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Palaeoproterozoic fold-thrust belt structures and steep, lateral shear zones characterize the foreland deformation
of Neoarchaean basement tonalites in Vanna, West Troms Basement Complex, northern Norway. Low-grade par-
autochthonous and allochthonous cover units (2.4-2.2. Ga) with sandstones and calcareous metapelites exist in
separate areas of the foreland. They were formed as intracontinental rift- and/or deltaic shelf deposits, and
subsequently intruded by a diorite sill at c. 2.2 Ga. The basement and cover units were folded and inverted along
low-angle thrusts and steep reverse faults during two late/post Svecofennian (1.77-1.63 Ga) orthogonal short-
ening events (D;-D2). The D; event involved NE-SW shortening, folding, ENE-directed thrusting, and dextral
lateral shearing, controlled by pre-existing, N-S striking mafic dykes (c. 2.4 Ga) and basin-bounding normal
faults. The Dy event involved SE vergent nappe translation, flat-ramp thrust propagation in a frontal duplex
above a basement-seated detachment, and sinistral lateral reactivation in a partitioned orogen-parallel, trans-
pressive setting. Hydrothermal fluid circulation affected all the shear zones. New aeromagnetic data show the
basement-involved fold-thrust belt architecture well. The orthogonal Vanna Island fold-thrust belt styles of
deformation resemble other inverted rift-basin deposits in northern Fennoscandia, deformed during the Sveco-
fennian Orogeny (1.92-1.79 Ga), Alta-Kautokeino and Karasjok greenstone belts in northern Norway, Central
Lapland, Perapohja, Kittila and Kuusamo belts of Finland, and in the Norrbotten province of Sweden. Westward
younging of the orogenic events explain the younger age span of deformation on Vanna Island.

1. Introduction

Foreland fold-thrust belts are the most common way to accommo-
date crustal shortening in frontal parts of orogens. Such belts are
worldwide distributed, typically involve basement rocks and overlying
sedimentary cover rocks deposited in rift- and/or shelf basins of former
continental margins, and have formed in time span from the Archaean to
present (Poblet and Lisle, 2011). Pre-existing basin geometries and
zones of weakness in the crust, e.g., bounding extensional faults, may
control the geometry, structural style, and evolution of a fold-thrust belt
during basin inversion (e.g. Gillcrist et al., 1987; Bond and McClay,
1995; Corfield et al., 1996; Butler et al., 2018), whether the deformation
is thin- or thick skinned (Butler et al., 2006), and/or if deformation

occurred along mechanically weak detachment zones (Homberg et al.,
2002). In a metallogenetic perspective, large-scale basement-seated
ductile shear zones may act as conduits for deep crustal fluids that are
important for forming ore-deposits (Cox, 2005; Bauer et al., 2014). Thus,
the study of basement cover relationships in foreland fold-thrust belts is
fundamental to resolving the ore potential in such settings. The study of
Archaean and Proterozoic fold-thrust belts, however, is hindered by the
low preservation potential, since commonly only the deeply eroded core
parts remain.

The interior parts of the Fennoscandian Shield (northern Finland and
Sweden) are a good example where the boundary conditions between
Archaean and Palaeoproterozoic rocks and fold-thrust belt architectures
are deeply eroded and hence field and geophysical studies addressing
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the basement-cover linkages are few (e.g. Piippo et al., 2019; Lahtinen
and Koykka, 2020). By contrast, basement provinces on the northwest
margin of the Fennoscandian shield in northern Norway expose many
low-metamorphic grade sections of fold-thrust belts (cf. Bergh et al.,
2010, 2015), and admit perhaps a more detailed image of upper crustal
architectures and control on mineralization than most studies in the
Fennoscandian Shield can achieve. The West Troms Basement Complex
(WTBC) is contiguous with the Fennoscandian shield but situated west
of the Palaeozoic Scandinavian Caledonides (Fig. 1; Gorbatschev and
Bogdanova, 1993; Holtta et al., 2008; Lahtinen et al., 2005, 2009, 2015).
This province allows regional-scale studies of a presumed late-/post
Svecofennian and/or early Gothian (1.77-1.63 Ga) accretionary orogen
and its long-lasting tectono-magmatic history (Bergh et al., 2010, 2015).

