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A B S T R A C T

Combining geological, petrographic, geochemical and zircon U-Pb and Lu-Hf isotopic data on granitoids pro-
vides powerful insights into the architecture, growth and geodynamic setting of Precambrian continents. Using
such a dataset, we explore ca. 1.3 Ga of continent construction in the West Troms Basement Complex (WTBC),
northern Norway, between the Mesoarchean and Paleoproterozoic. The new data show that the WTBC consists of
two Archean lithotectonic segments: (1) a northeastern (NE) segment made up by juvenile (εHf(t) =+2 to +3)
TTGs, formed between 2.92 and 2.83 Ga by increasingly deeper melting (Sr/Y from<50 to> 90) of a young
mafic crust; (2) a southwestern (SW) segment dominated by 2.71–2.67 Ga, sanukitoid-like (qz-)diorite-grano-
diorite-granite, derived from mantle-TTGs interactions and unrelated to the NE segment, as shown by positive
εHf(t) (+1 to +2). The intervening domain comprises 2.74–2.69 Ga sanukitoids and granites with minor 2.96 Ga
remnants, and may correspond to either reworked NE segment (εHf(t) =−1) or a third segment. The Archean
crust was intruded at 1.87–1.86 and 1.80–1.75 Ga by qz-monzonite, monzodiorite and monzo-/syenogranite
plutons belonging to the Transscandinavian Igneous Belt (TIB). These show negative εHf(t) (−7 to −13) pointing
to melting of Archean mafic-intermediate lower crust and enriched lithospheric mantle.
These observations are explained by a geodynamic model involving: (i) stabilization of the NE segment as a

3.0–2.8 Ga proto-cratonic nucleus, by formation and repeated melting of a progressively thickening mafic pla-
teau; and (ii) drifting of this proto-craton towards the SW at 2.75–2.65 Ga, leading to “passive” subduction at its
leading edge and formation of the SW segment as an arc-like complex. The subsequent Svecofennian accre-
tionary orogeny (1.97–1.81 Ga) led to over-thickening and delamination of the lower crust and lithospheric
mantle, forming the 1.87–1.75 Ga granitoids. A similar transition from intraplate to horizontal tectonics has been
recorded in other cratonic domains, yet at different times ranging from Paleoarchean to Paleoproterozoic. This
suggests that the onset of plate tectonics is not a globally synchronous event and depends on the regional
lithospheric evolution.

1. Introduction

The continental crust represents one of the best archives of Earth’s
geological history (Hawkesworth et al., 2010; Roberts and Spencer,
2015). In Phanerozoic times, the continental crust dominantly formed
either by accretion of oceanic arcs to pre-existing continental masses
(Bouilhol et al., 2013; Cawood et al., 2013; Condie and Kröner, 2013;
Dhuime et al., 2012; Jagoutz and Kelemen, 2015) or mantle-derived
magmatism in continental arc and collision zones (Couzinié et al., 2016;

Moyen et al., 2017; Niu et al., 2013). However, such mechanisms re-
quire the existence of a significant volume of pre-existing stable con-
tinental lithosphere, raising the question of how the first continents
were formed. The characteristics and even the existence of Precambrian
plate tectonics are highly debated (Bédard, 2006, 2013; Bédard et al.,
2013; Cawood et al., 2006; Gerya, 2014; Moyen and Laurent, 2018;
Wyman, 2013), especially since the physical modalities of subduction
are expected to be different in the context of a hotter Archean mantle
(Fischer and Gerya, 2016; Gerya, 2014; Sizova et al., 2015; van Hunen
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and van den Berg, 2008). Existing models for Precambrian geodynamics
fall in two end-member families: those considering formation of the
early continents through magmatism at convergent plate boundaries
and accretion of island arcs (Arndt 2013; Martin et al. 2014; Nagel et al.
2012; Polat 2012), opposed to non-actualistic scenarios of continental
nucleation in intraplate or stagnant lid settings (Bédard 2006; Johnson
et al. 2013, 2017; Reimnik et al. 2014; van Kranendonk et al. 2015). In
fact, both types of processes likely operated simultaneously at the
global scale and in succession to one another in a given segment of
continental lithosphere (Moyen and Laurent, 2018; Næraa et al., 2012;
Reimnik et al., 2016; van Kranendonk, 2010).

Over the past decade, the issue of continental growth has been ad-
dressed using in-situ isotopic analyses in zircon. Zircon is a widespread
and refractory accessory mineral of continental rocks and contains a
wealth of temporal (U-(Th-)Pb geochronometer) and isotopic (Lu-Hf, O)
information about the magma in which it crystallized (Hawkesworth
and Kemp, 2006). Consequently, large databases of zircon isotopic data,
either from detrital grains or global compilations, have been used ex-
tensively to constrain the timing and mechanisms of continental for-
mation over geological timescales (Belousova et al., 2010; Condie et al.,
2011; Dhuime et al., 2012, 2017; Iizuka et al., 2013; Lancaster et al.,
2011). However, this approach considers zircon as disconnected from
the rock in which it crystallized and from its geological context, while
zircon isotopic signatures cannot be accurately interpreted without
information about the nature and petrogenesis of their host igneous
rock (Couzinié et al., 2016; Nebel et al., 2011; Roberts et al., 2012).
Moreover, the calculation of Hf model ages, on which most zircon-
based global crust evolution models rely, is equivocal if the parameters
are not constrained by geological information (Nebel et al., 2007; Payne
et al., 2016; Roberts and Spencer, 2015; Vervoort and Kemp, 2016).
Those issues are even more acute in the Precambrian context, in which
the geodynamic setting is ambiguous and cannot be inferred only from
zircon U-Pb and Lu-Hf data (Laurent and Zeh, 2015).

It follows from the above discussion that addressing the evolution of
the early continental lithosphere on a regional perspective is essential
to understand it globally. In fact, recent studies showed that integrating
U-Pb and Lu-Hf isotopic data from zircons with geological, petrological
and geochemical information on their host granitoids is a powerful tool
to investigate Precambrian crustal evolution and geodynamics (Block
et al., 2016; Laurent and Zeh, 2015). Here, we apply this approach on
the West Troms Basement Complex (WTBC) of northern Norway
(Fig. 1), a key domain to investigate Precambrian continent formation.
Indeed, it witnesses more than one billion years of continental evolu-
tion, characterized by major geological activity in the Meso-/
Neoarchean (2.9–2.6 Ga) and Paleoproterozoic (1.9–1.7 Ga) (Bergh
et al., 2010, 2012, 2014; Myhre et al., 2013), correlating to the two
most prominent peaks of zircon ages at the global scale (Condie and
Aster, 2010). The Precambrian rocks of the WTBC show exceptional
exposure and limited overprint by younger events, despite their posi-
tion as a tectonic window within the Norwegian Caledonides (Bergh
et al., 2014 and references therein). Although considerable structural,
petrological and geochronological work has already been carried out on
the WTBC greenstone belts (Armitage and Bergh, 2005; Bergh et al.,
2007b, 2010, 2015; Kullerud et al., 2006a,b; Motuza et al., 2001a,b;
Myhre et al., 2011; Opheim and Andresen, 1989), little is known about
the petrogenesis of the volumetrically dominant granitoids (Krill and
Fareth, 1984; Zwaan et al., 1998; Zwaan and Tucker, 1996; Corfu et al.,
2003; Myhre et al., 2013).

The aim of this work is therefore to determine the mechanisms and
tectonic settings of crustal evolution in the WTBC, as a case study to
better constrain Precambrian continent formation. For this purpose, we
present a new database of field, petrographic observations, whole-rock
major- and trace-element geochemistry and zircon U-Pb and Lu-Hf
isotopic measurements from the Archean and Paleoproterozoic grani-
toids. The samples were selected as to representatively document the
geographic extent, lithological and age diversity of granitoid lithologies

in this crustal domain (Fig. 1). The combined dataset is used to discuss:
(i) the crustal architecture of the WTBC; (ii) the petrogenesis of the
granitoid rocks; and (iii) the mechanisms and tectonic setting of crust
formation and evolution in the WTBC.

2. Geological setting

The WTBC is exposed over ca. 3300 km2 as an elongated set of is-
lands flanking the Norwegian coastline from 69° to 70°N, the largest
being Senja, Kvaløya, Ringvassøya and Vanna (Fig. 1). Together with
the Lofoten-Vesterålen islands further SW, the WTBC corresponds to a
Precambrian basement inlier uplifted within the Norwegian passive
margin (Bergh et al., 2007a; Indrevær et al., 2013; Mjelde et al., 1993;
Olesen et al., 1997; Opheim and Andresen, 1989; Roberts and Lippard,
2005). The WTBC and the Lofoten-Vesterålen province likely belong to
the Fennoscandian Shield (Fig. 1) and represent the autochtonous
Precambrian basement of Caledonian nappes (Bergh et al., 2007a,
2014; Corfu, 2004; Gaál and Gorbatschev, 1987; Griffin et al., 1978;
Henkel, 1991; Indrevær et al., 2013; Olesen et al., 1997). This is sup-
ported by: (i) the presence of similar Precambrian rocks as tectonic
windows in the Norwegian Caledonides (Gorbatschev, 1985; Skår,
2002; Stephens et al., 1985); and (ii) the continuity of Precambrian
geological structures and geophysical anomalies underneath the Cale-
donian nappes (Bergh et al., 2014; Henkel, 1991; Olesen et al., 1997;
Zwaan, 1995).

The geology of the WTBC has already been described in detail (see
Bergh et al., 2010, 2012, 2014; Myhre et al., 2013 and references
therein); only the main features are summarized here. The WTBC
consists of Meso- to Neoarchean crust (ca. 2.9–2.6 Ga) affected by the
Paleoproterozoic Svecofennian orogeny (ca. 2.0–1.7 Ga) (Bergh et al.,
2010, 2012). The two most common lithologies are the focus of the
present study. First, Meso- to Neoarchean (2.92–2.61 Ga) orthogneisses
and plutons are largely made of felsic, tonalitic-trondhjemitic to gran-
odioritic-granitic rocks, with minor mafic phases (Bergh et al., 2007b,
2014; Corfu et al., 2003; Myhre et al., 2013; Zwaan et al., 1998; Zwaan
and Tucker, 1996). They carry a weak to penetrative, steeply dipping N-
S to NW-SE trending foliation, and commonly are migmatitic and het-
erogeneous at the outcrop scale (Armitage and Bergh, 2005; Bergh
et al., 2010; Myhre et al., 2013; Zwaan et al., 1998). The orthogneisses
are relatively homogeneous, low-grade and weakly deformed (except
along shear zones) in the northeast of the WTBC (Ringvassøya and
Vanna), whereas they are more heterogeneous, tectonized and higher-
grade in the southwest (Kvaløya and Senja) (Bergh et al., 2010, 2014;
Myhre et al., 2013). Second, weakly foliated to non-foliated, Paleo-
proterozoic (1.87–1.75 Ga) plutonic rocks are mostly felsic (granites)
with subordinate mafic facies (gabbros, diorites) (Bergh et al., 2010,
2012; Corfu et al., 2003; Krill and Fareth, 1984; Zwaan et al., 1998)
(Fig. 1).

The Meso- to Neoarchean orthogneisses are subdivided in con-
trasting units framed by narrow greenstone belts and/or shear zones
associated with them (Fig. 1) (Bergh et al., 2010, 2014; Myhre et al.,
2013; Zwaan, 1995; Zwaan and Tucker, 1996; Zwaan et al., 1998). The
greenstone belts are made up of (ultra-)mafic rocks, felsic volcanic
rocks, siliciclastic rocks, calc-silicates and BIFs, all metamorphosed in
greenschist to lower amphibolite facies conditions (Armitage and
Bergh, 2005; Bergh et al., 2007b, 2010; Motuza et al., 2001a,b; Myhre
et al., 2011; Zwaan, 1995; Zwaan et al., 1998). The low-grade Vanna-
Ringvassøya block consists of the 2.92–2.80 Ga Dåfjord tonalitic
gneisses and ca. 2.85 Ga Ringvassøya greenstone belt (Bergh et al.,
2007b, 2014; Kullerud et al., 2006a; Motuza et al., 2001a,b; Myhre
et al., 2013; Zwaan and Tucker, 1996), cross-cut by the ca. 2.69 Ga
Mikkelvik alkaline stock (Zozulya et al., 2009), a 2.40 Ga mafic dyke
swarm (Kullerud et al., 2006b) and overlain by the ≥2.20 Ga Vanna
group sediments (Bergh et al., 2007b). The higher-grade Kvaløya-Senja
block comprises more heterogeneous (mafic to felsic) and younger
(2.75–2.67 Ga) gneisses (Corfu et al., 2003; Myhre et al., 2013) as well
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as narrow 2.00–1.95 Ga supracrustal belts such as the Mjelde-Skor-
elvvatn, Torsnes and Astridal belts (Armitage and Bergh, 2005; Bergh
et al., 2010, 2015; Myhre et al., 2011). These rocks are affected by
Svecofennian deformation, metamorphism and voluminous
1.80–1.77 Ga magmatism.

Two major NW-trending networks of such shear zones are asso-
ciated with high-grade (amphibolite- to granulite-facies) meta-
morphism and migmatization (Bergh et al., 2010, 2014) (Fig. 1). These
are: (i) the Kvalsund Shear Zone in SW Ringvassøya and NE Kvaløya
(Bergh et al., 2014, 2015; Myhre et al., 2013) and (ii) the 30 km-wide
Senja Shear Belt in NE Senja, comprising an anastomosing network of
shear zones and supracrustal belts separating blocks of presumably
Neoarchean, high-grade gneisses (Bergh et al., 2010; Zwaan 1995;
Zwaan et al., 1998). The significance of those structures is still un-
certain. According to Bergh et al. (2014), the Kvalsund shear zone re-
presents a major boundary between the Vanna-Ringvassøya block and

the Kvaløya-Senja block. In contrast, Zwaan and Tucker (1996) propose
that the Senja Shar Belt represents the main delimitation between two
crustal segments.

