ma) in-
trusions (Fig. 5a). The 1650-1620 Ma granitic rocks from the WGR are
characterized by highly elevated 5'%0 values of 8-9%, associated with
slightly positive Hf isotopic values of +2-+3. In contrast, the
1520-1500 Ma tonalitic and granitic rocks from the Hardangerfjord area
and the @ygarden Complex show bimodal O isotopic charateristics;
tonalitic rocks yield mantle-like O isotopic values while the granitic
sample has a heavy 5!80 value of 8-9%. (Fig. 6a). They all have signif-
icantly positive average eHf(t) values of +4-+7, more radiogenic than
the Gothian samples. Six ca. 1050 Ma mafic and granitic rocks have very
homogeneous and similar Hf-O isotopic compositions: the average eHf
() values are —1—+2 and 880 values 6-6.5%0, while two ca. 1020 Ma
leucogranite samples show a more evolved ¢Hf(t) value of —3 to —2. The
980-930 Ma granites from the Hardangerfjord area and the @ygarden
Complex have a relatively wide spread of eHf(t) values of —3—+3 and
5180 values of 5.5-6.5%0, and 970-940 Ma granites from the WGR
commonly have negative eHf(t) values of —5 to —3.
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5. Results, migmatites
Key information on the migmatite samples is summarized in Table 2.
5.1. Hardangerfjord area

Two migmatite samples, H-01 and H-02 were taken several kilome-
ters away from the Hardangerfjord shear zone. Sample H-01 is taken
from a migmatitic dioritic gneiss with small stromatic and dilatational
leucosomes that formed during shear deformation. The sampled domain
is a foliation-parallel, medium grained, hornblende-bearing tonalitic
leucosome (Fig. 4a). Zircon grains from this sample are subhedral to
rounded with clear oscillatory zoning in dominant domains surrounded
by CL-dark, unzoned rims. Seven analyses on cores define a concordia
age of 1498 + 10 Ma (MSWD = 1.8), representing the crystallization age
of the dioritic protolith. Seven analyses on rims show a large scatter from
ca. 1460 Ma to Cambrian times, and one nearly concordant spot has an
age of ca. 1000 Ma (Fig. 4a). It is not possible to extract a reliable age of
migmatitization from the data.

Sample H-02 is from the migmatitized part of a metavolcanic
sequence in the 1.5 Ga Ullensvang group (Kinnsarvik formation; Sig-
mond, 1998). The sample is taken from a m-scale, medium- to coarse-
grained tonalitic vein that fills a boudin-neck in between boudins of
amphibolite (Fig. 4b). Zircon grains from this sample are elongated with
round terminations. Most grains are entirely dark in CL, some have CL-
bright cores with oscillatory/banded zones. Three analyses on cores are
(nearly) concordant, with two of them yielding 2°7Pb/2%Pb ages at ca.
1490-1470 Ma and the third one at ca. 1045 Ma (Fig. 4b). Eleven an-
alyses on CL-dark domains are mostly discordant and show a scatter in
apparent ages, ranging from Mesoproterozoic to Cambrian times. Five
concordant or nearly concordant analyses yield a 20°Pb/238U age at
600-0 Ma. The scatter is probably attributed to variable Caledonian lead
loss due to metamictization. Collectively, the data suggest formation of
the volcanic protolith at ca. 1490-1470 Ma, possible migmatitization
and vein formation at ca. 1045 Ma and a final event of Caledonian lead
loss.

5.2. @ygarden Complex

Migmatites in the @ygarden Complex contain moderate to high
volumes of leucosomes, forming regularly metatexites and sometimes
diatexites. They are usually of granitic composition but host abundant
mafic bodies. In places, quartzite and mica-schist are associated with the
migmatites. This suggests that at least part of the migmatites formed
through melting of metasedimentary protoliths. The entire complex
experienced strong penetrative shear deformation during late Caledo-
nian collapse (Wiest et al., 2020a). Therefore, pre-Caledonian relation-
ships have been obliterated except for low-strain domains, which
represent the targets of this study.

Sample (3C-01 is a granitic diatexite that contains blocks of
amphibolite and quartzite (Fig. 4c). The sampled domain is a coarse-
grained hornblende-bearing granitic leucosome. In CL images, most
zircon grains show cores with fine oscillatory zoning surrounded by CL-
bright mantles with faint oscillatory or banded zones and dark, unzoned
rims (Fig. 4j). The size of mantle and rim domains varies between
different crystals. Core domains show zircon inheritance from the pro-
tolith of the migmatite, with 3 of them yielding a concordia age at 1640
+ 9 Ma (MSWD = 1.4) while others are highly discordant. The age from
oscillatory zoned mantles is similar to that of the CL-dark rims. The dark
rims are all characterized by a low Th content (3-13 ppm) and therefore
alow Th/U ratio (<0.01). Ten analyses in the mantles and rims define a
common concordia age at 1043 &+ 6 Ma (MSWD = 1.18), which repre-
sents the time of crystallization of the leucosomes (Fig. 4c). Two ana-
lyses on mantle and rims have distinctly higher Th concentration and
Th/U ratio, and are concordant at ca. 925 Ma and ca. 650 Ma respec-
tively, which may be a result of incomplete Pb loss during Caledonian
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Table 2
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Summary of U-Pb geochronology and Hf isotopic results of leucosome samples in this study.

Sample  Longitude Latitude Rock types Mineral composition Protolith age Migmatization age eHf(t) of anatectic
(E) N) zircons
H-01 6.28502 60.15316 Tonalitic leucosome in Qz + Pl + Kfs + Bt + Spn 1498 + 10 Ma
metatexite
H-02 6.37713 60.19363 Tonalitic leucosome in Qz + Pl + Kfs + Bt ca. 1500 Ma
metatexite
?C-01 4.81128 60.63487 Granitic leucosome in diatexite Qz + Kfs + Pl + Bt + Ep 1640 + 9 Ma 1043 + 6 Ma -2.2+1.3
migmatite
@C-03 4.91911 60.45208 Tonalitic leucosome in Qz+Pl+Amp+Bt+Spn 1491 + 8 Ma 1090-970 Ma
metatexite + Ep
?@C-05 4.94171 60.48861 Tonalitic leucosome in Qz + Pl + Bt + Ms ca. 1600 Ma, 1480 1034 + 5 Ma —-4.0+1.7
metatexite + 9 Ma
@C-07 4.79851 60.55249 Granitic veins intruding Qz + Kfs + Pl + Bt + Spn 1030 + 4 Ma —-4.2 £0.7
boudinaged amphibolite + Ep
GU-01 5.09126 60.84787 Granitic leucosome in metatexite ~ Qz + Kfs + Pl + Bt + Ep + 1492 + 11 Ma, 1053 + 12 Ma, 1014 + —-28+15
Spn 1419 4+ 13 Ma 6 Ma
GU-02 5.06695 60.87438 Granitic leucosome in metatexite =~ Qz + Kfs + P1 + Bt + Ms + 1050-940 Ma —-6.2+1.4
Ep + Spn
GU-03 5.02634 60.93123 Granitic leucosome in metatexite ~ Qz + Kfs + P1 + Bt + Ep ca. 1600 Ma 1052 + 6 Ma —45+13

thermal events. The older cores generally have positive eHf(t) values of
+2-+4, while the ca. 1043 Ma domains have an average eHf(t) value of
—2.24+1.3(n=38).