The WTBC hosts Neoarchaean and Palaeoproterozoic basement tonal-

ities and gneisses preserved in a mid- to upper crustal transect (Fig. 2;

Bergh et al., 2010; Myhre et al., 2013; Laurent et al., 2019). The upper

crustal portion of this transect is exposed in the northeast (Vanna Is-
land), comprising a foreland basement-involved fold-thrust belt system
with inverted Palaeoproterozoic metasedimentary sequences (Figs. 2,
3).

This paper introduces new data on pre-orogenic extensional basins
(2.4-2.2 Ga) and late/post Svecofennian compressional and strike-slip
structures (1.77-1.63 Ga) and discusses the evolution of the Vanna Is-
land fold-thrust belt using field data and aero-magnetic susceptibility
data (Nasuti et al., 2015; Sandstad, 2015). We focus on the Neoarchaean
basement rocks and several overlying Palaeoproterozoic cover/basin
sequences, now preserved as par-autochtonous and allochthonous units.
To resolve the basin architectures and depositional regime, we
compared and correlated the internal stratigraphy and depositional
history of the previously described par-autochthonous Vanna Group
(Bergh et al., 2007) with selected new areas of the Vanna foreland, at
Larstangen-Myra in the southeast (Figs. 3, 4), and at Hamre-
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Kvalvégklubben in the west (Fig. 3). In addition, we describe the
Svartbergan Nappe, a recently uncovered > 500 m thick allochthonous
series of steeply tilted quartzites and metapelites below the Skipsfjord
Nappe and above a major frontal ductile thrust system (Fig. 3). We then
characterised the fold-thrust belt style deformation in the different areas
and linked them to map-scale fold patterns and basement-seated
deformation zones, and further evaluated if the resulting orogenic
structures were linked to inherited basement discontinuities. The data
show that the basement and individual cover units responded to inver-
sion by two-stage (D;-D2), orthogonal crustal shortening and lateral
shearing events. We further argue that the extent and geometry of the
pre-existing basin units, their boundary normal faults, and an associated
2.4 Ga dyke swarm (Kullerud et al., 2006), may have controlled inver-
sion that resulted in folding and thrust propagation above basement-
seated detachments, as well as hydrothermal alteration and quartz-
carbonate precipitation in thrusts and strike-slip shear zones (Paulsen,
2019). Finally, we compare the foreland structural pattern of Vanna
Island with hinterland structures farther southwest in the WTBC, and

address links to inverted fold-thrust belt settings elsewhere in the Fen-
noscandian Shield.

2. Geological setting
2.1. Regional framework

The northern Fennoscandian Shield evolved through multiple
Archaean (2.7-2.6 Ga) and Palaeoproterozoic rifting (2.5-1.9 Ga) and
collisional orogenic events, such as the Lapland-Kola (1.94-1.86 Ga),
Svecofennian (1.92-1.79 Ga), and Gothian (c.1.6 Ga) orogenies,
resulting in the amalgamation of an Archaean nuclei in the northeast
and widespread Palaeoproterozoic accretionary growth towards the
southwest (e.g. Karki et al., 1993; Nironen, 1997; Lahtinen et al., 2005;
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Fig. 1. Regional geological map of the northern Fennoscandian Shield based on Koistinen et al., (2001), Olesen et al

al., (2002), Eilu et al., (2008) and Bergh et al

(2010). Basement provinces include the West Troms Basement Complex (outlined by the black frame; Fig. 2) and the Lofoten-Vesteralen area to the west of the
Caledonian Orogenic belt, Repparfjord, and Alta-Kveenangen supracrustal units in tectonic windows, and the Karasjok, Kautokeino and Central Lapland greenstone
belts, Perapohja Schist Belt, Kuusamo Belt and Norrbotten Province east of the Caledonides. Note a general N-S to NW-SE trend of Palaeoproterozoic supracrustal

belts and major ductile shear zones.
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Fig. 2. Geologic-tectonic map and cross-section of the West Troms Basement Complex (modified after Kullerud et al., 2006; Bergh et al., 2007, 2010). Vanna Island is

in the northern part of the complex and is outlined with a black frame (Fig. 3).