3. Granitoid rocks in the WTBC

Representative examples of the field appearance and petrography of
the WTBC granitoids are presented in Fig. 2. More field pictures and
microphotographs are presented in the Electronic Supplementary
Material for the samples investigated for zircon U-Pb and Lu-Hf iso-
topes.

According to our observations and existing data (Bergh et al.,
2007b; Myhre et al., 2013; Zwaan and Tucker, 1996; Zwaan et al.,
1998), the granitoids can be classified in four types, largely based on
the different proportions of quartz (Qz), plagioclase (Pl) and K-feldspar
(Kfs); and the nature of mafic minerals.

Fig. 1. Sketch geological map of the West Troms Basement Complex (WTBC), after Bergh et al. (2010, 2014), Myhre et al. (2013) and results from this study.
KSZ=Kvalsund Shear Zone; SSB=Senja Shear Belt. The inset shows the position of the WTBC within the Fennoscandian shield. Samples in gray correspond to those
investigated for zircon U-Pb/Lu-Hf isotopes.
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(1) Tonalites and trondhjemites are characterized by Pl≥Qz ≫ Kfs.
They contain biotite and locally amphibole ± primary epidote as
mafic minerals (Fig. 2a). Pl form euhedral crystals (altered to sec-
ondary epidote, sericite and albite) wrapped by anhedral Qtz and
very subordinate Kfs (Fig. 2a). Accessory minerals are apatite,
zircon and more rarely Fe-Ti oxides, titanite and allanite. Those
rocks are medium- to fine-grained, moderately to strongly deformed
gneisses (Fig. 2a), locally migmatitic (especially in the Kvalsund
Shear Zone). They represent the largely dominant component of the
Archean orthogneisses on Vanna, Ringvassøya and NE- to central
Kvaløya (Fig. 1).

(2) Quartz-diorites, granodiorites and granites show higher pro-
portions of Kfs than the latter, i.e. Pl≥Qz∼Kfs, and are

characterized by biotite and amphibole as dominant mafic minerals
(Fig. 2b). The diorites are occasionally clinopyroxene-bearing while
the granites locally contain muscovite. Euhedral epidote with al-
lanite cores may also be present. Apatite, zircon, titanite and Fe-Ti
oxides are accessory minerals (Fig. 2b). These rocks are medium- to
coarse-grained and form the dominant phase of composite Archean
gneiss units of SW Kvaløya and Senja (Fig. 1), in which they are
complexly associated with amphibolites, pegmatitic bodies and rare
meta-sedimentary rocks (Fig. 2b). These gneisses are moderately to
strongly deformed, apart from some low-strain areas of the Bak-
kejord plutonic complex (Fig. 1) and some Kfs-porphyritic grano-
diorites and granites on Senja.

(3) Quartz-monzonites and monzodiorites have Pl > Kfs∼Qtz and

Fig. 2. Representative geological and petrographic features of the four types of granitoids identified in the WTBC: tonalite-trondhjemite (a), (qz-)diorite-granodiorite-
granite (b), qz-monzonite-monzodiorite (c) and monzo-/syenogranite (d). (1) Strongly foliated trondhjemitic gneiss in the Kvalsund Shear Zone in W Ringvassøya
(RG-10); (2) Coarse-grained, undeformed tonalite in S Vanna (VN-06); (3) Photomicrograph of trondhjemite RG-15; (4) Closely associated qz-dioritic (qD) and
granitic (G) gneisses in N Senja (SEN-21/-22); (5) Strongly deformed and layered, granodioritic to granitic gneisses in SW Kvaløya (KV-08) cross-cut by pegmatitic
dykes (P) related to the Ersfjord granite; (6) Photomicrograph of granite SEN-17; (7) Monzodiorite (mD) of the Skrolsvik pluton in SW Senja (SEN-08) containing a
raft of migmatitic amphibolite (a) and cut by a pegmatitic dyke (P); (8) Deformed qz-monzonite in NW Senja (SEN-26); (9) Photomicrograph of monzodiorite KV-25;
(10) dyke of monzogranite (mG) (SEN-02) cutting migmatitic granodiorite gneiss (gD) in W Senja; (11) Coarse-grained, undeformed and porphyritic Ersfjord granite
in NW Kvaløya (KV-04); (12) Photomicrograph of monzogranite sample SEN-02. Mineral abbreviations are after Whitney and Evans (2010). Scale bar in photo-
micrographs is 1mm; hammer is ca. 40 cm long; ruler is 35 cm long; coin is ca. 1.5 cm in diameter; O. Bolle is 1.85m tall.
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contain amphibole, biotite, euhedral epidote with allanite cores and
occasionally clinopyroxene as mafic phases (Fig. 2c). Titanite, Fe-Ti
oxides (particularly magnetite) and epidote are more abundant than
in the previous two types (Fig. 2c). Accessory minerals are zircon
and apatite. These rocks are weakly to moderately deformed (ex-
cept along shear zones), medium- to coarse-grained, equigranular
to Kfs-porphyritic in texture and locally associated with pegmatites
(Fig. 2c). They locally form circumscribed plutons intrusive in the
Archean orthogneisses of the previous two types (e.g. Bakkan stock,
Kvaløya; Skrolsvik pluton, Senja; Fig. 1), in which case they often
contain enclaves thereof (Fig. 2c).

(4) Monzo- and syenogranites are characterized by Kfs≥Qtz∼Pl.
Kfs is found as perthitic or microcline crystals and porphyroblasts
(Fig. 2d). These rocks contain biotite, primary epidote and occa-
sionally muscovite. Epidote forms euhedral crystals, locally with
allanite cores and is as abundant as biotite, in contrast with other
groups in which biotite and/or amphibole are dominant. Both mi-
nerals form mafic clusters in association with abundant titanite and
Fe-Ti oxides (mostly magnetite). Apatite and zircon are accessory
phases. These rocks are generally not deformed (except along shear
zones), medium- to coarse-grained and equigranular to Kfs-por-
phyritic (Fig. 2d). They form either the dominant phase of the large
Paleoproterozoic plutons (Ersfjord and Senja granites; Fig. 1) or
small bodies and dykes cross-cutting the Archean orthogneisses
(Fig. 2d), especially in SW Kvaløya and Senja.

4. Whole-rock geochemistry

Representative whole-rock major- and trace-element compositions
of the four groups of WTBC granitoids are presented in Table 1 and
illustrated in Figs. 3–5. The detailed analytical methods are available in
the Electronic Supplementary Material, together with the whole dataset
(Table S1).

4.1. Major elements

The tonalites-trondhjemites display a moderate range of SiO2
contents (63–76 wt%) together with higher CaO (1.5–5.7 wt%) and
Al2O3 (14.7–17.4 wt%) than other rock types at a given SiO2 content
(Fig. 3). They typically show low K2O (0.7–2.3 wt%) and high Na2O
contents (3.8–6.1 wt%) (Fig. 3), leading to low K2O/Na2O ratios
(0.1–0.7) (Fig. 4a). They classify as metaluminous to slightly per-
aluminous with A/CNK (molar Al2O3/[CaO+Na2O+K2O] ratio) in
the range 0.85–1.10 (Fig. 4a), and show dominantly calcic and mag-
nesian affinities (Fig. 4b-c). Besides three samples with< 67wt% SiO2,
tonalites-trondhjemites also show low FeOt (≤3.3 wt%) and MgO
(≤1.4 wt%), as well as variable Mg# (molar Fe/[Fe+Mg] ratio) ran-
ging from 0.25 to 0.50 (Fig. 4d).

The qz-diorites, granodiorites and granites are characterized by
lower and more scattered SiO2 contents (54–71 wt%) than tonalite-
trondhjemites (Fig. 3). They show variable concentrations of Al2O3
(15.1–18.0 wt%), CaO (1.9–5.7 wt%), FeOt (1.3–7.4 wt%) and MgO
(0.5–4.2 wt%) that are negatively correlated with SiO2 (Fig. 3). Besides
one outlier, Na2O concentrations are fairly constant (3.7–4.5 wt%)
whereas K2O (1.1–4.4 wt%) is positively correlated with SiO2 and
higher than in tonalite-trondhjemites at a given SiO2 content (Fig. 3),
with K2O/Na2O ratios in the range 0.5–1.0 (Fig. 4a). These character-
istics correspond to metaluminous to slightly peraluminous (A/
CNK=0.80–1.05), magnesian and calc-alkalic to alkali-calcic affinities
(Fig. 4). These rocks also show a relatively restricted range of Mg# from
0.35 to 0.51 (Fig. 4f).

The qz-monzonites and monzodiorites have relatively lower SiO2
(51–63 wt%) and higher FeOt contents (4.6–14.3 wt%) than qz-diorites,
granodiorites and granites, but show comparable ranges of Al2O3
(14.0–17.9 wt%), CaO (2.6–7.0 wt%), MgO (0.9–3.3 wt%) and Na2O
(3.4–4.8 wt%) contents (Fig. 3). Their K2O concentrations are, however,

distinctively higher (1.4–6.3 wt%, up to the shoshonitic field) and in-
crease with SiO2 (Fig. 5), K2O/Na2O ratios ranging from 0.4 to 1.6
(Fig. 4a). The qz-monzonites and (monzo)diorites are strictly metalu-
minous (A/CNK=0.68–099), ferroan to magnesian and alkali-calcic to
alkalic rocks with a comparable range of Mg# (0.29–0.52) as qz-dior-
ites-granodiorites-granites (Fig. 4).

The monzo- and syenogranites form a tight compositional cluster
at high SiO2 (69–76wt%) and K2O contents (3.9–5.4 wt%), showing
low Al2O3 (13.1–15.0 wt%), CaO (0.9–2.3 wt%), MgO (0.1–0.7 wt%)
and Na2O (2.9–4.1 wt%), all negatively correlated with silica (Fig. 3).
FeOt concentrations (1.3–3.6 wt%) are notably higher than for other
rock types at the same SiO2 content (Fig. 3). These granites have very
high K2O/Na2O ratios (≥0.9 and up to 1.9), peraluminous (A/
CNK=1.0–1.1) and ferroan signatures, alkali-calcic to calc-alkaline
compositions and lower Mg# (0.05–0.28) than any other rock type
(Fig. 4).

4.2. Trace elements

Chondrite-normalized REE patterns and primitive mantle-normal-
ized multi element patterns are presented in Fig. 5. Despite strong
variations in absolute concentrations (one to two orders of magnitude),
samples from all granitoid groups are characterized by fractionated
trace element profiles with enrichment in LILE and LREE relative to the
primitive mantle and chondrite, together with systematic negative
anomalies in HFSE (Nb-Ta, Ti), P and positive Pb anomalies (Fig. 5).

The tonalites-trondhjemites (Fig. 5a) show moderate and relatively
homogeneous LREE contents (La=5.5–39.9 ppm), while HREE and Y
contents span over two orders of magnitude (Yb=0.18–17.8 ppm;
Y=1.7–160 ppm), leading to strongly variable fractionation of chon-
drite-normalized REE patterns (LaN/YbN=2–59; DyN/YbN=0.7–5.0).
The Eu anomalies range from slightly positive to strongly negative (EuN/
Eu*= 0.4–1.5, correlated to LaN/YbN; Eu*= [SmN·GdN]1/2). These rocks
show moderate concentrations in Rb (22–88 ppm), Cs (0.3–6.4 ppm)
(except sample KV-31 with 269 and 11 ppm respectively) and Pb
(3.0–17.1 ppm), as well as Ba (299–682 ppm) and Sr (241–693 ppm) that
do not show any anomaly. Similar to HREE, HFSE concentrations vary by
at least an order of magnitude (Th=0.1–8.8 ppm; U=0.17–1.40 ppm;
Nb=1.5–23.6 ppm; Zr=60–572 ppm). With the exception of samples
with ≤67wt% SiO2, transition element contents are low (V < 35 ppm;
Cr < 10 ppm; Ni < 10 ppm).

The qz-diorites, granodiorites and granites (Fig. 5b) have higher
LREE contents than tonalites-trondhjemites (La= 18.4–108.1 ppm) and
more homogeneous, moderate HREE–Y contents (Yb= 0.46–2.35 ppm;
Y=6.0–29.6 ppm). This corresponds to moderately to strongly frac-
tionated REE patterns (LaN/YbN= 8–89) with no or slightly negative
Eu anomalies (EuN/Eu*= 0.5–1.1). LILE concentrations are generally
higher than in tonalites-trondhjemites (Rb= 58–262 ppm;
Ba= 634–1929 ppm; Sr= 435–1292 ppm; Pb=5.4–39.3 ppm), while
HFSE contents are in the same range (Th= 1.0–14.3 ppm;
U=0.12–2.90 ppm; Nb=2.7–19.7 ppm; Zr= 113–518 ppm). Transi-
tion element concentrations are negatively correlated with SiO2
(V= 14–121 ppm; Cr=1.8–53.9 ppm; Ni= 3.5–30.5 ppm).