Sample @C-03 is a granitic metatexite with thin and folded stromatic
leucosomes and larger patches of melt. The sample is a coarse-grained
hornblende-bearing granitic leucosome (Fig. 4d). Zircon grains show
moderate CL luminosity with fine oscillatory zones partly surrounded by
CL-darker, unzoned or faintly zoned rims. Eight analyses on oscillatory-
zoned domains with typical Th/U ratios of igneous zircons (0.34-0.72)
show similar ages and 5 of them give a concordia age at 1491 + 8 Ma
(MSWD = 1.6), representing the single-sourced zircon inheritance from
the protolith. By comparison, the rims commonly have higher U
(560-2110 ppm), lower Th (10-140 ppm) and Th/U ratios (0.02-0.14).
The 2%6Pb/?38U ages of 9 analyses range from 1088 Ma to 972 Ma
(2%6pb/238Y ages, Fig. 4d), probably indicating zircon recrystallization/
regrowth during a long-term thermal event.

Sample (C-05 is a granodioritic metatexite with thin, ptygmatically
folded leucosomes and locally diffuse, coarser-grained patches (Fig. 4e).
The leucosomes are surrounded by thin biotite melanosomes. The
sample is a coarse-grained granitic leucosome patch. Zircon grains are
partly small and stubby (<100 pm) with CL-dark rims around zoned
cores, and partly elongated (150-300 pm long) with oscillating/banded
zones (Fig. 4k). Four analyses on the cores of the former give a concordia
age at 1480 + 9 Ma (MSWD = 0.61), and the remaining one is older at
ca. 1600 Ma (Fig. 4e). A concordia age at 1034 + 5 Ma (MSWD = 1.5) is
defined by 8 concordant analyses on each rim and the zoned domains
(Fig. 4e), representing the time of crystallization of the leucocratic vein.
The older cores generally have positive eHf(t) values of +2—+6; three
analyses on ca. 1034 Ma domains have an average ¢Hf(t) value of —4.0
+ 1.7, while two yield a slightly positive value of 0—+2.

Sample @C-07 is taken from within a K-feldspar-rich leucogranite
body that is unfoliated. The leucogranite itself is very homogeneous and
consists almost entirely of feldspar and quartz. However, it contains
numerous mafic bodies that occur as m-scale dykes, aligned (but
disconnected) patches, up to 20 m long schlieren or isolated irregularly
shaped blobs. Granitic veins, rooted in the leucogranite, commonly
intrude the mafic bodies. In places, the mafic bodies developed a solid-
state foliation parallel to their outer perimeter that is cut by the granitic
veins. The contact relationships suggest that the mafic melt was injected
into the granite body while the latter was close to its crystallization
temperature. This led to a remobilization of granitic melt that intruded
the mafic bodies, which were already solid because of their higher sol-
idus temperature. The sample was taken from coarse-grained granitic
veins (Fig. 4f) that cut through foliated amphibolite. Zircon grains from
this sample are euhedral to subhedral, and are weakly to moderately
luminescent with clear oscillatory zones in CL images. The
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crystallization age is determined by the concordia age of 15 analyses at
1030 + 4 Ma (MSWD = 1.3) (Fig. 4f). Fifteen analyses yield a homo-
geneous Hf isotopic composition, with an average ¢Hf(t) value of —4.2
+0.7.

5.3. Southern Western Gneiss Region, Gulen area

The migmatites from the Gulen area commonly show a high degree
of migmatization with a large volume of leucosomes. Like in the
@ygarden Complex, quartzites and mica schists are found locally con-
tained within migmatites and witness a metasedimentary protolith.
During the Caledonian orogeny, mafic bodies within the migmatites
have been transformed to eclogite, while the migmatites themselves
appear unaffected by this metamorphism (Wiest et al., 2019). However,
large volumes of the migmatites have been strongly deformed during
extensional collapse of the Caledonian orogen. The samples were taken
from domains that escaped Caledonian shear deformation.

Sample GU-01 is a granitic metatexite preserved in sheared gneisses
in the footwall of the Bergen Arcs shear zone. Leucosomes occur as
stromatic layers and as diffuse patches (Fig. 4g). The sampled domain is
a medium-grained patch of granitic composition. Zircon grains from this
sample are 150-250 pm long with roundish terminations, composed of
oscillatory-zoned cores and CL-dark, wide rims. Some crystals also have
strongly luminescent mantles (Fig. 4n). The analyses on cores define two
groups of concordia ages at 1492 + 11 Ma (MSWD = 0.81, n = 4) and
1419 + 13 Ma (MSWD = 1.5, n = 2) respectively, which are interpreted
as inherited zircons. Two concordia ages at 1053 + 12 Ma (MSWD = 1.6,
n=3)and 1014 + 6 Ma (MSWD = 1.9, n = 4) are defined by analyses on
CL-bright mantles and rims (Fig. 4g). These two ages likely indicate two
episodes of zircon recrystallization and/or overgrowth during meta-
morphism and migmatization, or reflect a protracted thermal event
lasting for 40 Ma. An alternative possibility, although not preferred
here, is they represent incomplete lead-loss, with the two ages capturing
a snapshot of a lead-loss trend to a young Sveconorwegian age. Five
analyses on mantle/rim domains yield eHf(t) value of —5-0 with an
average eHf(t) value of —2.8 + 1.5.

Sample GU-02 is a veined granitic metatexite that experienced weak
penetrative shear deformation. The sampled domain is a coarse-grained
granitic leucosome (Fig. 4h), which is surrounded by a biotite melano-
some. Zircon grains from this sample are subhedral to elliptical with
clear core-rim structures. The cores have euhedral to irregular shape and
are relatively CL-bright with oscillatory zones, while the broad rims are
CL-darker with banded, oscillatory or no zones (Fig. 4m). Three analyses
on cores are slightly discordant, ranging in age from 1370 Ma to 1500
Ma (2°7Pb/2%%Pb ages). Ten concordant analyses yield concordia ages of
ca. 1050-940 Ma (2°6Pb/238U ages), indicating zircon recrystallization/
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regrowth during long-term high-grade metamorphism and migmatiza-
tion. Five analyses on ca. 1030-950 rims yield eHf(t) values of -8 to —4
with an average eHf(t) value of —6.2 + 1.4.