Daly et al., 2006; Ahall and Connelly, 2008). In the northeast (Fig. 1),
Archaean basement gneisses are overlain by Palaeoproterozoic volcano-
sedimentary shelf and rift-basin deposits formed during a period of
major crustal extension (Lahtinen et al., 2008; Bingen et al., 2015;
Lahtinen and Koykka, 2020). Rifting initiated by c. 2.45 Ga mafic in-
trusions (Huhma et al., 2018), followed by break-up at c. 2.1 Ga (Bingen
et al., 2015) of e.g. the Karelian and Norrbotten cratons (Fig. 1), with
formation of rift-basins and internal shelf- and passive margin basins
with thick greywacke and turbiditic deposits (Bingen et al., 2015; Lah-
tinen and Koykka, 2020). During the Lapland-Kola and Svecofennian
orogenies the basins in between the Karelian and Norrbotten blocks

closed by arc-accretion, subduction, and continent-continent collision
(Gaal and Gorbatschev, 1987; Nironen, 1997; Korsman et al., 1997;
Cagnard et al., 2007; Lahtinen et al., 2008, 2009). Foreland fold-thrust
belts formed in the Central Lapland and Kuusamo belts at age frames
between c. 1.93-1.91 Ga (Daly et al., 2006; Lahtinen and Koykka, 2020),
at c. 1.88-1.87 Ga in the Kiruna area (Piippo et al., 2019; Andersson
et al., 2020), and post-1.8 Ga due to shortening in back-arc related
volcanic rocks (Lahtinen et al., 2018).

Archaean and Palaeoproterozoic basement-cover rocks also exist in
tectonic windows and northwest of the Palaeozoic Scandinavian Cale-
donides in northern Norway (Fig. 1). Examples are the Alta- Kautokeino
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and Karasjok greenstone belts in Finnmark (Fig. 1), correlative with the
Central Lapland and Norrbotten provinces in Finland and northern
Sweden (Braathen and Davidsen, 2000; Hanski and Huhma, 2005;
Bingen et al., 2015; Melezhik et al., 2015b). The WTBC and corre-
sponding Lofoten-Vesterdlen plutonic suite crop out southwest of the
Caledonides (Griffin et al., 1978; Corfu, 2004, 2007), but are interpreted
as a part of the Fennoscandian Shield (Bergh et al., 2010, 2012; Hen-
derson et al., 2015; Skytta et al., 2020). The oldest rocks in the WTBC are
Meso- and Neoarchaean tonalitic, granitoid and dioritic (TTG) gneisses
and migmatites (2.9-2.6 Ga; Bergh et al., 2010; Myhre et al., 2013;
Laurent et al., 2019), deformed during Neoarchaean orogenies (2.8-2.6
Ga; Myhre et al., 2013), and spatially separated by lens-shaped ductile
shear zones (Bergh et al., 2010). Later, an extensive mafic dyke swarm
dated at c. 2.4 Ga intruded the basement gneisses (Kullerud et al., 2006),
and sedimentary cover units were deposited on top of the gneisses
(Armitage and Bergh, 2005; Bergh et al., 2010). Depositional ages span
from c. 2.7 Ga for the Ringvassgya greenstone belt (Zwaan, 1989;
Motuza, 2000), via a 2.4-2.2 Ga age for the low-grade Vanna Group (this
work) (Bergh et al., 2007), to > 1.9 Ga for the Torsnes supracrustal rocks
(Myhre, 2011). Granitoid and mafic plutonic rocks (c. 1.8 Ga) formed in
central and southern parts of the WTBC (Fig. 2; Corfu et al., 2003; Bergh
et al., 2010; Laurent et al., 2019) synchronous with plutonic rocks in
Lofoten and Vesterdlen (Corfu, 2004). These arc-related plutonic rocks
marked the onset of a major orogenic event in the WTBC, with a
tentative age span of 1.77-1.63 Ga (Corfu et al., 2003; Bergh et al.,
2015), reflecting the late/post-stages of the Svecofennian orogeny, or
the Gothian orogeny, as defined in Fennoscandia (Lahtinen et al., 2008).