The qz-monzonites and monzodiorites (Fig. 5c) show homo-
geneous trace element compositions compared with the two previous
groups. REE contents are comparable to those of qz-diorites, grano-
diorites and granites (La=29.6–108.9 ppm; Yb= 0.73–2.42 ppm;
Y=10.5–31.4 ppm), with moderately fractionated patterns (LaN/
YbN=17–32) and generally no Eu anomaly (EuN/Eu*=0.9–1.0, ex-
cept sample SEN-26 that has EuN/Eu*= 2.2). These rocks are notably
rich in Ba (640–5570 ppm) and Sr (687–1457 ppm) that show positive
anomalies, whereas other LILE concentrations are comparable to those
of other groups (Rb=41–151 ppm; Cs=0.4–2.5 ppm;
Pb= 11.8–22.4 ppm). Nb and Ta contents are also higher than in other
rock types (5.8–29.7 and 0.43–1.37 ppm respectively), but other HFSE
concentrations are in the same range (Th=2.9–7.4 ppm;
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U=0.40–3.42 ppm; Zr= 133–340 ppm). Qz-monzonites and mon-
zodiorites show higher V contents (27–285 ppm) than qz-diorites,
granodiorites and granites, but lower Cr (1.1–39.8 ppm) and Ni
(0.6–15.6 ppm) contents.

Themonzo- and syenogranites (Fig. 5d) have slightly higher LREE
(43.5–148.3 ppm) and lower HREE–Y contents (0.54–2.38 and
5.8–28.3 ppm respectively) than qz-monzonites and monzodiorites,
leading to more fractionated REE patterns (LaN/YbN=29–63 and up to
188). They also show a strong negative anomaly, not only in Eu (EuN/
Eu*= 0.4–0.7) but also in Sr and Ba, despite moderate to high con-
centrations (170–431 ppm and 488–1235 ppm respectively). Monzo-
and syenogranites are particularly richer in Rb (153–254 ppm), Pb
(19.9–38.3 ppm), Th (18.4–48.6 ppm) and U (1.09–5.23 ppm) than any
other granitoid type. Other HFSE contents are similar to other groups
(Nb=3.7–37.3 ppm; Zr= 159–535 ppm). Monzo- and syenogranites
are also the poorest in transition elements (V=6–29 ppm;
Cr= 1.1–8.7 ppm; Ni= 0.7–2.0 ppm).

5. Zircon U-Pb and Lu-Hf analyses

5.1. Sample selection and methods

Zircon U-Pb and Lu-Hf isotope analyses were performed on a se-
lection of 23 samples representative of the petrographic and chemical
diversity of the granitoids and distributed over the whole surface of the
WTBC (Fig. 1). Samples (2–5 kg) were crushed using a jaw crusher and
disc mill, and subsequently sieved to < 280 µm using disposable Nylon
sieves. Zircon was concentrated using panning, magnetic separation
and heavy liquids (methylene iodide). About 50 to 100 grains were
hand-picked for each sample, set in 1-inch Epoxy mounts and polished.

Prior to analyses, zircon images were acquired using a Jeol JSM-
6490 Scanning Electron Microscope (SEM) equipped with cath-
odoluminescence (CL) and back-scattered electron (BSE) detectors, at
Goethe Universität Frankfurt (GUF). Zircon isotopic analyses were
performed by laser ablation–(multi-collection)–inductively coupled

Table 1
Selected whole-rock major- and trace-element compositions of granitoids in the WTBC, representative of the four groups discussed in text.

Granitoid group Tonalite-trondhjemite (Qz-)diorite-granodiorite-granite Qz-monzonite-monzodiorite Monzo-/Syenogranite

Sample RG-09 RG-15 SEN-17 SEN-22 KV-25 SEN-26 KV-04 SEN-07
Rock Tonalite Trondhjemite Granite Qz-diorite Monzodiorite Qz-monzonite Monzogranite Syenogranite

Major elements (wt.%)
SiO2 62.83 70.13 71.14 53.93 59.49 62.45 71.21 73.91
TiO2 0.64 0.14 0.16 1.17 0.65 0.60 0.51 0.21
Al2O3 16.05 17.37 15.42 17.97 16.52 17.44 13.57 13.88
Fe2O3 (T)a 6.13 1.27 1.47 8.19 6.06 5.08 2.97 2.02
MnO 0.10 0.01 0.03 0.14 0.10 0.07 0.04 0.03
MgO 2.54 0.62 0.53 4.20 2.98 0.86 0.60 0.14
CaO 5.49 3.32 2.11 5.68 4.99 2.62 1.58 1.18
Na2O 4.14 5.95 4.10 5.31 4.79 3.69 3.39 3.15
K2O 1.64 0.71 4.44 2.94 3.24 6.30 4.70 5.31
P2O5 0.15 0.04 0.03 0.78 0.33 0.33 0.13 0.02
LOIb 0.86 0.77 0.47 0.83 0.97 0.97 1.11 0.41
Sum 100.58 100.32 99.92 101.13 100.12 100.40 99.80 100.27

Trace elements (ppm)
Sc 18.0 8.4 9.9 16.9 21.5 14.2 10.4 10.9
V 91 9 14 115 118 27 29 11
Cr 35 3 5 51 40 1 3 1
Co 17.1 2.0 3.7 20.7 15.9 5.6 4.0 1.6
Ni 34.2 3.0 6.4 30.5 14.8 0.7 1.0 < l.o.d.c

Ga 20 14 17 27 24 22 23 22
Rb 88 22 96 193 82 119 173 254
Sr 319 499 718 1292 1457 687 431 170
Y 16 2 7 18 21 18 28 13
Zr 161 77 113 187 198 231 378 266
Nb 13.9 1.5 2.7 10.2 11.1 5.8 24.1 13.9
Cs 6.4 0.6 0.2 3.2 2.5 0.4 0.4 1.7
Ba 440 394 1357 1029 2682 5570 1125 723
La 22.3 5.5 52.7 66.0 51.4 37.2 100.6 83.2
Ce 47.3 11.6 102.9 144.5 107.9 77.9 197.8 172.1
Pr 5.7 1.5 10.5 18.2 13.4 9.7 21.7 18.9
Nd 21.2 5.4 32.1 67.5 49.6 36.3 71.2 60.4
Sm 4.0 1.0 3.9 10.2 8.4 6.2 10.7 8.6
Eu 1.10 0.40 1.11 2.78 2.27 4.02 1.78 0.97
Gd 3.5 0.7 2.7 7.2 6.2 4.9 8.0 5.9
Dy 2.8 0.4 1.4 3.5 3.7 3.2 5.1 2.7
Ho 0.56 0.07 0.25 0.64 0.71 0.64 0.98 0.46
Er 1.52 0.17 0.65 1.57 1.76 1.66 2.55 1.19
Yb 1.57 0.22 0.60 1.26 1.61 1.52 2.38 0.90
Lu 0.23 0.02 0.09 0.19 0.25 0.23 0.33 0.15
Hf 3.9 2.0 2.6 3.8 4.4 4.7 8.4 6.7
Ta 0.58 0.05 0.06 0.42 0.46 0.19 2.15 0.67
Pb 12.0 7.1 22.4 17.8 13.3 18.3 19.9 32.7
Th 5.8 0.4 9.7 2.3 5.3 2.9 18.4 43.1
U 1.2 0.2 0.2 1.5 1.4 0.4 2.0 3.3

a All iron expressed as Fe2O3.
b Loss Of Ignition.
c Below the limit of detection.
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plasma–mass spectrometry (LA-(MC-)ICP-MS) at GUF using a
RESOlution (ASI) M-50E 193 nm ArF Excimer laser system coupled to a
ThermoFinnigan Element 2 sector-field mass spectrometer for U-Pb
dating; and to a ThermoFinnigan Neptune multi-collector mass spec-
trometer for Lu-Hf analyses. The Electronic Supplementary Material
contains details about the analytical methods and setup, together with
the whole dataset of U-Pb (Table S2) and Lu-Hf analyses (Table S3) on
samples and zircon reference materials GJ-1, OG-1, Plešovice, Temora-
2 and 91500.

5.2. Results

A detailed description of zircon textures, U-Pb dates, Lu-Hf isotopic
results, together with the interpretation of the combined data, are
provided for each sample in the Electronic Supplementary Material. The
results are summarized in Table 2 and Figs. 6 and 7. According to the
combined dataset, the samples can be classified in three groups (Fig. 6,
Table 2):

(1) Group 1 represents samples containing zircon crystals with simple
CL zoning (no core-rim relationship; simple oscillatory, patchy or
sector zoning) and characterized by a single population of dom-
inantly concordant U-Pb dates and homogeneous 176Hf/177Hf(t)
ratios (Fig. 6a). These are interpreted as reflecting the age and Hf
isotopic composition of the original magma. This group includes
tonalite-trondhjemite samples VN-03, RG-09 and RG-15; quartz-
monzonite-monzodiorite samples KV-03, SEN-20 and SEN-26; and
monzo-/syenogranite sample SEN-15.

(2) Group 2 samples are characterized by a single zircon population
similar to group 1, yet showing concordant to strongly discordant
U-Pb data with variable 207Pb/206Pb dates (Fig. 6b). However, these
samples show identical 176Hf/177Hf(t) ratios within uncertainty,
resulting in sub-horizontal arrays in 176Hf/177Hf(t) vs. apparent
207Pb/206Pb date diagrams (Fig. 6b). This corresponds to a single
generation of igneous zircon that underwent multiple Pb loss
without disturbing the Hf isotopic composition (e.g. Amelin et al.,
1999; Gerdes and Zeh, 2009; Guitreau et al., 2012; Laurent and Zeh,
2015; Zeh et al., 2009). The latter is thus considered as re-
presentative of the original magma. In this case, the U-Pb empla-
cement age was obtained from the concordant analyses or upper
intercept of the discordant spots. This group comprises tonalite-
trondhjemite samples RG-10 and KV-31; quartz-diorite-grano-
diorite-granite samples KV-15, SEN-01 and SEN-17; quartz-mon-
zonite-monzodiorite sample SEN-04; and monzo-/syenogranite
samples KV-09 and SEN-02.

(3) Group 3 includes samples characterized by multiple zircon crys-
tallization events. The crystals show either core-rim relationships or
several zircon populations with contrasted morphologies and CL
features, the different domains/crystals having significantly distinct
207Pb/206Pb dates and/or 176Hf/177Hf(t) ratios (Fig. 6c). Depending
on the characteristics of the different domains/crystals, the data
were interpreted in two ways. First, inherited/xenocrystic zircon
grains or cores (oldest dates) coexist with igneous rims or grains
(youngest dates) in tonalite-trondhjemite samples RG-02, KV-23,
quartz-monzonite-monzodiorite samples KV-25, SEN-08a and
monzo-/syenogranite sample SEN-07. Second, igneous zircons

Fig. 3. Selected Harker plots showing the major element compositions of the WTBC granitoids. The compositions of TTGs, the sanukitoid suite and biotite granites are
from Laurent et al. (2014) and Moyen (2011). The composition of 1.81–1.76 Ga granitoids from the Transscandinavian Igneous Belt (TIB-1), including mangerite and
charnockite from the Lofoten-Vesterålen province, are also reported (data from Ahl et al., 1999; Andersson, 1997; Kornfält et al., 1997; Malm and Ormaasen, 1978;
Markl, 2001; Markl and Höhndorf, 2003; Skår, 2002). Fields in the K2O vs. SiO2 diagram are after Peccerillo and Taylor (1976): TH= tholeiitic, CA= calc-alkaline;
HKCA=high-K calc-alkaline; SHO= shoshonitic.
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(oldest dates) are overgrown by rims or post-dated by a different
zircon generation (youngest dates) corresponding to post-empla-
cement events (migmatitization; fluid and/or melt-rock interac-
tion). This includes tonalite-trondhjemite sample KV-20 and quartz-
diorite-granodiorite-granite samples KV-08 and SEN-22.

Unless explicitly mentioned otherwise, all the ages quoted below are
crystallization ages and Hf isotopic compositions correspond to the
average calculated at this age from all igneous zircon analyses (see
Table 2). The uncertainties are quoted at 95% confidence level and, for
176Hf/177Hf(t) ratios, are on the last significant digit.

With the exception of KV-23 that shows a Neoarchean age of
2685 ± 8Ma and a sub-chondritic zircon Hf isotopic composition
(176Hf/177Hf(t) = 0.28103 ± 4; εHf(t) =−0.9 ± 1.4), all samples of
the tonalite-trondhjemite group show Mesoarchean emplacement ages
and supra-chondritic εHf(t) (Fig. 7). In details, three episodes of tonalite-
trondhjemite emplacement can be identified: (i) ca. 2920Ma (re-
presented by sample RG-10 at 2920 ± 7Ma); (ii) ca. 2865Ma (em-
placement age of tonalitic gneisses VN-03 at 2865 ± 8Ma and RG-09
at 2866 ± 7Ma); and (iii) ca. 2840–2830Ma (mostly trondhjemitic
samples, i.e. RG-02 at 2840 ± 9Ma; KV-31 at 2835 ± 8Ma; RG-15 at
2831 ± 7Ma; and KV-20 at 2828 ± 8Ma) (Table 2). Although their
ages span ca. 100Ma, all samples have identical zircon 176Hf/177Hf(t)
ratio within uncertainty (0.28097 ± 3 to 0.28104 ± 6) corresponding
to positive εHf(t) (+2.5 ± 0.9 to+ 3.0 ± 2.1) (Fig. 7). Zircon from
sample KV-20 is characterized by prominent, bright-CL and unzoned
rims having a crystallization age of 2681 ± 10Ma (see Electronic
Supplementary Material), interpreted as reflecting a metamorphic/
migmatitic event and showing a homogeneous Hf isotopic composition
(176Hf/177Hf(t) = 0.28099 ± 1) corresponding to a sub-chondritic
value (εHf(t) =−2.4 ± 0.4) (Fig. 7). Samples KV-23 and KV-31 con-
tain inherited zircon cores having U-Pb and Lu-Hf isotopic data over-
lapping with those from other tonalite-trondhjemite samples, i.e. dates
between 2920 and 2810Ma, and εHf(t) between 0 and +3 (Fig. 7).