Sample GU-03 is a weakly deformed granitic metatexite. Amphibo-
lite layers within the migmatite have been statically transformed into
eclogite during the Caledonian orogeny. The migmatite contains stro-
matic and vein leucosomes that are surrounded by biotite melanosomes
(Fig. 4i). The sampled domain is a coarse-grained patch of granitic
leucosome. This sample has subhedral to rounded zircon grains with
wide, CL-dark rims around irregular cores (Fig. 40); some grains are
almost entirely oscillatory/banded-zoned with very small cores. Two
nearly concordant analyses on cores have ages at ca. 1580 Ma and ca.
1640 Ma, respectively. Ten analyses on zoned grains and rims give very
similar ages, suggesting that crystallization of new zircon occurred at the
same time that the CL-dark zircon rims grew. Five of them define a
concordia age of 1052 + 6 Ma (MSWD = 1.2) (Fig. 4i). This age is
interpreted as the time of crystallization of the leucocratic vein. Six
analyses on ca. 1052 Ma domains give an average ¢Hf(t) value of —4.5 +
1.3.

Precambrian Research 362 (2021) 106301
5.4. Summary of zircon U-Pb geochronology and Hf isotopic composition

In summary, zircon grains from the dated leucosomes generally
display two kinds of internal structures in CL images. One has oscilla-
tory- or banded- zoned cores enveloped by CL-bright or -dark rims that
are structureless or have faint zoning. The second one shows euhedral
prismatic zircons with oscillatory zoning (Fig. 4j-0). The core domains
generally have relatively low U concentrations and Th/U ratios >0.1,
which display Gothian and Telemarkian (1650-1500 Ma) ages and
represent primary igneous zircons. In contrast, the simply zoned grains
and zircon rims mostly have much higher U contents and lower Th/U
ratios, which have a wide range of age between 1050 and 950 Ma and
yield a peak at ca. 1030 Ma (Fig. 5b, c). This is coeval with the igneous
crystallization age of the leucogranite sample (C-07) and is interpreted
to represent the timing of high-grade metamorphism and migmatiza-
tion. The zircons from the leucosomes and leucogranite samples
commonly have an enriched Hf isotopic composition with ¢Hf(t) values
mostly of —6 to —3, in contrast to the ca. 1050 Ma igneous samples,
which generally have an averaged positive eHf(t) value (Fig. 6b).
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Fig. 5. (a) Summary of magmatic and migmatitic ages in the study areas including ages from Wiest et al. (2018), with dash lines showing the main magmatic periods.
The two lines on the top indicate long-lasting or repeated migmatization of samples #C-03 and GU-02. (b) Histogram and probability distribution of U-Pb ages of
zircons from leucosomes; the age peak at ca. 1030 Ma probably indicates the climax of high-grade metamorphism and migmatization; (c) U versus Th/U ratio of
dated zircon domains from the leucosomes, showing that older cores and younger mantles/rims have distinct Th/U signatures.
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6. Discussion
6.1. Geochronology: Magmatism and migmatization

The new zircon U-Pb ages obtained in this study range from ca. 1650
to 930 Ma and demonstrate the importance of the Sveconorwegian re-
cords in the Baltican basement of the southern Scandinavian Caledo-
nides. These results make it possible to link the ‘Caledonized’ basement
to well-established Sveconorwegian Province in the (western) Sveco-
norwegian lithotectonic units.

6.1.1. Gothian (ca. 1650 Ma) vs. Telemarkian (ca. 1500 Ma) crust

As outlined above, the age of the first (oldest) lithosphere formation
in each lithotectonic unit of the Sveconorwegian orogen decreases in a
stepwise fashion towards the west: Transcandinavian Igneous Belt
(1710-1660 Ma) in the Eastern Segment, Gothian (1660-1520 Ma) in
the Idefjorden, Bamble and Kongsberg units, and Telemarkian
(1520-1480 Ma) in the Telemarkia unit (Bingen et al., 2005). The data
from the studied areas can be correlated to Gothian and Telemarkian
crust.

In the Hardangerfjord area, two samples of tonalitic gneiss yield ages
of ca. 1520 Ma and four samples of migmatite and granite host have
1500-1470 Ma inherited zircons. These results largely confirm previ-
ously reported geochronological data from the Hardangerfjord area
(Bingen et al., 2005; Roberts et al., 2013). They support a Telemarkian
age of the crust formation in the area and suggest that large parts of the
Hardangerfjord area belong to the Telemarkian Suldal volcanic arc
(Roberts et al., 2013). In the @ygarden Complex, Telemarkian granitic
gneisses (ca. 1506 Ma) are also found (Wiest et al., 2018) as well as
inherited zircon cores between ca. 1490 and 1480 Ma in migmatites.
Two samples though (#C-01 and @C-05), contain Gothian zircon pop-
ulations (1640-1600 Ma). In the Gulen area of the southern WGR,
migmatite samples similarly contain Telemarkian (ca. 1500-1490 Ma)
in addition to Gothian (ca. 1640 Ma) inherited zircon populations.
Elsewhere in the WGR, the oldest orthogneiss protoliths are Gothian
with ages ranging from ca. 1650 to 1620 Ma (3 samples of this study and
published data; Austrheim et al., 2003; Corfu et al., 2014b; Krogh et al.,
2011; Rehr et al., 2013), while Telemarkian ages are absent.

Collectively, the data suggest that the Jygarden and Gulen areas
represent a transition zone between Telemarkian crust in the southwest
and Gothian crust in the northeast, with no mappable discrete boundary
as proposed by Roffeis et al. (2013).