The zircon data from qz-diorite-granodiorite-granite samples are
more disparate than those from tonalites-trondhjemites, albeit also
showing exclusively Archean crystallization ages. The quartz-diorite
KV-15 shows the oldest age of all the investigated samples
(2957 ± 9Ma) and a low zircon 176Hf/177Hf(t) of 0.28077 ± 4 cor-
responding to sub-chondritic εHf(t) (−3.8 ± 1.5) (Fig. 7). The granitic
gneiss sample KV-08 displays two populations of zircon: (i) bright-CL,
oscillatory zoned igneous zircons yielded an emplacement age of
2744 ± 11Ma and a slightly sub-chondritic εHf(t) (−1.0 ± 1.1); (ii)
dark-CL zircons have an upper intercept age of 1702 ± 49Ma and a
strongly sub-chondritic average 176Hf/177Hf(t) of 0.28138 ± 3
(εHf(t) =−11.8 ± 1.1) (Fig. 7). The latter are interpreted as neo-
crystals formed in response to the injection of nearby pegmatites (see
Electronic Supplementary Material). All other samples (granitic
gneisses SEN-01, SEN-17 and quartz-diorite SEN-22) have nearly
identical zircon U-Pb ages (granitic gneiss SEN-01 at 2665 ± 8; granite
SEN-17 at 2678 ± 9Ma; quartz-diorite SEN-22 at 2673 ± 7Ma) and
overlapping Hf isotopic composition (176Hf/177Hf(t) from 0.28109 ± 3
to 0.28112 ± 3) corresponding to positive εHf(t) (+0.9 ± 1.1 to
+1.9 ± 0.9) (Fig. 7).

Samples from the quartz-monzonite-monzodiorite group show ex-
clusively Paleoproterozoic emplacement ages, distributed in two events
(Fig. 7): (i) at ca. 1870–1860Ma, represented by samples SEN-08a
(1869 ± 6Ma) and KV-25 (1861 ± 5Ma); and (ii) at ca. 1800Ma, as
indicated by emplacement ages of four samples (KV-03 at
1800 ± 6Ma; SEN-20 at 1798 ± 5Ma; SEN-26 at 1797 ± 5Ma; and
SEN-04 at 1790 ± 15Ma). Zircon of the ca. 1870–1860Ma samples
has identical Hf isotopic composition (176Hf/177Hf(t) of ca. 0.28136)
corresponding to negative εHf(t) (ca. −8) (Fig. 7). Contrastingly, zircon

Fig. 4. Classification diagrams for the WTBC granitoids, based on major ele-
ment geochemistry. (a) A/CNK (molar Al2O3/[CaO+Na2O+K2O]) vs. K2O/
Na2O (Laurent et al., 2014); limit between peraluminous and metaluminous
field after Shand (1943); (b–d) diagrams of Frost et al. (2001), showing the
MALI index (Na2O+K2O–CaO), Fe* (FeOT/[FeOT+MgO]) and Mg# (molar
Mg/Mg+Fe) against SiO2. Fields in (b–d) are after Frost et al. (2001);
A–C= alkali-calcic, C-A= calc-alkalic. Fields and symbols are as in Fig. 3;
except in (c) and (d) where the Lofoten-Vesterålen anorthosite-mangerite-
charnockite-granite suite (Malm and Ormaasen, 1978; Markl, 2001; Markl and
Höhndorf, 2003) is separated from other TIB-1 granitoids.
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from the ca. 1800Ma samples shows various Hf isotopic compositions:
SEN-04 and SEN-20 have identical 176Hf/177Hf(t) (0.28145 ± 3 and
0.28141 ± 3, respectively), while KV-03 and SEN-26 have sig-
nificantly lower ratios (0.28136 ± 3 and 0.28130 ± 2, respectively),

all of them corresponding to sub-chondritic εHf(t) ranging from −7 to
−12 (Fig. 7). Notably, the ca. 1870–1860Ma samples commonly con-
tain inherited zircon cores of Archean (ca. 2500–2870Ma) and early
Paleoproterozoic (ca. 1990–2450Ma) ages (Fig. 7), whereas the ca.
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1800Ma samples are almost devoid of inherited zircon.
The combined U-Pb and Lu-Hf zircon data from the monzo-/sye-

nogranite group show a simple pattern. Three samples have over-
lapping emplacement ages at ca. 1790–1785Ma (KV-09 at
1791 ± 6Ma; SEN-15 at 1789 ± 5Ma and SEN-07 at 1784 ± 6Ma)
and very homogeneous 176Hf/177Hf(t) (ca. 0.28131) corresponding to
sub-chondritic εHf(t) of ca. −12 (Fig. 7). Sample SEN-02 has a younger
(poorly constrained) upper intercept age of 1759 ± 27Ma, which yet
overlaps with those from other samples. However, the 176Hf/177Hf(t)
ratio in this sample is slightly higher (0.28138 ± 3, corresponding to
εHf(t) of −10.0 ± 1.1) (Fig. 7). These granites lack inherited zircon,
with the exception of two Archean cores in sample SEN-07.

6. Discussion

6.1. Architecture of the Archean crust in north Norway

The geographic distribution of geochronological and petrographic
data on Archean granitoids of the WTBC is shown on the map of Fig. 8,
including compilation of published results and our new data. Three
distinct domains can be identified:

(1) In Vanna, Ringvassøya and most of Kvaløya (NE of the Mjelde-
Skorelvvatn belt, MSB), the basement granitoids (Dåfjord, Kvalsund
and Gråtind gneisses) are dominated by Mesoarchean, 2.88 to

Fig. 6. Representative CL images (left panel), U-Pb Concordia diagrams (central panel) and plots of 176Hf/177Hf(t) vs. apparent 207Pb/206Pb date (right panel)
illustrating the three groups of zircon populations identified in the WTBC granitoid samples. In the left panel, the label indicates the spot number, the corresponding
207Pb/206Pb date in white (in Ma), 176Hf/177Hf(t) in yellow (uncertainty on the last digit) and the calculated εHf(t) for the intrusion age in orange. Dates indicated in
italic font represent analyses with < 95% U-Pb concordance; dates reported in gray font correspond to those from zircons interpreted as inherited or xenocrystic in
origin. The scale bar is 100 μm. Error bar, ellipses and quoted uncertainties are all at 95% confidence level. See text for details, and Electronic Supplementary
Material for similar documentation of all samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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2.83 Ga-old tonalites-trondhjemites (9 out of 13 dated samples),
with minor 2.92 Ga remnants (RG-10; inherited zircons from KV-31
and sample C01-107 of Myhre et al., 2013) (Fig. 8). A few younger
rocks cluster around 2.69 Ga (emplacement of KV-23 trondhjemite;
zircon rims in KV-20; zircons from migmatite neosome C01-110 of
Myhre et al., 2013) (Fig. 8). These are all located in the vicinity of
the Kvalsund Shear Zone, with the exception of the Mikkelvik al-
kaline stock, located more to the northeast (Zozulya et al., 2009).

(2) In SW Kvaløya, i.e. SW of the MSB, the granitoids are mostly (qz-)
diorites, granodiorites and granites (Fig. 8). Besides our 2.96 Ga qz-
diorite sample KV-15, all samples (n= 6) define two Neoarchean
age groups. (i) A 2.74–2.71 Ga group corresponds to the emplace-
ment of the protoliths of the Kattefjord gneisses (sample KV-08 and
inherited zircon in migmatite neosome sample PIM-07-69 of Myhre
et al., 2013) and the Bakkejord qz-diorite (sample C-04-35 of Myhre
et al., 2013). (ii) A 2.69–2.67 Ga group corresponds to the empla-
cement of granites (samples KV-02 of Corfu et al., 2003 and PIM-06-
67 of Myhre et al., 2013), mafic dykes (sample C-04-31 of Myhre
et al., 2013), and migmatization of earlier gneisses (neosome PIM-
07-69 of Myhre et al., 2013) (Fig. 8).

(3) On Senja, (quartz-)diorites, granodiorites and granites are also
dominant and their ages cluster between 2.71 and 2.67 Ga (5 out of
6 samples) (Fig. 8). Older ages are only represented by scarce
2.83–2.81 Ga inherited zircon cores in the 2.71 Ga-old granodiorite
C-04-46 of Myhre et al. (2013). In contrast, the migmatite sample C-
04-47 of Myhre et al. (2013) only contains 2.69–2.67 Ga-old in-
herited zircons, and leucosome crystallization age at ca. 2.61 Ga
points to a younger migmatitization event (Fig. 8).

Bergh et al. (2014) proposed that the Kvalsund Shear Zone re-
presents a major Neoarchean suture zone between the 2.92–2.80 Ga

Ringvassøya-Vanna domain and the 2.75–2.67 Ga Kvaløya-Senja do-
main. However, the presence of trondhjemitic gneisses on Kvaløya (KV-
20, KV-31), having similar petrography, geochemistry, U-Pb ages and
zircon εHf(t) (+2 to +3) as the ca. 2.83 Ga trondhjemites on Ring-
vassøya (RG-15, RG-02) (Figs. 7 and 8), challenges this interpretation.
Instead, our new results comply with the interpretation of Zwaan and
Tucker (1996) that Archean rocks of central and NE Kvaløya belong to
the same,> 2.8 Ga-old unit as those from Ringvassøya and Vanna.
From this perspective, the Kvalsund Shear Zone would only represent a
zone of preferential crustal reworking at ca. 2.69 Ga (Fig. 8) within one
single 2.88–2.83 Ga-old crustal segment. Consistently, trondhjemites
intruded along the Kvalsund Shear Zone at 2.69 Ga (KV-23) contain
numerous enclaves of earlier, highly deformed tonalitic-trondhjemitic
gneisses; abundant xenocrystic zircons with U-Pb ages of 2.87–2.81 Ga;
and igneous zircons showing an εHf(t) of ca. −1 pointing to reworking
of> 2.8 Ga crust (Fig. 7).

The Archean gneisses in SW Kvaløya and Senja are characterized by
2.74–2.67 Ga (quartz-)diorites, granodiorites and granites, lacking ex-
tensive tonalite-trondhjemite components and ages> 2.8 Ga (Fig. 8).
Indeed, out of 11 samples dated at 2.74–2.67 Ga, only one has a few
grains with ages> 2.75 Ga (sample C04-46 of Myhre et al., 2013;
Fig. 8). Moreover, our three 2.68–2.67 Ga samples from Senja notably
show positive zircon εHf(t) (+1 to +2) plotting above the isotopic
evolution trend of > 2.8 Ga tonalites-trondhjemites (Fig. 7), and thus
inconsistent with reworking of the latter. Altogether, this indicates that
there was very little, older felsic crust (if any) in SW Kvaløya and Senja
prior to the emplacement of the 2.74–2.67 Ga granitoids. Therefore, the
2.74–2.67 Ga SW Kvaløya and Senja domain in one hand, and the >
2.8 Ga NE Kvaløya, Ringvassøya and Vanna domain on the other hand,
certainly represent two distinct crustal segments. This interpretation is
supported by gamma-ray spectrometric data showing strikingly

Fig. 7. Summary of combined, LA-(MC-)ICP-MS U-Pb and Lu-Hf isotopic analyses in zircons from the WTBC granitoids: (a) plot of 176Hf/177Hf(t) of individual zircon
analyses, reported at the intrusion age for igneous zircon and at the individual age for other zircon types; and (b) average εHf(t) calculated on the basis of all igneous
zircon analyses at the intrusion age. The compositional range of the depleted mantle (DM) is bound by the Archean DM model of Næraa et al. (2012) (lowermost
value), corresponding to the least radiogenic of DM models for Archean times; and the commonly used regression from present-day MORB of Griffin et al. (2002)
(uppermost value). The CHUR model is from Bouvier et al. (2008). The colored arrows delineate the isotopic evolution vectors of the crust from the two lithotectonic
segments of the WTBC (SE and NW; see Section 6.1), based on the average Lu/Hf ratios of bulk rocks in each segment (numbers in brackets are the corresponding
176Lu/177Hf ratios). In (b), data from other granitoids of the Fennoscandian shield (Andersen et al., 2009; Heilimo et al., 2009; Kurhila et al., 2010; Lauri et al., 2011;
Patchett et al., 1981) and the Kostomuksha komatiites (Blichert-Toft and Puchtel, 2010) are reported. The composition and evolution of Svecofennian crust are after
Andersen et al. (2009). The black arrows correspond to the isotopic evolution of putative ca. 3.0 Ga and ca. 3.6–3.8 Ga mafic crust (see Section 6.3.1) assuming a
176Lu/177Hf ratio of 0.02. Error bars indicate uncertainties at 95% confidence level.
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different signatures between Senja and Ringvassøya-Vanna (Nasuti
et al., 2015). Furthermore, the Archean rocks in the Lofoten-Vesterålen
province lying to the SW of the WTBC are also characterized by em-
placement ages in the range 2.74–2.66 Ga and metamorphism at
2.65–2.63 Ga (Corfu, 2007; Griffin et al., 1978), identical to those ob-
tained in SW Kvaløya and Senja. As suggested by Bergh et al. (2014),
this hints that the crustal segment represented by the latter continues
further SW to the Lofoten-Vesterålen province.

The slight age differences between SW Kvaløya and Senja regarding
granitoid emplacement (2.74–2.71 Ga on SW Kvaløya vs. 2.71–2.67 Ga
on Senja) and migmatitization (2.69 Ga on SW Kvaløya vs. 2.61 Ga on
Senja) may suggest that these represent two separate lithotectonic
segments (Fig. 8). The zircon Hf isotopic composition of the 2.74 Ga
granitoids of SW Kvaløya (KV-08) is significantly lower (εHf(t) =−1)
than that of zircons from the Senja samples (εHf(t) =+1 to+2), also
supporting this view. In fact, this Hf isotopic signature could be ex-
plained by reworking of the>2.8 Ga tonalite-trondhjemite gneisses
(Fig. 7). It is therefore possible that the SW Kvaløya domain represents
the margin of the NE Kvaløya, Ringvassoya and Vanna block reworked
at 2.74–2.69 Ga. On the other hand, there is no dated zircon in the age
range 2.9–2.8 Ga in SW Kvaløya (Fig. 8). Furthermore, the 2.96 Ga
sample KV-15 from SW Kvaløya is very different in zircon Hf isotopic
signature (εHf(t) =−3.8) from the rocks of closest age on Ringvassøya
(e.g. 2.92 Ga trondhjemitic gneisses with zircon εHf(t) =+2.5) (Fig. 7).
Therefore, we cannot exclude that the SW Kvaløya domain was a third,
intervening crustal segment.

From the above discussion, we conclude that the Precambrian

basement inliers of north Norway consist of at least two distinct crustal
segments (Fig. 9):

(1) A northeastern Mesoarchean lithotectonic segment (NE
Kvaløya, Ringvassøya and Vanna; hereafter “NE segment”) domi-
nated by 2.92- to 2.89–2.83 Ga tonalitic-trondhjemitic gneisses;

(2) A southwestern Neoarchean lithotectonic segment (Senja and
Lofoten-Vesterålen province; hereafter “SW segment”) largely
consisting of 2.71–2.67 Ga (quartz-)dioritic, granodioritic and
granitic gneisses.

The SW Kvaløya zone represents either a third, 2.74–2.71 Ga seg-
ment, or the reworked margin of the NE segment. In either case, the
area between the Malangen strait and the Mjelde-Skorelvvatn green-
stone belt hosts at least one, and perhaps two, major tectonic bound-
aries roughly striking NW-SE (Figs. 8 and 9). Offshore bathymetric data
support this interpretation, as they point to the existence of major NW-
trending structures along strike of the Malangen strait (Indrevær et al.,
2013; Indrevaer and Bergh, 2014). Aeromagnetic data also show that a
prominent, sub-linear negative magnetic anomaly strikes roughly
NNW-SSE along the proposed suture zone(s) (Nasuti et al., 2015). In a
broader context, the inferred suture zone(s) are located along major
NNW-SSE- to NW-SE-trending, crustal-scale structures of the Fennos-
candian Shield (Bergh et al., 2014) (Fig. 9). These comprises the
Bothnian-Senja Shear Zone (Henkel, 1991; Zwaan, 1995) and the
Onega-Malangen Lineament (Koistinen et al., 2001) (Fig. 9), two cor-
ridors of steeply dipping shear zones that can be traced further SE,

Fig. 8. Compilation of zircon U-Pb ages on Archean granitoid rocks of the WTBC. Top: sketch geological map of the Archean basement of the WTBC (after Fig. 1)
showing the position of the dated samples and the corresponding rock type (symbols). Bottom: zircon U-Pb age data for the corresponding samples, plotted as a
function of the sample position along the SW–NE transect of the WTBC. MSB=Mjelde-Skorelvvatn greenstone belt. References: [1] this study; [2] Myhre et al., 2013;
[3] Zozulya et al., 2009; [4] Bergh et al., 2007; [5] Corfu et al., 2003; [6] Zwaan and Tucker, 1998.
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respectively to the gulf of Bothnia and across the Karelian Province to
eastern Finland. To the NW, the suture extends to the offshore Senja
Fracture Zone, a major transfer zone that bounds the western margin of
the Barents continental shelf (Fig. 9) and interpreted as a the re-
activation of a basement lineament (Doré et al., 1997; Indrevær et al.,
2013). We therefore suggest that these structures are primarily in-
herited from the proposed Archean segment boundary, and that the
latter might extend way beyond the limits of the Precambrian basement
inliers of north Norway to other parts of the Fennoscandian Shield.

This model is further backed by similarities in the geological record
between the WTBC and the basement rocks on the opposite side of the
Caledonides, i.e. the Norrbotten Province (Höltta et al., 2008; Lahtinen
et al., 2005). Archean rocks in Finnmarkvidda located to the NE of the
inferred suture (the Jergul complex) are indeed comparable to those

from the NE segment of the WTBC (2.98–2.78 Ga-old, dominantly to-
nalitic-trondhjemitic gneisses; Bingen et al., 2015). In contrast, in
southern Troms and northern Sweden, to the SW of the inferred suture,
Archean gneiss protolith ages are rather clustered around 2.7 Ga and
Paleoproterozoic magmatism (1.87–1.75 Ga) is much more common
(Martinsson et al., 1999; Slagstad et al., 2015), as typically observed in
Senja (Figs. 8 and 9), in the Lofoten-Vesterålen province (Corfu 2004,
2007; Griffin et al., 1978) and surrounding basement windows in the

Fig. 9. Sketch map showing the proposed crustal architecture of the WTBC,
especially the position of the two inferred Archean lithotectonic segments. In
the caption, the ages in bold refer to the periods of crust formation in each
segment, and gray font to periods of crust reworking. The approximate posi-
tions of the Bothnian-Senja Shear Zone (BSSZ; Henkel, 1991; Zwaan, 1995), the
Onega-Malangen Lineament (OML; Koistinen et al., 2001) and the offshore
Senja Fracture Zone (Doré et al., 1997; Indrevær et al., 2013) are also reported.
The main Paleoproterozoic greenstone belts of the WTBC are also highlighted
(AB=Astridal Belt; MSB=Mjelde-Skorelvvatn Belt; TB=Torsnes Belt) (Bergh
et al., 2015; Myhre et al., 2011). KSZ=Kvalsund Shear Zone, interpreted as a
zone of preferential crust reworking within the NE segment.
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Fig. 10. (a) Ternary A/CNK–Na2O/K2O–FMSB ([FeOt+MgO]wt.%∙
[Sr+ Ba]wt.%) diagram (Laurent et al., 2014) where the compositions of the
WTBC granitoids are reported and compared to those of the main types of
Archean granitoids (Laurent et al., 2014) and Phanerozoic S-type granites (data
from the Variscan French Massif Central; Laurent et al., 2017). (b) Ternary
Na2O–CaO–K2O diagram comparing the compositions of the WTBC granitoids
with those of experimental melts derived from a range of starting materials
produced at conditions relevant for crustal melting (0.1–1.2 GPa; 750–1050 °C),
including low-K igneous mafic rocks (Beard and Lofgren, 1991; Rapp and
Watson, 1995; Wolf and Wyllie, 1994); “altered” (high-Na) igneous mafic rocks
(Skjerlie and Johnston, 1996; Zamora, 2000); high-K igneous mafic rocks
(Alonso-Perez et al., 2009; Almeev et al., 2013; Blatter et al., 2013; Sisson et al.,
2005; Sisson and Grove, 1993); igneous intermediate rocks (Bogaerts et al.,
2006; Martel et al., 1999; Singh and Johannes, 1996; Watkins et al., 2007);
immature (greywacke) sediments (Montel and Vielzeuf, 1997; Patiño-Douce
and Beard, 1996; Stevens, 1995; Vielzeuf and Holloway, 1988) and mature
(pelitic) sediments (Patiño-Douce and Johnston, 1991; Patiño-Douce and
Harris, 1998; Pickering and Johnston, 1998; Vielzeuf and Holloway, 1988).
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Caledonides (Skår, 2002). Finally, the zircon Hf isotopic compositions
of the WTBC granitoids also overlap with those of Archean to Paleo-
proterozoic granitoids in Fennoscandia (Fig. 7), clearly suggesting a
common crustal ancestry.

6.2. Granitoid petrogenesis

6.2.1. Tonalite-trondhjemite
In terms of petrography and geochemistry, the tonalites-trondhje-

mites from the NE segment are clearly akin to the tonalite-trondhje-
mite-granodiorite (TTG) group (Figs. 3–5 and 10), i.e. the most wide-
spread granitoids in the Archean (Moyen and Martin, 2012). Although
some authors proposed that TTG form by crystallization of calc-alkaline
mafic magma (Jagoutz et al., 2013; Kamber et al., 2002; Kleinhanns
et al., 2003), the most plausible model (see discussion in Moyen and
Laurent, 2018) is that these rocks derive from partial melting of hy-
drous basaltic material, variously enriched in LILE (Moyen and Martin,
2012; Martin et al., 2014). Consistently, the composition of the WTBC
TTGs overlaps with those of experimental liquids derived from melting
of low-K, pristine to altered basalts (Fig. 10).

As discussed in earlier studies, the trace element variability of TTGs
reflects various melting depths, especially when considering the ele-
ments that are preferentially incorporated in garnet (Y, HREE) and
plagioclase (Sr, Eu) which have pressure-sensitive stability fields (Halla
et al., 2009; Moyen, 2011). In this respect, the TTGs of the WTBC define
two groups (Fig. 11):

(1) Samples with high Y (6–42 ppm and up to 160 ppm for the highly
fractionated sample KV-31 with 76wt% SiO2), low Sr contents
(< 350 ppm), conversely low Sr/Y ratios (< 50) and weakly frac-
tionated HREE profiles (low GdN/ErN). Those are akin to the “low-
pressure” TTG group (Moyen, 2011);

(2) Samples with low Y (2–7 ppm) and high Sr contents (> 400 ppm),
conversely high Sr/Y ratios (> 90) together with fractionated HREE
patterns (higher GdN/ErN). These samples straddle the boundaries
between the fields of “medium-” and “high-pressure” TTGs of
Moyen (2011).

The characteristics of the “low-pressure” group imply the presence
of plagioclase and the absence of garnet in the residue (Halla et al.,
2009; Moyen, 2011) which constrains maximum melting pressures to

ca. 1.0 GPa (Almeida et al., 2011; Johnson et al., 2013; Nagel et al.,
2012) (Fig. 11). In contrast, the trace element signature of the
“medium-/high-pressure” groups requires formation in equilibrium
with residual garnet amphibolite-granulite or rutile-bearing eclogite
(Halla et al., 2009; Moyen, 2011), i.e. melting pressures of 1.2–2.0 GPa
(Johnson et al., 2013, 2017; Nair and Chacko, 2008). Thermodynamic
modelling consistently shows that melting of Archean mafic rocks at 1.4
and 1.8 GPa (Nagel et al., 2012) produces melts with compositions
matching those of the “medium-/high-pressure” TTGs of the WTBC
(Fig. 11). We therefore consider that the “low-pressure” and “medium-/
high-pressure” TTG groups of the WTBC result from melting of hydrous,
variably LILE-rich mafic rocks, respectively at pressures of≤ 1.0 GPa
(≤30 km depth) and 1.4 to 1.8 GPa (ca. 45–60 km depth).

Importantly, the Sr/Y and EuN/Eu* ratios, both depicting the pre-
sence/absence of plagioclase in the melting residue, progressively in-
crease over time in the WTBC TTGs (Fig. 12). The samples older than
2.9 Ga have the lowest Sr/Y and most pronounced negative Eu
anomaly; the 2.87–2.89 Ga samples have intermediate Sr/Y and no Eu
anomaly; and the 2.83 Ga samples have the highest Sr/Y and a positive
Eu anomaly (Fig. 12). This suggests that the pressure of melting gra-
dually increased from ≤1.0 GPa before 2.9 Ga, to 1.0–1.4 GPa at
2.89–2.87 Ga and up to 1.4–1.8 GPa at 2.83 Ga. Notable exceptions to
this trend are samples KV-31 and KV-23, akin to the “low-pressure”
group yet both showing young ages (2.83 and 2.69 Ga respectively)
(Fig. 12). The geodynamic implications are further discussed in Section
6.3.

The zircons from all 2.92–2.83 Ga-old tonalite-trondhjemite samples
are characterized by positive εHf(t), i.e. between +2 and +3 (Table 2
and Fig. 7). These TTGs are thus derived from relatively young mafic
sources, i.e. extracted from the mantle a maximum of 100–150Ma
before melting (Fig. 7). The only exception is the youngest, trondhje-
mitic sample KV-23 (2.69 Ga) that shows a negative zircon εHf(t) (ca.
−1; Table 1), thus sitting on the reworking trend of the>2.8 Ga TTGs
(Fig. 7). The trondhjemite also contains numerous enclaves of older
tonalitic-trondhjemitic gneisses, and zircons showing partly dissolved
2.87–2.81 Ga cores overgrown by ca. 2.69 Ga rims, respectively inter-
preted as xenocrystic and magmatic in origin (see Electronic
Supplementary Material). This would result from reworking and as-
similation of the ancient TTGs upon emplacement of the more recent
ones, as already described in other Archean cratons (Laurent and Zeh,
2015).