6.1.2. Sveconorwegian (1060-1020 Ma) magmatism and migmatization

The Sirdal Magmatic Belt (SMB) is a large composite batholith
formed between ca. 1060 and 1020 Ma in South Norway (Coint et al.,
2015; Slagstad et al., 2013). Its formation was accompanied and fol-
lowed by regional granulite-facies metamorphism between ca. 1045 and
990 Ma (Bingen et al., 2008a; Driippel et al., 2013; Blereau et al., 2017;
Laurent et al., 2018a,b; Slagstad et al., 2018b). Based on the recognition
of 1050-1020 Ma granitic and gabbroic magmatism in the @ygarden
Complex, Wiest et al. (2018) concluded that the SMB continues towards
the NNW into the Caledonian province. While this has been reaffirmed
by additional dating of granites in the @ygarden Complex (sample TSS-
2, ca. 1036 Ma) and geophysical correlations with the SMB (Slagstad
et al., 2018a), no evidence from the interjacent Hardangerfjord area was
previously available. Two of our samples of foliated/gneissic K-feldspar
megacrystic granite-granodiorite (HCT-5, 1045 + 5 Ma and HCT-16,
1042 + 9 Ma) document 1050-1020 Ma felsic magmatism in the Har-
dangerfjord area for the first time and thereby establish the missing link
between the autochthonous basement windows in the Caledonian
province and the Sveconorwegian province. This indicates that
1060-1020 Ma magmatism occurred in a distinctly NNW-trending, ca.
300 km long magmatic belt. Within this domain, it appears that the
emplaced magmas decrease in volume from south to north until they
disappear in the southern WGR.
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Furthermore, our new data document a temporal and spatial asso-
ciation between 1050 and 1020 Ma magmatism and migmatization in
the Hardangerfjord area, the ygarden Complex and the southern WGR.
The ages of migmatization are constrained by dating of zircon grains and
rims from leucosomes. Nine samples of migmatite show a wide range of
concordant ages, which encompasses almost the entire range of Sveco-
norwegian magmatism from 1050 to 950 Ma. However, the majority of
ages falls between 1050 and 1020 Ma, which is coeval with SMB-type
magmatism (Fig. 5). The relative probability distribution of migmatite
ages shows a prominent peak at ca. 1030 Ma, which conforms to the
magmatic crystallization age of the leucogranite sample (#C-07) that
apparently represents the climax of high-grade metamorphism and
crustal anatexis. This age falls in between two distinct magmatic pulses
in the @ygarden Complex, namely a pulse of mafic to intermediate
magmatism at ca. 1040 Ma, and a pulse of leucogranite magmatism at
ca. 1020 Ma (Wiest et al., 2018). The clear temporal and spatial link
between migmatization and magmatism supports the interpretation
from the Rogaland area in southwest Norway, that mafic magmatism
and underplating were driving migmatization in the crust (Laurent et al.,
2018a; Slagstad et al., 2018b).

In contrast to previous studies, our results demonstrate that the
southernmost part of the WGR (Gulen area) was affected by migmati-
zation between ca. 1050 and 1020 Ma, in a time interval overlapping
with intrusion of the SMB. So far, all previously reported ages of Sve-
conorwegian migmatites and high-grade metamorphism in the WGR are
younger than 1000 Ma (Skar and Pedersen, 2003; Rghr et al., 2004,
2013; Kylander-Clark and Hacker, 2014). While the Proterozoic evolu-
tion of most parts of the WGR is still poorly constrained, the currently
available data suggest that the @ygarden and Gulen areas represent a
gradual western boundary of pre-1000 Ma tectono-magmatic activity in
the Sveconorwegian orogen. As mentioned before, this coincides with
the gradual transition from Gothian to Telemarkian crust.

6.1.3. Late-Sveconorwegian (980-930 Ma) magmatism and migmatization

Plutons of the hornblende-biotite granite (HBG) suite formed be-
tween 980 and 930 Ma over most of the Sveconorwegian orogen in
South Norway (Bogaerts et al., 2003; Vander Auwera et al., 2011;
Granseth et al., 2020). In the studied areas, late-Sveconorwegian plutons
are common: four of them are dated between c. 978 and 938 Ma in the
Hardangerfjord area, and another four of them between c. 966 and 943
Ma in the WGR (Table 1). In the @ygarden Complex, sample @#C-03
shows evidence for protracted zircon growth during migmatization until
ca. 970 Ma, however, no pluton of this age group is exposed.

In the Hardangerfjord area, the conspicuous feature of the late-
Sveconorwegian plutons is an almost perfectly circular shape with lit-
tle to no deformational fabric. A syn-magmatic foliation is visible at the
margin of the plutons (e.g. samples HCT-3 and HCT-12) and a Caledo-
nian fabric may only be locally present. In the WGR, in contrast, these
plutons have been variably deformed into elliptical bodies and can thus
serve as strain markers. In the Gulen area, sample TSG-3 robustly con-
strains the age of a ca. 25 x 10 km large pluton at ca. 966 Ma. This
pluton is deformed and reworked along several Caledonian shear zones
(Wiest et al., 2019). This age of c. 966 Ma is identical within errors with
U-Pb zircon and monazite ages of granulite-facies rocks (Rghr et al.,
2004), which occur along the rim of the pluton, where the granite grades
into monzonitic and dioritic compositions (Wiest et al., 2019). The range
of ages in the nearby migmatite samples suggests that the granite
intruded a long-lasting migmatite terrane that was around or above
solidus conditions for almost 100 Myrs (between ca. 1050 and 950 Ma).
Therefore, it seems likely that granulite facies conditions in the Gulen
area developed locally in the thermal aureole of the pluton. However,
the regional occurrence of Sveconorwegian granulite-facies meta-
morphism, i.e. also in other parts of the WGR (Engvik et al., 2000;
Krabbendam et al., 2000), makes the mechanism of metamorphism and
its relations to magmatism speculative.
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6.1.4. Caledonian vs. Sveconorwegian reconstructions

Our results confirm that U-Pb zircon geochronology allows to
disentangle Sveconorwegian magmatism and migmatization from the
effects of Caledonian reworking in the Baltican basement, in accordance
with previous studies (Rghr et al., 2013; Kylander-Clark and Hacker,
2014; Wiest et al., 2018). The intersection of two orogenic belts poses
challenges but it also allows chances to gain insights into the evolution
of both orogens.

A remaining challenge is the unequivocal identification of Caledo-
nian versus Sveconorwegian migmatitization in the Baltican basement
windows. The spatial distribution of the two generations of migmatites
has proven highly variable (Gordon et al., 2013, 2016; Kylander-Clark
and Hacker, 2014; Wiest et al., 2021) and remains unclear for large
parts of the WGR, due to the lack of high-precision in-situ dating. This is
a major drawback for orogenic reconstructions, since migmatites play a
crucial role in orogen dynamics (Vanderhaeghe and Teyssier, 2001;
Vanderhaeghe, 2012). Similarly, the NE boundary of Sveconorwegian
reworking in the WGR, originally defined by Tucker et al. (1990), is
poorly constrained. Furthermore, it is uncertain whether post-1000 Ma
granites occur to the north of Nordfjord and the apparent absence of
1500-1000 Ma magmatism and migmatization in most parts of the WGR
is an enigmatic issue that hampers reconstructions of the geodynamic
setting and tectonic evolution of the Sveconorwegian orogen (Bingen
et al., 2005, 2008a; Slagstad et al., 2013).