Fig. 11. Composition of the Archean granitoids of the WTBC (tonalite-trondhjemite and qz-diorite-granodiorite-granite) plotted in Sr/Y vs. Y (a), Sr vs. SiO2 (b) and
GdN/ErN vs. MgO (c) diagrams. The tonalite-trondhjemite granitoids of the WTBC are split in two groups formed by melting of mafic rocks respectively at low
pressure (‘LP’, dark blue squares) and medium-high pressure (‘M-HP’, pink squares) (see text for details). The fields of high-, medium- and low-pressure (P) TTG
(Halla et al., 2009; Moyen, 2011) and sanukitoids (Laurent et al., 2014) are reported for comparison. The arrows correspond to the chemical evolution of liquids
formed by melting of Archean amphibolite in the range of melt fractions reported in the caption (arrow pointing towards higher melt fraction) and at three different
pressures: 1.0 GPa (purple arrow), 1.4 GPa (pink arrow) and 1.8 GPa (orange arrow) (Nagel et al., 2012). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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6.2.2. Qz-diorite-granodiorite-granite
The 2.75–2.68 Ga (qz-)diorites, granodiorites and granites are richer

in K2O than TTGs and show a wider range of SiO2, extending from mafic
to felsic compositions (Figs. 3 and 4). Those properties are character-
istic of sanukitoids (Figs. 3–5 and 10), a suite of mafic to felsic grani-
toids very common in Neoarchean terranes (Halla et al., 2009; Heilimo
et al., 2010, 2011; Laurent et al., 2014; Martin et al., 2005). The qz-
diorites show the diagnostic chemical criteria of sanukitoids (Heilimo
et al., 2010): high K2O content (1.8–4.3 wt%) with K2O/Na2O > 0.4
(up to 1.1), at low SiO2 (54–63 wt%) and Mg# ≥0.4–0.5, as well as
elevated concentrations in Ba+ Sr (> 1800 ppm) and LREE
(130–300 ppm) (Fig. 13). Such ambivalent chemical features reflect
interactions between mantle peridotite and a component rich in in-
compatible elements (Laurent et al., 2014). The latter is most often
represented by a silicate melt, either TTG in composition (Halla et al.,

2009; Heilimo et al., 2010; Martin et al., 2005; Oliveira et al., 2011) or
derived from sedimentary material (Halla, 2005; Laurent et al., 2011;
Mikkola et al., 2011). The compositions of the WTBC qz-diorites differ
from those of the sanukitoids formed by sediment-peridotite interac-
tion, being richer in Ba+ Sr and no so rich in LREE (Fig. 13). They are
in contrast identical to those of sanukitoids produced by experimental
reaction between TTG and peridotite (Rapp et al., 1999, Rapp et al.,
2010) (Fig. 13). We therefore conclude that the qz-diorites from the
WTBC derive from a two-step process: (i) burial of mafic rocks at mantle
levels and their melting to produce TTGs; (ii) interaction of the re-
sulting TTGs with the surrounding mantle en-route to the crust.

One exception is sample KV-15, which has an older age (2.96 Ga),
less radiogenic Hf isotopic composition (εHf(t) of ca. −4) (Fig. 7), lower
Mg# (0.36) than other qz-diorites and not so high Sr+Ba (1265 ppm)
and LREE (116 ppm). In this respect, its composition is closer to those of
the WTBC TTGs (Fig. 13), especially the “low-pressure” ones, since it
also bears a strong negative Eu anomaly (EuN/Eu*=0.65) and low Sr/
Y ratio (25) (Figs. 11 and 12). Therefore, those properties may rather
point to either an origin by low-pressure melting of relatively enriched
basalts, as proposed for rocks of comparable composition in other Ar-
chean cratons (Hoffmann et al., 2016; Laurent and Zeh, 2015; Reimnik
et al., 2014), or very limited interactions between TTG-like melt and the
mantle.

At first glance, the granodiorites and granites (SiO2 > 65wt%)
resemble the potassic biotite-granites (Figs. 3, 4 and 10) that are very
common in most Archean cratons as melting products of pre-existing

Fig. 12. Sr/Y and EuN/Eu* ratios of the Archean granitoids of the WTBC (to-
nalite-trondhjemite and qz-diorite-granodiorite-granite) as a function of the
emplacement age, based on zircon U-Pb data either directly from the corre-
sponding sample or for the unit to which it belongs. The two colored boxes
highlight that the tonalites-trondhjemites of the ‘low-pressure’ (LP) group are
dominantly ≥2.86 Ga-old (except KV-23 and KV-31), while those of the
‘medium-/high-pressure’ (M-HP) group are dominantly≤ 2.86 Ga-old.
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melts resulting from hybridization between TTG melts and peridotite (Rapp
et al., 1999, 2010).
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TTG (Almeida et al., 2013; Dey et al., 2012; Laurent et al., 2014; Moyen
et al., 2003). However, they show higher Al2O3 (> 15wt%), Ba+ Sr
(> 1250 ppm; Fig. 13) and less pronounced negative Eu anomaly (EuN/
Eu*= 0.75–0.90) than such biotite-granites (Al2O3 < 15wt%;
Ba+ Sr < 1000 ppm; EuN/Eu*< 0.70; Laurent et al., 2014). These
features preclude an origin by melting of TTGs, because this would
entail large amounts of residual plagioclase (Singh and Johannes, 1996;
Skjerlie and Johnston, 1994; Watkins et al., 2007) and thus, retention of
Al, Eu, Sr and Ba in the source. The WTBC granodiorites-granites also
show higher Mg# (0.35–0.45) and ferromagnesian oxides contents
(FeOt+MgO+MnO+TiO2=2–4wt%) than TTG-derived granites
(Mg#=0.10–0.35 and FeOt+MgO+MnO+TiO2=1–3wt%;
Laurent et al., 2014) and notably lack inherited zircons. As such, they
are similar to the felsic facies of sanukitoid suites, which result from
differentiation of the mafic end-member, i.e. the qz-diorites (Heilimo
et al., 2010; Laurent et al., 2014). The LREE and Ba+ Sr contents of the
WTBC granodiorites-granites are comparable to those of the qz-diorites
(Fig. 13) but Y–HREE contents are lower (Table 1), as would be ex-
pected in the case of amphibole-dominated fractionation, typical for
sanukitoids (Laurent et al., 2013; Oliveira et al., 2010). A genetic
lineage between the granodiorites-granites and the qz-diorites is further
supported by their common association in the field (Fig. 2b) and their
similar, positive zircon εHf(t) (Table 2).

Because Hf is an incompatible element, a magma derived from in-
teractions between mantle peridotite and crustal material largely in-
herits the Hf isotopic composition of the latter (Couzinié et al., 2016).
Therefore, the positive εHf(t) of most qz-diorite-granodiorite-granite
samples (Fig. 7) points out that the TTG material that interacted with
peridotite to form the parent sanukitoids was juvenile. Specifically, it
cannot be represented by the > 2.8 TTGs from the NE segment, which
already had negative εHf(t) at ca. 2.7 Ga (Fig. 7). One exception is
sample KV-08 that has a negative εHf(t) (ca. −1) (Fig. 7), which could
be explained by interactions between peridotite and sediments resulting
from the erosion of the>2.8 Ga TTGs. This is furthermore consistent
with the much higher LREE contents of KV-08 (ca. 450 ppm) relative to
other samples, similar to those of sanukitoids resulting from peridotite-
sediment interactions (Fig. 13).

6.2.3. Qz-monzonite-monzodiorite and monzo-/syenogranite
The qz-monzonite-monzodiorite and the monzo-syenogranite plu-

tonic rocks in the WTBC are discussed jointly because their ages and
location indicate that they both belong to the Transscandinavian
Igneous Belt (TIB), a voluminous and well-described family of
Paleoproterozoic plutonic igneous rocks of the Fennoscandian Shield.
The TIB forms a roughly N–S trending array of granitoids and minor
mafic rocks, stretched over 1400 km from southern Sweden to the
Lofoten-Vesterålen province of north Norway (Fig. 1) (Åhäll and
Larson, 2000; Högdahl et al., 2004; Nironen, 2005; Patchett et al.,
1987; Skår, 2002). They were emplaced during three distinct events:
1.86–1.83 Ga (“TIB-0”), 1.81–1.76 Ga (“TIB-1”) and 1.71–1.67 Ga
(“TIB-2/3”) (Ahl et al., 2001; Andersen et al., 2009; Andersson et al.,
2004; Corfu, 2004; Gorbatschev, 2004; Högdahl et al., 2004). In the
WTBC, a minority of qz-monzonite and monzodiorite plutons have an
age of ca. 1.87 Ga and link to the TIB-0 event. Most Paleoproterozoic
granitoids and mafic rocks are however coeval with the TIB-1 event
(1.80–1.75 Ga; Table 2), i.e. the dominant episode in the whole belt
(Åhäll and Larson, 2000). Moreover, the petrography of the TIB-1 ig-
neous rocks (microcline-rich, amphibole- and biotite-bearing grani-
toids, with titanite and Fe-Ti oxides as main accessories; Andersen et al.,
2009; Andersson et al., 2004; Gorbatschev, 2004; Rutanen and
Andersson, 2009; Skår, 2002) and their whole-rock compositions
(Figs. 3–5) very well match those of the WTBC qz-monzonites-mon-
zodiorites and monzo-/syenogranites.

Apart from some ca. 1.82 Ga S-type granites formed by melting of
Svecofennian metasediments (Claesson and Lundqvist, 1995), the
dominant TIB-1 granites from Sweden and north Norway have I- to A-

type affinity (Andersson, 1997; Andersson et al., 2004; Gorbatschev,
2004; Skår, 2002), as well as positive zircon εHf(t) (Fig. 7) and whole-
rock εNd(t) (Andersen et al., 2009; Claesson and Lundqvist, 1995;
Mellqvist et al., 1999). This would result from melting of mafic to in-
termediate, arc-like crust formed during the Svecofennian accretionary
orogeny (ca. 1.9–2.1 Ga) (Andersen et al., 2009), with minor involve-
ment of sediments (Patchett et al., 1987) and/or mantle-derived melts
(Skår, 2002). The similar chronological, petrographic and composi-
tional features between these granites and the WTBC monzo-/syeno-
granites suggest that the latter have a comparable source. Consistently,
experimental data show that differentiation of K-rich mafic to inter-
mediate compositions (50–60wt% SiO2; 1–3wt% K2O) produces
granitic liquids similar in composition (69–75 wt% SiO2; 4–5 wt% K2O)
to the WTBC monzo-/syenogranites (Bogaerts et al., 2006; Sisson et al.,
2005) (Fig. 10). However, the latter significantly differ from other TIB-1
granites by their strongly negative zircon εHf(t) ranging from −10 to
−12 (Fig. 7).

This apparent discrepancy can be explained if one considers that the
monzo-/syenogranites result from melting of a compositionally similar
source as the other TIB-1 granites, but one that is much older
(Archean). In the WTBC, the Archean qz-diorites from the SW segment,
of sanukitoid affinity, would represent a plausible source for the
monzo-/syenogranites. In addition to having the appropriate major
element composition, their trace element pattern reasonably matches
that of the modelled source of the monzo-/syenogranites using phase
relationships from experimental data (Fig. 14). Furthermore, the zircon
Hf isotopic composition of the monzo-/syenogranites is close to the
expected εHf(t) of the SW segment crust at 1.8 Ga (ca. −14; Fig. 7).
Alternatively, the coeval qz-monzonites and monzodiorites could also
represent possible parental compositions, as indicated by trace element
modelling (Fig. 14). The more radiogenic zircon Hf isotopic composi-
tions of the qz-monzonites/monzodiorites (εHf(t) mostly between −7
and −10) relative to the monzo-/syenogranites (εHf(t) beween −10
and −13) (Fig. 7) does not favor this possibility, but it cannot be ruled
out because this discrepancy may be explained by assimilation of the
local Archean crust upon magma differentiation.

The origin of the intermediate rocks (qz-monzonites and mon-
zodiorites) is faintly constrained at the scale of the whole TIB. They
could result from mixing between the granites and coeval mantle-de-
rived melts (Andersson et al., 2004; Skår, 2002), represented by the
minor mafic rocks present throughout the TIB (Andersson et al., 2004,
2007; Rutanen and Andersson, 2009). This model has been also pro-
posed to explain the formation of the (compositionally similar and
coeval) mangerites and charnockites of the anorthosite-mangerite-
charnockite-granite (AMCG) suite in the Lofoten-Vesterålen province
(Markl, 2001; Markl and Höhndorf, 2003). However, the mafic and
intermediate rocks of the TIB show no correlation whatsoever between
differentiation indexes and bulk-rock Sr–Nd isotopic composition
(Andersson et al., 2007; Rutanen and Andersson, 2009), as would be
expected in the case of extensive contamination/mixing. In fact, even
the most primitive TIB mafic rocks (SiO2∼ 50wt%; Mg# ≥0.7) are
already isotopically evolved and LILE-, LREE-rich, suggesting that they
stem from a lithospheric mantle source enriched in incompatible ele-
ments during Svecofennian subduction (Andersson et al., 2007;
Rutanen and Andersson, 2009).

The qz-monzonites-monzodiorites of the WTBC (and in the TIB in
general) could derive directly from fractionation of these enriched
mantle-derived magmas. Consistently, the latter show a nearly con-
tinuous liquid line of descent, down to dioritic compositions very si-
milar to those of the qz-monzonites and monzodiorites (ca. 55–60 wt%
SiO2; 2 wt K2O; Mg# ∼0.5) (Rutanen and Andersson, 2009). Experi-
mental data further show that such monzodioritic compositions
(56–62 wt% SiO2; 1.5–4.5 wt% K2O) can be produced by differentiation
of K-rich, broadly basaltic starting compositions (SiO2∼50wt%;
K2O≥1wt%) at temperatures of 950–1050 °C and melt fractions of
30–45% (Alonso-Perez et al., 2009; Sisson et al., 2005; Sisson and
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Grove, 1993) (Fig. 10). Trace element modelling confirms this hy-
pothesis, since the patterns calculated for the mafic parent are com-
parable to those of the most primitive mafic rocks of the TIB, albeit
being significantly richer in the most incompatible elements (Fig. 14),
possibly indicating a more enriched mantle source.