The complementary erosion levels of the Baltican crust in the Cale-
donian and Sveconorwegian provinces may provide important insights.
In South Norway, mostly the upper parts of the Sveconorwegian orogen
are exposed. Deep levels of the Sveconorwegian crust are only exposed
in areas that were affected by intense late-/post-orogenic exhumation
(Bingen et al., 2006) such as the Rogaland Igneous Complex (Slagstad
et al., 2018b) and the Eastern Segment (Viola et al., 2011; Moller et al.,
2015; Moller and Andersson, 2018). The Baltican basement windows of
the Caledonides expose different sections of the Caledonian orogenic
crust, due to the highly variable effects of Devonian post-orogenic
collapse (Fossen, 2010). The Hardangerfjord shear zone (Fig. 1c)
marks the southern limit of thick-skinned collapse-related deformation
(Fossen et al., 2014) and the erosion level exposes consequently high
levels of the Caledonian orogen. Due to variable crustal flow, the
metamorphic core complexes along the coast of West Norway, in
contrast, exhumed different levels of the crust (Andersen et al., 1994;
Wiest et al., 2019). The @ygarden Complex, for example, exposes a ca.
10 km vertical (Caledonian) crustal section from localized shearing at
upper levels to a Caledonian migmatite dome at the lowest levels (Wiest
et al., 2020a). However, these distinct Caledonian structural levels
coincide also with distinct Sveconorwegian lithologies, which comprise
mostly plutons and supracrustal cover at upper structural levels and
dominantly (Sveconorwegian) migmatites at lower levels. Possibly, the
intense ductile flow in the WGR north of Nordfjord during Caledonian
collapse (Labrousse et al., 2004; Wiest et al., 2021) resulted in the
complete removal of the upper Sveconorwegian crust, while exposing
the lower crust. This could explain why Sveconorwegian migmatites are
abundant while plutons are rare.

Independent of this, our study demonstrates a significant influence of
Sveconorwegian tectono-metamorphism on later tectonic episodes. The
inferred boundary between Telemarkian and Gothian crust, which cor-
responds to the northern boundary of SMB magmatism, coincides with
the northern Bergen Arcs Shear Zone (Wennberg et al., 1998), a Devo-
nian extensional detachment. This suggests that crustal heterogeneities
inherited from the Sveconorwegian orogeny affected the localization of
Caledonian shear zones. Similarly, Jakob et al. (2019) suggested that
inherited Sveconorwegian lineaments had a control on the development
of the segmented pre-Caledonian passive margin of Baltica and thereby
the architecture of Caledonian thrust nappes. Furthermore, outside of
the Caledonian province, inherited Sveconorwegian structures played
an important role for brittle reactivation during Permian-Mesozoic
rifting (Sundvoll and Larsen, 1994; Scheiber et al., 2015).
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6.2. Proterozoic crustal evolution revealed by U-Pb-Hf-O isotopes

In the recent decade, numerous geochronological and isotopic data
of ca. 1.86-0.90 Ga rocks in Fennoscandia, in particular paired zircon
U-Pb and Lu-Hf data, have been published (Fig. 8a). This has led to an
improved understanding of crustal evolution and tectonics in relation to
the amalgamation of supercontinents Columbia/Nuna and Rodinia.
However, O isotopic characterization of zircon has been utilized to a
much lesser degree so far. Existing combined zircon U-Pb, Lu-Hf and O
isotopic data focus on the Telemarkian and Gothian rocks (e.g. Roberts
et al., 2013; Petersson et al., 2015), whilst analyses of Sveconorwegian
rocks are largely missing. In the following section, we discuss zircon
Hf-O isotopic signatures of the two main age groups of ca. 1650-1500
Ma and 1050-930 Ma samples in this study and assess the origin and
evolution of the Gothian, Telemarkian and Sveconorwegian rocks.

6.2.1. 1650-1500 Ma Gothian and Telemarkian crust

Three 1650-1620 Ma granitic gneiss samples of the Gothian crust
from the WGR define the oldest samples in this study. They generally
have radiogenic Hf isotopic compositions with positive eHf(t) values,
but the eHf(t) values are >6 units below the DM reservoir vector
(Fig. 6b). The Hf isotopic signature, coupled with highly elevated §'%0
values (8-9%o, Fig. 6a), is consistent with the involvement of older crust,
and/or the addition of sedimentary components during the genesis of
these granitic magmas, which were probably derived from inboard of
Fennoscandia, such as the Svecofennian (1910-1750 Ma) and post-
Svecofennian (1710-1660 Ma) crust.

Compared to the Gothian samples, the Hf isotopic compositions of
1520-1500 Ma tonalitic and granitic samples from the Hardangerfjord
area and the @ygarden Complex are more radiogenic with eHf(t) values
of +3 to +8 (Fig. 6b), indicating an increasing juvenile input and
decreasing crustal reworking. Their O isotopes in this study exhibit bi-
modal characteristics, with the 5'%0 values of two tonalitic samples in
the range of and slightly below the mantle value while that of a granitic
sample being significantly high (5'%0 = 8-9%); the Hf isotopes of the
former are slightly more radiogenic than the latter (Fig. 6a). In the
adjacent Suldal area to the south, a large spread of Hf and O isotope
compositions of 1520-1480 Ma granitoids (Suldal volcanic arc) has been
reported with eHf(t) and 5'80 values of +1 to +11 and 6-8%o respec-
tively; the Hf and O isotopic values have a broadly negative correlation
and the samples were interpreted to have derived from a mixture of
enriched mantle with moderately elevated 5!80 values and high-5'%0
sedimentary components (Roberts et al., 2013). The O isotope values of
two tonalitic gneisses in this study (HCT-11, HCT-13, ca. 4.5%o) are
slightly lower than mantle values, indicating a possible assimilation of
hydrothermally altered rocks by isotopically light meteoric water during
the formation of the tonalitic magmas, which is not uncommon in a
subduction-related arc setting (Troch et al., 2020).

We compiled the Hf-O isotopic results of our samples with available
published data from the Sveconorwegian orogen (Fig. 8). These data
clearly show that the Telemarkian and pre-Telemarkian crust
(1800-1480 Ma) is mostly characterized by juvenile Hf isotopic com-
positions with positive eHf(t) values. The post-1600 Ma Gothian and
Telemarkian rocks generally have considerably more juvenile Hf iso-
topic compositions than the Paleoproterozoic crust and varying 5'%0
values in a wide range of 4.5-9%o, which was probably related to the
tectonic switching between advancing and retreating subduction along
the long-lived active continental margin of Fennoscandia with more
juvenile input and a large volume of sedimentary material involved
(Roberts and Slagstad, 2015; Petersson et al., 2015).

6.2.2. 1050-930 Ma Sveconorwegian crust

Although only a small volume of ca. 1050 Ma mafic rocks is exposed
in the SMB, a number of previous studies agree that the underplating of
mafic magmas could have occurred extensively and constitute an
important composition of the lower continental crust in this region
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variation of eHf(t) values from ca. 1050 Ma to ca. 1020

(Bybee et al., 2014; Slagstad et al., 2018b; Bingen et al., 2021). These
underplated mafic magmas were believed to have provided the heat for
the generation of granites, however, their origin and the relationships

Ma.

with coeval granites remain poorly understood due to a lack of
geochemical and isotopic constraints. In this study, the ca. 1050 Ma
mafic samples (gabbro and amphibolite from Wiest et al., 2018) have
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Fig. 7. (a) Initial epsilon Hf versus 5'%0 values of all samples in this study; (b) Mixing between a new crustal component (endmember 1) and an older crustal
component (endmember 2), showing Hf-O isotopic signatures of ca. 1050-1020 Ma samples (see text for details), with ticks representing 10% mixing. All eHf values
of samples and endmembers are recalculated to 1030 Ma. An eHf value of — 4.5, which is consistent with the Hf isotopic composition of the ca. 1030 Ma leucogranite
sample (#C-07 (average eHf(t) = —4.2 + 0.7), is assumed for the average Hf isotopic values of ca. 1.5 Ga Telemarkian crust at ca. 1030 Ma. A moderately elevated
value of 7% is used to represent the average O isotopic compositions of the older crustal endmember. The new crust is assumed to have eHf = +10.2 at ca. 1030 Ma
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crust-like Hf-O isotopic compositions with slightly negative to positive
eHf(t) (—1—+3) and moderately elevated 580 values (6-6.5%0)
(Fig. 7a), indicating a significant involvement of crustal components
during magma genesis. Thus, they are not primary melts directly from
the depleted mantle but most likely have a mixed origin of continental
crust assimilated by mantle-derived magmas. Alternatively, the litho-
spheric mantle had probably been metasomatized (during early sub-
duction) to have an enriched composition. Similar Hf and O isotopic
signatures of ca. 1050 Ma mafic and granitic rocks is indicative of the
possibility that granites could have formed by differentiation, through
crystallization or melting, of coeval mafic material.

Previous studies interpreted that the magma sources of ca. 1050 Ma
mafic and granitic rocks incorporated remelting of older continental
crust and juvenile inputs, based on their geochemical and isotopic sig-
natures (Bingen et al.,, 1993; Andersen et al., 2009; Granseth et al.,
2021). Here, a mixing model between two endmembers of new crust
(880 = 5.7%q, eHf(t) = +10.2) and 1.5 Ga Telemarkia crust (§'%0 = 7%,
eHf(t) = — 4.5) has been used to estimate the potential contribution of
juvenile additions and continental crust (Fig. 7b). The eHf(t) value of the
older crust is in line with the Hf isotopic composition of ca. 1030 Ma
leucogranite sample @3C-07 (average eHf(t) = — 4.2 & 0.7), assuming it
represents pure crustal melts, and the §'%0 value is consistent with the
average lower continental crust. Overall, the modelling results show that

16

ca. 1050 Ma rocks have an isotopic composition of 50% anatectic melts
from older crust mixing with a similar proportion of juvenile magmas,
which is broadly consistent with the modelling results based on trace
element and radioisotope compositions in a recent study (Granseth
et al., 2021). It should be noted however, that the contribution from the
older crustal components is probably underestimated, as the ca. 1500
Ma Telemarkian crust as a whole has a wide range of isotopic values that
cover the isotopic compositions of the Sveconorwegian rocks (Fig. 7b).
Overall, the ca. 1050 Ma magmas were most likely derived from the
remelting of crustal components with possible juvenile inputs, although
it is problematic to precisely constarin the relative proportions of the
crustal- and mantle-derived components. The ca. 1030 Ma leucogranites
with more evolved Hf isotopic compositions may represent purer crustal
melts that derived from a higher proportion of ca. 1.5 Ga Telemarkian
crustal components.

In contrast to the N-S trending distribution of the SMB restricted to
the Telemarkia unit, the HBG are sporadically exposed in the Tele-
markia, Bamble and Idefjorden lithotectonic units. They range in
composition from gabbronorite to granite (55-72 wt% SiO), which is
interpreted to reflect extreme fractional crystallization of several
batches of basaltic magma (Bogaerts et al., 2003). The HBG suite was
interpreted to be derived from an undepleted to slightly depleted hy-
drous mafic source that was underplated during previous orogenic
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events (Bogaerts et al., 2003; Vander Auwera et al., 2003). An alterna-
tive interpretation considered granitic magmas as products of mixing of
crustal anatectic melts and mafic, mantle-derived magmas (Andersen
et al., 2009). In addition, it has been recently proposed that rocks of the
HBG suite outside and inside the SMB have different derivations, with
the former derived by about 50% remelting of the ca. 1.5 Ga continental
crust, while the latter derived from low-degree remelting of the residual
continental crust after the extraction of the SMB granitic magmas
(Granseth et al., 2020). All of these studies indicate that the source of the
HBG (in the SMB) rocks has a complicated and heterogeneous compo-
sition, probably involving older and newly underplated mafic crust,
residues of continental crust and mantle-derived juvenile magmas. The
980-930 Ma HBG granites in this study show a relatively wide range of
Hf isotopic values from —4 to +3 (Fig. 7a), indicating various contri-
butions from multiple mantle- and crust-derived components.

In summary, although the surface expression of ca. 1050 Ma mafic
rocks is very limited, it would to some degree produce the parental
magmas of the voluminous granitic rocks, and thus mafic underplating
probably provided the source of both heating and material to generate
granitic magmas. These granites were most likely derived from a mixed
source of older Telemarkian and coeval mafic crust. The magma mixing
processes could have happened in some sort of area for magma storage
at the base of the continental crust, corresponding with the zone where
melting, assimilation, storage and homogenization take place (MASH
zone, Hildreth and Moorbath, 1988) or within a deep crustal hot zone
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(Annen et al., 2006). In such a zone, extensive mafic underplating
caused remelting of lower crustal rocks, and the efficient magma hy-
bridization resulted in ca. 1050 Ma granitic magmas with homogenous
isotopic compositions.