As observed for the monzo-/syenogranites, the qz-monzonites and
monzodiorites of the WTBC have strongly negative zircon εHft (ca. −7
to −10), whereas their counterparts elsewhere in the TIB are more
juvenile (εHft of ca. 0 to +6; Andersen et al. 2009) (Fig. 7). This cannot
reflect crustal contamination, because assimilation of Archean rocks
with εHf(t) of ca. −15 by a mafic magma similar to the TIB mafic rocks
(εHf(t) of ca.+3) would require unrealistically high proportions of
contamination (60–80%) to explain the composition of the qz-mon-
zonites-monzodiorites. This means that even if contamination played a
role, their parental magma had to be much less radiogenic than the
mafic rocks elsewhere in the TIB, i.e. characterized by εHf(t) not ex-
ceeding −5 to −8 (for max. 20% contamination). To explain such
negative zircon εHf(t) signatures at 1.8 Ga, it is necessary either that
mantle enrichment took place in the Archean, or, if it happened later,
that Archean crustal material(s) represented the main metasomatic
agent(s).

6.3. A Tectonic model for continent formation and evolution in the WTBC

6.3.1. Nucleation of felsic crust
Only very few zircon crystals yield ages in excess of 3.0 Ga in the

WTBC, whether detrital crystals from clastic sediments in the green-
stone belts (3 out of 131 grains; Bergh et al., 2007; Myhre et al., 2011)
or xenocrysts in granitoids (1 grain in our dataset and none in that of
Myhre et al., 2013). This paucity suggests that no significant felsic crust
existed prior to 3 Ga in the area. However, the oldest granitoid rock
identified so far in the WTBC, i.e. qz-diorite sample KV-15 (2.96 Ga),
has negative zircon εHf(t) (ca. −4; Fig. 7) corresponding to the re-
working of a significantly older crust. In fact, it belongs to a group of
3.2–2.7 Ga-old Archean gneisses of the Karelian province that show
zircon Hf isotopic compositions consistent with reworking of 3.8 to
3.6 Ga-old mafic crust (Fig. 7) and that consistently contain zircon xe-
nocrysts with crystallization ages up to 3.7 Ga (Lauri et al., 2011). Si-
milar trends pointing to crust extraction ages of 3.7 to 4.5 Ga and slopes
corresponding to 176Lu/177Hf ratios of mafic rocks (ca. 0.02–0.03) were
already documented in several Archean cratons worldwide and inter-
preted as long-lived, closed-system reworking of a dominantly basaltic
protocrust (Kemp et al., 2009, 2010; Næraa et al., 2012; Nebel-
Jacobsen et al., 2010; Thomas et al., 2016; Zeh et al., 2014).

The 2.92–2.83 Ga TTGs represent the main event of felsic crust
formation in the NE segment of the WTBC (Fig. 8). Those rocks have
positive zircon εHf(t) (+2 to +3), unchanged throughout the 90Ma
range of emplacement ages (Table 2; Fig. 7) and partly overlapping,
within uncertainties, that of the depleted mantle underneath Fennos-
candia as represented by the ca. 2.84 Ga Kostomuksha komatiites
(εHf(t) =+4.9; Blichert-Toft and Puchtel, 2010) (Fig. 7). This range
requires that a short time (maximum 100–150Ma) was elapsed be-
tween massive extraction of mafic crust from the convective mantle and
its transformation into a TTG-dominated, felsic crust. On the other
hand, the TTGs show a continuous trend of increasing melting depths
from ≤30 km at>2.9 Ga, to 30–45 km at 2.89–2.87 Ga and up to
45–60 km at 2.86–2.83 Ga (see Section 6.2.1 and Fig. 12). Both lines of
evidence entail that the TTGs were formed in response to progressive
thickening of a young mafic crust.

This could have taken place through either repeated melting at the
base of a thickening mafic plateau, developed above a long-lived mantle
upwelling or plume (e.g. Bédard, 2006, 2018; Smithies et al., 2009; van
Kranendonk et al., 2015), or tectonic stacking of slivers of recently
formed mafic crust (e.g. de Wit, 1998; Hiess et al., 2009; Nutman et al.,
2015; Sizova et al., 2010). Both models are not mutually exclusive,
since tectonic imbrication is likely to initiate at the margins of a
buoyant mafic plateau (Nair and Chacko, 2008). Regardless of the
thickening mechanism, phase equilibria modelling indicate that if the
thickness of the mafic crust exceeds ca. 45 km, the lowermost part be-
comes denser than the underlying mantle, hence gravitationally un-
stable (Johnson et al., 2013). Delamination of the lower crust would

Fig. 14. Multi-element diagrams (concentrations normalized to primitive
mantle values; McDonough and Sun, 1995) showing the results of trace element
modelling focused on the origin of the WTBC Paleoproterozoic granitoids. (a)
Composition of the source of the monzo-/syenogranites (gray field), calculated
using the average composition of the monzo-/syenogranites as that of the li-
quid; liquid and mineral proportions based on the experiments of Sisson et al.
(2005) at 800–850 °C; and a range of partition coefficients for felsic to inter-
mediate melts (Laurent et al., 2013). The average compositions of the WTBC qz-
monzonites-monzodiorites and qz-diorites are also shown. (b) Composition of
the parent magma of the qz-monzonites-monzodiorites (gray field), calculated
using the average composition of the qz-monzonites-monzodiorites as that of
the liquid; liquid and mineral proportions based either on the experiments of
Sisson et al. (2005) at 950–975 °C, or using a mineral assemblage dominated by
Cpx as postulated for the liquid line of descent of the TIB mafic rocks (Rutanen
and Andersson, 2009); and a range of partition for intermediate to mafic melts
(Laurent et al., 2013). The composition of the primitive mafic rocks of the TIB
correspond to samples with SiO2∼ 50wt% and Mg# ≥0.7 (Rutanen and
Andersson, 2009). For both models, the results obtained using the different sets
of parameters used (partition coefficients; mineral assemblage; differentiation
process) are pooled together to yield a range of possible source/parental
compositions.
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result in extensive melting of mafic material at great depths, explaining
the formation of high-pressure TTGs (Bédard, 2006; Zegers and van
Keken, 2001). This would adequately explain the flare-up of
2.86–2.83 Ga TTGs formed at ≥45 km in the WTBC, as indicated by the
cluster of emplacement ages (Fig. 8) and abundant detrital zircon dates
in this timespan (Bergh et al., 2007; Myhre et al., 2011).

We therefore propose that the nucleation of felsic continental crust
in the WTBC occurred as a two-step scenario (Fig. 15a).

(1) Between 3.00 and 2.92 Ga, incipient formation of a mafic plateau
on ancient mafic protocrust took place above a mantle upwelling.
Heat conduction and advection by mantle-derived basalt would
trigger shallow melting of both the protocrust, forming qz-dioritic
magmas with low-pressure TTG affinities and strongly negative
zircon εHf(t), and recently emplaced mafic rocks, forming the ear-
liest, ca. 2.92 Ga low-pressure TTGs with positive zircon εHf(t).

(2) Between 2.92 and 2.83 Ga, the juvenile plateau crust was magma-
tically and/or tectonically thickened, until reaching a thickness of
ca. 45 km (at 2.86–2.83 Ga) that triggered lower crustal delamina-
tion, melting and generation of massive volumes of medium-/high-
pressure TTGs. Concurrently, continued shallow melting con-
tributed to form minor, low-pressure TTGs (e.g. sample KV-31).

6.3.2. Lateral growth of the proto-craton
In the WTBC, the 2.74–2.67 Ga period is marked by (i) a clear shift

of magmatic activity from the NE to the SW segment; and (ii) a change
from TTG-dominated magmatism to sanukitoid-like magmatism (see
Section 6.2.2 and Fig. 8). The peculiar petrogenesis of sanukitoids re-
quires the burial of supracrustal material (basalts, sediments) at suffi-
cient depth to extensively interact with mantle peridotite (Laurent
et al., 2014), implying subduction-like processes. The hotter Archean
mantle temperature (Herzberg et al., 2010) precludes that “modern”

Fig. 15. Geodynamic model. Sketches to the left of the figure are schematic cross sections showing the three main phases of the proposed model of continent
formation and stabilization in the WTBC. (a) Phase of felsic crust nucleation in an “intraplate” plateau-like setting forming the TTG-dominated crust of the NE
terrane; the left sketch indicates the incipient plateau stage at 3.00–2.92 Ga above a mantle upwelling (OUZO, “overturn upwelling zones” after Bédard, 2018),
whereas the right sketch depicts the 2.86–2.83 Ga delamination event following rapid thickening. (b) Phase of lateral growth of the proto-craton at 2.75–2.67 Ga, by
lateral drifting of the proto-craton. This induces passive, proto-subduction at its leading edge, forming the sanukitoid-dominated crust of the SW segment;
SCLM= sub-continental lithospheric mantle, comprising refractory mantle and mafic residues after the formation of TTGs. (c) Phase of post-collisional, lithospheric
reworking responsible for the 1.80–1.75 Ga TIB magmatism, here explained by delamination (and melting) of the mafic-intermediate lower crust and mantle
lithosphere, following over-thickening during the previous Svecofennian (2.0–1.8 Ga) accretionary processes. NE-K=northeast Kvaløya; SW-K= southwest Kvaloya;
KSZ=Kvalsund Shear Zone; LVP= Lofoten-Vesterålen Province; R=Ringvassoya; S= Senja; V=Vanna. The right part of the figure shows a timeline indicating
the age and duration of each stage in selected cratonic domains (not necessarily corresponding to the exact same tectonic situation as in the WTBC, but to the same
main continent formation event), including the Pilbara craton (Smithies et al., 2009; van Kranendonk et al., 2007; Wiemer et al., 2018) and adjacent Capricorn
Orogeny (Cawood and Tyler, 2004), the Kaapvaal craton (Hoffmann et al., 2016; Kröner et al., 2016; Moyen et al., 2007) and adjacent Limpopo Orogeny (Laurent
and Zeh, 2015; Vezinet et al., 2018), and the Slave craton (Davis et al., 2003; Reimnik et al., 2014, 2016). In (c), the shaded color indicates the timing of accretionary
processes pre-dating the main, post-collisional magmatic event.
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subduction, i.e. foundering of cold, rigid lithospheric slabs coherent
over 100’s-1000’s of kilometers, was a viable process in the early Earth
(Fischer and Gerya, 2016; Gerya, 2014; Sizova et al., 2010; van Hunen
and van den Berg, 2008). Nonetheless, intermittent subduction, char-
acterized by frequent breakoff and “dripping” of basaltic rafts into the
mantle, would have been possible (Fischer and Gerya, 2016; Moyen and
van Hunen, 2012; Sizova et al., 2010). Moreover, slab breakoff re-
presents an adequate trigger for sanukitoid magmatism, gathering the
petrological, geometric and thermal constraints required for their for-
mation (Almeida et al., 2011; Halla et al., 2009; Mikkola et al., 2011;
Whalen et al., 2004).

The initiation of subduction requires the pre-existence of major li-
thological and/or hypsometric discontinuities in the lithosphere and
one or several driving force(s) (Hall, 2018; Stern and Gerya, in press).
In the Archean, subduction could have initiated at the edges of stable
proto-continental nuclei, consisting of TTG crust and a thick, refractory
mantle keel (Nair and Chacko, 2008; van Kranendonk et al., 2007).
However, the unstable nature of Archean subduction would have made
slab pull highly inefficient (Bédard, 2018; Sizova et al., 2015), while it
is considered as the main driving force for plate tectonics in the modern
Earth (Conrad and Lithgow-Bertelloni, 2002; Schellart, 2004; Hall,
2018). To solve this issue, Bédard et al. (2013) proposed that drifting of
the proto-cratons, owing to entrainment of their stiff lithospheric
mantle keel by mantle convection currents, was responsible for passive
tectonic imbrication (“subcretion”) at their leading edges.

In the WTBC, such proto-cratonic nucleus would be represented by
the>2.8 Ga-old NE segment, which was already stabilized at the onset
of the 2.74–2.67 Ga magmatism (Fig. 15b). Drifting of this segment
towards the SW at ca. 2.75 Ga would have initiated subduction of mafic
crust along its SW edge. The resulting proto-continental margin was
characterized by melting of the buried mafic crust and/or sediments
derived from the NE segment, and subsequent reaction of the resulting
magmas (mostly TTGs) with the mantle en-route to the crust, forming
the 2.74–2.71 Ga sanukitoid rocks in SW Kvaløya (Bakkejord complex
and earlier granitoids). Further plate movement propagated the tec-
tonic imbrication to the SW, where no felsic crust existed, resulting in
the stacking of mafic, arc-like crustal blocks. Deep melting of the mafic
“slabs” and subsequent interactions with the mantle explain the genesis
of the juvenile, 2.71–2.67 Ga sanukitoids and related granites in Senja.
Interestingly, in the Karelian Province, sanukitoids emplaced mostly in
the same timespan as in the WTBC (2.74–2.70 Ga) and are distributed
along a rough linear trend (Heilimo et al., 2011; Mikkola et al., 2011).
This trend coincides with the Onega-Malangen Lineament, interpreted
to be in continuity with the Archean segment boundaries of the WTBC
(see Fig. 9 and Section 6.1).

Another possibility would be that the SW segment was formed and
evolved as an independent micro-continent and only accreted to the NE
segment in the Paleoproterozoic, during the Svecofennian orogeny. This
is apparently supported by the presence of 2.0–1.9 Ga greenstone belts
(Astridal, Torsnes and Mjelde-Skorelvvatn belts; Armitage and Bergh,
2005; Bergh et al., 2010, 2015; Myhre et al., 2011) along the inferred
segment boundary (Fig. 9). However, these belts represent small, epi-
continental basins rather than large oceans, given their limited size
(Fig. 1) and lithologies (Myhre et al., 2011). The WTBC also lacks the
ca. 1.95–1.90 Ga arc complexes associated with Svecofennian accretion
observed elsewhere in Fennoscandia (e.g. the Knaften and Savo arcs in
Sweden and Finland; Lahtinen et al., 2008). Moreover, the
2.71–2.67 Ga period is characterized by geological activity and mag-
matism in all domains of the WTBC (Fig. 8). Docking of the Senja arc-
like complexes against the NE segment at that time provides an ade-
quate explanation for the deformation, metamorphism and anatexis
observed in SW Kvaløya, as well as in other zones of pre-existing li-
thospheric weakness of the NE segment, such as the Kvalsund Shear
Zone (Figs. 8 and 15b). Following Bergh et al. (2014) and Myhre et al.
(2013), we therefore favor the hypothesis that the WTBC represented a
coherent, single segment by the end of the Archean.

6.3.3. Lithospheric reworking following Paleoproterozoic accretion
The Paleoproterozoic evolution of Fennoscandia is already well

documented (see Lahtinen et al., 2005, 2008 and references therein);
four main steps can be described.

(1) At ca. 2.5–2.3 Ga, incipient rifting of the continent stabilized by the
end of the Archean; the expression of such rifting in the WTBC
would be the ca. 2.4 Ga Ringvassøya mafic dyke swarm (Kullerud
et al., 2006b).

(2) Rifting of Archean crustal ribbons away from the main cratonic
edge at 2.3–2.0 Ga. In the WTBC, the formation of marginal basins,
represented by the Paleoproterozoic greenstone belts, witnesses this
period (Bergh et al., 2007, 2015; Myhre et al., 2011). These de-
veloped along the former Archean terrane boundaries that re-
present preferential zones of weakness in the lithosphere (see
Fig. 9).

(3) Convergence resulting in long-lived, complex accretionary pro-
cesses along the continental margin of the Archean craton at
1.97–1.81 Ga. This was characterized by the formation of island
arcs and their accretion along the craton margin, together with
micro-continents and intervening sedimentary basins. In the WTBC,
this stage was associated with re-assembly of the two Archean
segments, associated with amphibolite-facies metamorphism and
polyphased deformation in the SW segment and along the former
segment boundary (Armitage and Bergh, 2005; Bergh et al., 2010).

(4) Syn- to post-collisional magmatism. This corresponds to the TIB-0
and TIB-1 plutonism at 1.87–1.75 Ga, followed by anorogenic, in-
tracontinental magmatism at 1.7–1.5 Ga represented by the intru-
sion of pegmatites in the WTBC (Bergh et al., 2015).

In terms of magmatism, the most prominent expression of this
evolution in the WTBC is the emplacement of TIB granitoids
(1.87–1.75 Ga). The formation of the TIB granitoids involves melting of
enriched lithospheric mantle and mafic-intermediate lower crust of
Archean to Svecofennian ancestry, depending on the area (see Section
6.2.3). This complies with delamination of the lower crust and/or li-
thospheric mantle (Korja et al., 1993), which provided a sustainable
heat source (asthenosphere inflow) and the adequate lithologies (de-
laminated lower crust and mantle lithosphere) in a favorable config-
uration for melting. Geophysical data reveal that underneath the TIB,
the high-velocity lower crust is very thin (Korsman et al., 1999; Mjelde
et al., 1993) and the Moho is not as deep (ca. 25–45 km) as in the
Archean and Svecofennian domains (45–50 km) (Korja et al., 1993),
both being consistent with the removal of the lower crust by delami-
nation. Moreover, gravitational instability of the lower crust and mantle
lithosphere would be a natural outcome of the long-lived Svecofennian
accretion, especially along former suture zones that are the locus of
maximum thickening (Lahtinen et al., 2005) and of major contrasts in
the thermo-mechanical structure of colliding lithospheres (Black and
Liégeois, 1993). This entails that delamination of the lower crust and
mantle lithosphere would have preferably occurred below the SW
segment in the WTBC (Fig. 15d), explaining that TIB granitoids are
restricted to SW Kvaløya and Senja.

An event of delamination can be reconciled with either of the two
tectonic settings commonly proposed to explain the origin of the TIB
granitoids. The most popular is an Andean-type margin characterized
by eastward subduction below the western paleo-margin of Baltica (e.g.
Åhäll and Larson, 2000; Nironen, 1997). The alkali-calcic to alkalic,
high-K to shoshonitic affinities of the TIB granitoids (Figs. 4 and 5)
preclude that those are classical arc magmas. Nevertheless, thermo-
mechanical models of mature convergent zones show that the retreat of
the subducting slab following collision could trigger “retro-delamina-
tion” of the lower crust and mantle lithosphere of the overriding plate
(Gray and Pysklywec, 2012). This would adequately explain melting of
both Svecofennian and Archean lower crust and mantle lithosphere, as
well as the formation of orogen-parallel extension zones in a broader
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convergent context, accounting for the nature and spatial distribution
of the TIB granitoids (Åhäll and Larson, 2000). Alternatively, the TIB
would have formed in an intra-cratonic, post-collisional extensional
setting (e.g. Andersson, 1997). One major argument against this model
is that there is no significant older crust west of the TIB (Åhäll and
Larson, 2000). Instead, geological events and model ages get younger
westwards, i.e. from the TIB to the Gothian (1.6–1.5 Ga) and Sveco-
norwegian (1.2–0.9 Ga) domains (Bingen et al., 2008; Roberts and
Slagstad, 2015; Söderlund et al., 2005). However, Lahtinen et al. (2005)
proposed that collision with another proto-craton, presumably Ama-
zonia, took place along the northern margin of newly established
Fennoscandia at ca. 1.82–1.79 Ga (the “Nordic Orogen”); in this sce-
nario, TIB magmatism would have occured during post-orogenic col-
lapse following collision.

6.4. Implications for Precambrian continent formation

A duality of tectonic regimes, featuring crust formation in “in-
traplate”, plateau-like settings and horizontal tectonics leading to ter-
rane accretion along convergent margins, has long been recognized in
the Archean, as highlighted by recent reviews (Bédard, 2018; Moyen
and Laurent, 2018; Smithies et al., 2018 and references therein) and
results of geodynamic modelling (Gerya, 2014; Sizova et al., 2015).
Both processes are well recorded by crustal evolution in the WTBC and,
importantly, occur in succession to each other: nucleation of felsic crust
in a continuously thickening mafic plateau (Fig. 15a) is followed by
lateral growth of this proto-cratonic nucleus, first through “passive”
subduction (Fig. 15b) and later by long-lived accretionary processes
comparable to modern plate tectonics, leading to a final stage of li-
thospheric reworking (Fig. 15c).

A similar scenario has been proposed to explain the formation of
well-documented Archean cratons worldwide, such as the Slave Craton
in Canada (Reimnik et al., 2014, 2016), the Itsaq Gneiss Complex in
Greenland (Hoffmann et al., 2014; Næraa et al., 2012), the Kaapvaal
Craton in Southern Africa (Laurent and Zeh, 2015; Moyen et al., 2007;
Vezinet et al., 2018) and the Pilbara Craton in Australia (Smithies et al.,
2009; van Kranendonk et al., 2007, 2015; Wiemer et al., 2018). Im-
portantly, although the succession of geological events and their re-
spective durations are comparable in all areas, their absolute ages vary
significantly, by up to> 1Ga (Fig. 15). While felsic crust formation by
reworking of a thick mafic plateau was essentially documented from
Eo-/Paleoarchean domains (4.0–3.3 Ga) so far (Hoffmann et al., 2014;
Næraa et al., 2012; Reimnik et al., 2014; van Kranendonk et al., 2007;
Wiemer et al., 2018), our results on the WTBC suggest that it could
occur as late as the Mesoarchean (3.0–2.8 Ga). Likewise, Bédard (2006)
proposed that similar processes were responsible for the formation of
the 2.9–2.7 Ga Douglas Harbour domain in the Superior Province.

Such intraplate crustal nucleation was therefore taking place while,
at the same time, horizontal tectonic processes were already operating
along the margins of Eo-/Paleoarchean proto-cratons (Fig. 15). This
situation is similar to that predicted by the periodic mantle overturn
model of Bédard (2018), in which the formation of new crust above
“overturn upwelling zones” (OUZOs) occurs simultaneously to the
drifting of earlier-stabilized continental masses. In fact, this style of
global-scale convection, entailing the co-existence of the two tectonic
regimes at the global scale, might have lasted until the Paleoproter-
ozoic. Intraplate processes were for instance proposed as a possible
scenario to explain the formation of juvenile (ca. 2.2–2.1 Ga) domains
of the West African Craton (Block et al., 2016), while typical accre-
tionary orogenic events were already operating along the margins of
other cratons such as Fennoscandia.

The key conclusion of those observations is that the onset of hor-
izontal, i.e. plate-like tectonics, seems to be controlled by the regional
thermo-chemical evolution of the lithosphere, rather than being a
globally synchronous event. Specifically, horizontal movements would
only start to operate once significant volumes of felsic continental crust

and complementary mantle lithosphere were formed and stabilized at a
given place, so that subduction-like processes could occur along their
margins as they drift. At some point of Earth’s history, probably not
earlier than the Mesoproterozoic (Ernst, 2009), the increasing effi-
ciency of subduction processes may have stabilized mantle convection
and the global balance between heat generation and loss. This pre-
vented further mantle overturns and the formation of new continents
above long-lived upwellings, so that crust formation could only take
place during collision of pre-existing continental masses or accretion
along their margins.

7. Conclusions

Coupled geological and petrographic observations, whole-rock
geochemical data and zircon U-Pb/Lu-Hf isotopic data on granitoids of
the WTBC lead to the following key conclusions.

(1) The WTBC granitoids belong to four groups: (i) 2.92–2.83 Ga to-
nalites-trondhjemites of low- to medium-/high pressure TTG affi-
nity; (ii) 2.74–2.67 Ga (qz-)diorites-granodiorites-granites akin to
sanukitoid suites; (iii) 1.87–1.86 Ga and 1.80–1.78 Ga qz-mon-
zonites and monzodiorites; (iv) 1.79–1.75 Ga monzo-/syeno-
granites.

(2) The spatial distribution of granitoid types, ages and zircon Hf iso-
topic data shows that the WTBC features two Archean lithotectonic
segments: (i) a NE segment (Vanna-Ringvassøya-NE Kvaløya) con-
sisting of the 2.92–2.83 Ga TTGs; and (ii) a SW segment (Senja)
dominated by the 2.71–2.67 Ga, sanukitoid-like (qz-)diorites-gran-
odiorites-granites. The domain in-between (SW Kvaløya;
2.74–2.69 Ga sanukitoids and granites with minor 2.96 Ga rem-
nants) corresponds either to reworking of the NE segment or a
third, intervening micro-segment.

(3) The TTGs of the NE segment formed by melting of young mafic
crust (zircon εHf(t) of +2 to +3) at increasing depths with time
(< 30 km at 2.92 GPa; 45 km at 2.89–2.86 Ga; up to 45–60 km at
2.85–2.83 Ga), as traced by pressure-sentitive trace element
proxies. In contrast, the sanukitoids and granites of the SW segment
ultimately result from interactions between mantle peridotite and
TTGs. Their positive zircon εHf(t) (+1 to+2) preclude that the NE
segment TTGs played a role in their origin, except in SW Kvaløya
(εHf(t) of −1).

(4) The 1.87–1.75 Ga qz-monzonites-monzodiorites and monzo-/sye-
nogranites belong to the Transscandinavian Igneous Belt (TIB). The
former derive from fractionation of enriched mantle-derived mafic
magmas while the latter stem from mafic-intermediate, lower
crustal sources. The strongly negative zircon εHf(t) (−7 to −13) of
these rocks hint that both sources involve large proportions of
Archean material, in contrast with other (largely juvenile) TIB
granitoids.

(5) Our observations are best explained by the following tectonic sce-
nario: (i) stabilization of the NE segment as a 3.0–2.8 Ga proto-
cratonic nucleus, by repeated melting of a continuously thickening
mafic plateau; (ii) drifting of this proto-craton at 2.75–2.65 Ga,
leading to “passive” subduction at its leading edge and formation of
the SW segment as a stack of arc-like crustal slivers; (iii) long-lived
accretionary processes during the Svecofennian orogeny
(1.97–1.81 Ga), leading to over-thickening and eventually delami-
nation of the Archean lower crust and mantle lithosphere to form
the 1.87–1.75 Ga granitoids.

(6) A similar evolution from intraplate continental nucleation, to proto-
subduction and finally, accretionary processes has been recorded in
other cratonic domains worldwide, yet at very different times, the
transition from intraplate to horizontal tectonics ranging in age
from Paleoarchean to Paleoproterozoic. This shows that the initia-
tion of plate tectonics is strongly dependent on the regional evo-
lution of the lithosphere.
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