6.3. Tectonic implications: comparison with typical accretionary margins
in Hf-O isotopic composition

The 1050-930 Ma magmatism, which characterized the Svecono-
wegian orogenic activities in southwest Norway, was interpreted to have
happened under a post-collisional extensional environment associated
with the delamination and foundering of the lithospheric mantle (e.g.
Bingen et al., 2021). An alternative interpretation explained it as
subduction-related magmatism that is comparable to arc magmatic ac-
tivities in cordilleran systems (Coint et al., 2015), with a part of evidence
from the arc-like whole-rock geochemistry and isotopic compositions
(Slagstad et al., 2013; Granseth et al., 2020). However, as previous
studies pointed out, the geochemical signatures of these granites were
largely inherited from the pre-existing Telemarkian crust and this in-
formation alone appears to be unable to directly distinguish whether the
granites formed in a subduction- or collision-related setting (e.g. Bingen
et al., 2021).

Combined zircon Hf-O isotopic data of 1050-930 Ma Sveconorwe-
gian magmas reported for the first time in this study provide an op-
portunity to compare their isotopic signatures with those of typical
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accretionary orogens, e.g. those along the Paleo-Pacific margin. The
Paleo-Pacific margin developed as a long-lived active continental
margin on the southern periphery of Gondwana, forming a series of
accretionary orogens along the coast of South America (Andes), West
Antarctica and eastern Australia. We compiled the Hf-O isotopic data of
magmatic and detrital zircons from the Andes in Argentina and Chile
(ca. 300-200 Ma), the Antarctic Peninsula (ca. 300-200 Ma) and the
Lachlan and Thomson orogens of the Australian sector (450-400 Ma)
(Fig. 9a—c). Irrespective of the spatial and temporal variations of isotopic
compositions, eHf(t) and 5'80 values from the three sectors consistently
show a marked negative correlation. The common information obtained
from their Hf-O isotopic patterns is that sedimentary components with
evolved Hf and highly elevated O isotopic values and relatively juvenile
magmas with radiogenic isotopes that are close to the values of the new
crust have been largely incorporated in these arc magmas (Fig. 9a—c). A
similar isotopic correlation has also been observed from the ca. 1500 Ma
Telemarkian rocks, consistent with their formation in a subduction-
related setting (Roberts et al., 2013). In contrast, ca. 1050-930 Ma
Sveconorwegian magmas have relatively homogeneous, moderate 50
values, and thus their zircon Hf and O isotopic patterns distinguish them
from typical arc magmas (Fig. 9d). Considering the limited sampling
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area in this study, we suggest that more combined Hf-O isotopic studies,
especially on the samples from South Norway, are probably required (as
one granite sample with high 5'%0 values of 11-12%o was reported by
Roberts, 2010). However, the isotopic data reported here are consistent
with the geological expressions, as the granitic rocks are mostly I- and A-
type, while S-type granites are mostly lacking in the Sveconorwegian
(Slagstad et al., 2013; Coint et al., 2015; Granseth et al., 2020).
Overall, presently available Hf-O isotopic data indicate that the
1050-930 Ma Sveconorwegian magmas show little isotopic fingerprint
that are expected in an active subduction setting, as their formation
witnessed significantly less input of sedimentary components and ju-
venile mantle-derived magmas than arc magmas generated in typical
accretionary margins. From this perspective, the 1050-930 Ma Sveco-
norwegian magmas are not compatible with a continuous supra-
subduction setting. Synchronous emplacement of mafic and granitic
rocks (although mafic rocks usually have a limited exposure) is
commonly observed in post-collisional settings, such as in the Variscan
belt (Couzinié et al.,, 2016), the Caledonian orogeny in Scotland
(Clemens et al., 2009), the East African-Antarctic Orogen (Wang et al.,
2020), etc. The post-collisional mafic rocks generally have a relatively
evolved isotopic compsotion, in contrast to mafic arc magmas that
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Fig. 10. (a—c) Hf isotopic evolution of the Grenville Orogen (a, data from Spencer et al., 2019), of the Sveconorwegian orogen (b, data are the same as Fig. 9), of the
Namaqua-Natal belt (¢, data from Spencer et al., 2015; Hall et al., 2018; Martin et al., 2020). The black lines show LOWESS smoothing results; (d) Paleogeographic
reconstruction at ca. 1500 Ma (modified after Johansson, 2009; Evans and Mitchell, 2011) with the margins of Laurentia, Baltica and Amazonia as a greater Pro-
terozoic accretionary margin (Condie, 2013). An alternative position of Amazonia that was unconnected with Laurentia-Baltica is also shown (Pisarevsky et al.,
2014); (e) Paleogeographic reconstruction at ca. 1050 Ma, showing a possibly continuous Grenville Orogen (after Li et al., 2008, Cawood and Pisarevsky, 2017). Am,
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usually show juvenile isotopic signatures.

6.4. Mesoproterozoic accretionary and collisional orogenesis in the core
of Rodinia

In various paleogeographic reconstructions, Laurentia, Amazonia,
Baltica and Kalahari constitute the core of the supercontinent Rodinia,
where well-preserved remnants of Grenville-age orogenic belts provide
a key to understanding their configuration and interactions during
Mesoproterozoic times (Li et al., 2008; Merdith et al., 2017; Martin
et al., 2020). These Grenville-age belts were largely established on a
long-lived accretionary system (ca. 1800-1300 Ma) that developed
along the margin of the supercontinent Columbia/Nuna (Columbia
hereafter) from Laurentia to Amazonia (Fig. 10d, but see Pisarevsky
et al., 2014, who placed Amazonia in a distant position from Laurentia
and Baltica), which is associated with the subduction of an exterior
ocean to Columbia (Condie, 2013; Roberts, 2013). During the transition
from Columbia to Rodinia, the evolution of these three continents
appeared to be characterized by the closure of the exterior ocean, and
this accretionary margin subsequently turned ‘outside in’, finally lead-
ing to Grenville-age continental collision (e.g. Evans, 2013; Martin et al.,
2020). In Laurentia and Baltica, the Hf isotopic compositions of
Grenville-age rocks reflect an important contribution of pre-existing
crustal components (Fig. 10a, b), typical for continent—continent colli-
sional orogenic systems, where an increasing amount of evolved mate-
rial is incorporated into melts over time due to crustal thickening (e.g.
Spencer et al., 2019).

Following Mesoproterozoic accretionary orogeny, it has been well
constrained by paleomagnetic data that Baltica had rotated >90°
clockwise by ca. 990 Ma with its western margin (present-day co-
ordinates and the same thereafter) broadly facing the margin of
Laurentia-Greenland (Cawood and Pisarevsky, 2017), but the position of
Baltica relative to Laurentia and Amazonia is still debated with various
models proposed (see reviews in Bingen et al., 2021). The classical
collisional model places the Sveconorwegian orogen facing the northern
margin of Amazonia and considers the orogen as the product of conti-
nental collision between Baltica and Amazonia with the Putumayo
orogen and Oaxaquia in between (Park, 1992; Karlstrom et al., 2001;
Bogdanova et al., 2008; Weber et al., 2010; Ibanez-Mejia et al., 2011;
Cawood and Pisarevsky, 2017; Ibanez-Mejia, 2020). An alternative view
correlates the Sveconorwegian orogen as the opposing collisional
margin of the northern Grenville Province in Labrador, mainly based on
their comparable ca. 1050 Ma and ca. 950 Ma granitic rocks (Johansson,
2009, 2014). Alternatively, an accretionary model placed Baltica at a
position that is relatively distant from Laurentia and Amazonia, and
interpreted Sveconorwegian Baltica as a long-term accretionary margin
(e.g., Slagstad et al., 2017, 2020). In addition, another model interprets
the four western Sveconorwegian lithotectonic units as one plate (exotic
to Baltica) that collided with the Eastern Segment (endemic to Baltica) at
ca. 990 Ma (Moller and Andersson, 2018). Testing these models is not
the aim of this paper. However, as discussed above, the very minor to
neglectable involvement of sedimentary components during the for-
mation of ca. 1050-930 Ma Sveconorwegian rocks compared with other
typical arc magmas appears to be incompatible with a purely
subduction-accretion processes during this time interval.

The position of Kalahari in supercontinent Columbia has been poorly
constrained due to a lack of well-defined paleomagnetic data, and it was
either not considered as a part of Columbia or was placed along the
distant periphery of the supercontinent (e.g. Pesonen et al., 2012;
Pisarevsky et al., 2014). However, paleomagnetic data show that from
Columbia break-up to Rodinia assembly, Kalahari travelled northwards
from a high latitude at ca. 1350 Ma until arriving at an equatorial po-
sition at ca. 1110 Ma (Fig. 10e, de Kock et al., 2019). Thus, in contrast to
Laurentia, Baltica and Amazonia with a long-term juxtaposition from
Columbia to Rodinia, Kalahari appeared as an exotic continental block
that was incorporated into this ‘family’ during the amalgamation of
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Rodinia. During ca. 1350-1110 Ma, the Kalahari margin along the
Namaqua-Natal side witnessed multiple periods of arc/back-arc
magmatic activities and accretion of oceanic arcs, with both juvenile
and rather evolved Hf isotopic signatures indicating a variable contri-
bution of older crustal components (Fig. 10c). Kalahari collided with
Laurentia along the Namaqua-Natal margin after rapid southward drift
of Laurentia at ca. 1110-1080 Ma (Loewy et al., 2011; Swanson-Hysell
et al., 2015, 2019).

It is suggested that core constituents of Rodinia including Laurentia,
Amazonia, Baltica and Kalahari were connected by a continuous
Grenville-age orogenic belt (Fig. 10e), which probably developed at ca.
1050 Ma. As the archetypal example of the Grenville-age orogens, the
Grenville Orogen was constructed as a product of prolonged collision
between Amazonia and Laurentia during ca. 1080-980 Ma (Hynes and
Rivers, 2010). It probably extended westward through the collision
between Kalahari and Laurentia. On its eastern side, the Sveconorwe-
gian Orogen represents the extension of the Grenville Orogen into
southwest Baltica, and the orogen most likely formed by collisional in-
teractions of Baltica with Amazonia and/or Laurentia.

7. Summary and conclusions

Crust with a Sveconorwegian magmatic and metamorphic overprint
is described in the Baltican basement of the Caledonides, including the
Hardangerfjord area, the @Jygarden Complex and the Western Gneiss
Region (Gulen and Nordfjord areas). New combined U-Pb, Lu-Hf and O
isotopic data show that the crust in the Baltican basement of the
southern Scandinavian Caledonides correlates well with the crust
exposed in the western Sveconorwegian orogen in South Norway, as
they have similar geochronological and isotopic characteristics.

1. In the Hardangerfjord area, the crust has a Telemarkian affinity,
which was generated at ca. 1520-1480 Ma, probably in a juvenile
magmatic arc setting (Suldal volcanic arc). At the northern end of the
studied area, the Nordfjord area of the Western Gneiss Region, the
crust has Gothian protolith ages, with orthogneiss dated at ca.
1650-1620 Ma and less juvenile isotopic signatures. In between
these two areas, within the @ygarden Complex and Gulen dome, the
protolith ages are transitional with evidence for both Gothian and
Telemarkian ages.

2. Sveconorwegian magmatism includes two main magmatic suites.
The ca. 1050-1020 Ma magmatism in the Hardangerfjord area and
the @ygarden Complex attests to the northward continuation of the
Sirdal Magmatic Belt. Our new data demonstrate that the Sirdal
Magmatic Belt is much more extensive than previously thought. It
extends for at least 300 km in West Norway, geographically over-
lapping with the Telemarkian Suldal volcanic arc. The ca. 980-930
Ma granite plutons are found in the Hardangerfjord area and the
Western Gneiss Region (Gulen and Nordfjord areas), and are corre-
lated with the hornblende-biotite granite suite exposed in the rest of
the Sveconorwegian orogen.

3. The @ygarden Complex and the Gulen dome in the southern Western
Gneiss Region experienced high-grade metamorphism and migma-
tization during the Sveconorwegian orogenesis, which occurred
predominantly during 1060 and 1020 Ma with a peak at ca. 1030 Ma.
It is temporally and spatially related to the formation and emplace-
ment of the Sirdal Magmatic Belt.

4. The northern limit of ca. 1050 Ma magmatic and metamorphic
events of the @ygarden Complex and the Gulen area corresponds to
the boundary between Telemarkian and Gothian crust, and these
crustal heterogeneities probably controlled the development of
Caledonian shear zones.

5. Zircon Hf-O isotopic patterns indicate relatively less involvement of
supracrustal (sedimentary) and juvenile material during the forma-
tion of ca.1050-930 Ma Sveconorwegian magmas in comparison to
typical arc magmas, which makes the southwestern margin of Baltica
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appear to be incompatible with a long-term subduction setting dur-
ing Rodinia assembly.

Collectively, the new data show that the Precambrian crustal archi-
tecture and isotopic signatures in the study area are largely coherent
with the Sveconorwegian Province that was unaffected by the Caledo-
nian orogeny. A continental collisional setting is favored to interpret the
orogenic history of the Sveconorwegian orogen, but specific tectonic
models and the configuration of Baltica in relation to Laurentia and
Amazonia remain open questions in the context of Rodinia
reconstructions.
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