This orogenic deformation affected the entire WTBC by an early NE-
SW shortening event, dated at c. 1.77-1.75 Ga in the Senja shear belt
(Bergh et al., 2015), where characteristic deformation structures include
recumbent folds, a main foliation and SW- and NE-dipping thrusts, and
subsequent coaxial, NW-SE-trending upright macroscopic folds (Bergh
et al., 2010). During a later partitioned transpressional event at c.
1.75-1.63 Ga (Bergh et al., 2015) NW-SE trending subvertical folds and
steep, orogen-oblique (N-S) strike-slip shear zones formed in the Senja
Shear Belt, whereas SE-directed (orogen-parallel) thrusts and NW-SE
trending lateral shear zones formed on Vanna Island, within the north-
eastern part of the WTBC (this work; Fig. 2; Bergh et al., 2007, 2010).
Peak metamorphism reached high- and medium grade in the Lofoten-
Vesteralen and Senja parts of the transect (Fig. 1) during the early event,
whereas low-grade conditions characterized the later events in Vanna
Island. The data imply that the transect (Fig. 2) evolved from an arc-
magmatic hinterland with subduction toward the SW (deep crust) in
the southwest, to the studied foreland fold-thrust belt system (upper
crust) in the northeast on Vanna Island (Bergh et al., 2010).

2.2. Vanna foreland

The foreland part of the WTBC on Vanna Island (Fig. 2) exposes
Neoarchaean tonalitic basement (c. 2.9 Ga) intruded by inferred 2.4 Ga
mafic dykes (Kullerud et al., 2006), and overlying, low-grade meta-
sedimentary cover sequences (Fig. 3; Binns et al., 1980; Johansen, 1987;
Bergh et al., 2007). Previously studied cover units (Fig. 3) are the low-
grade, par-autochtonous Vanna Group overlying basement tonalites at
Vikan in the southeast (Binns et al., 1980; Bergh et al., 2007), and
dismembered units in allochthonous basement rocks of the Skipsfjord
Nappe in the northwest (Opheim and Andresen, 1989). In addition,
unexplored, par-autochtonous sedimentary units exist in the west at
Hamre and Kvalvégklubben and as allochthonous units at Svartbergan
in the east (Fig. 3, this work). Comparison of the internal stratigraphy
and sedimentary characteristics, and basement-cover contacts of these
cover units with those at Vikan is critical when trying to restore the
overall basin architectures.

The low-grade metasedimentary Vanna Group unconformably
overlies Neoarchaean tonalites along a steep, folded basement-cover
contact (Fig. 4). The Vanna Group starts with a 20 cm thick basal
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conglomerate (Bergh et al., 2007), followed by a c. 70 m thick sequence
of arkosic sandstones (Tinnvatn Formation) with well-sorted rhythmic
lamination and channel structures indicating shallow marine, high-
energy deltaic or tidal, shore-face deposits (Binns et al., 1980; Bergh
et al., 2007). Palaeocurrent data yielded transport directions of deltaic
streams along NNE-SSW and NNW-SSE trending axes, or presumed
coastlines (Johannessen, 2012). The Tinnvatn Formation is overlain by a
c. 100 m thick calcareous mud- and siltstone sequence (Bukkheia For-
mation) displaying ripple and mud cracks indicating tidal marine
deposition (Binns et al., 1980). In its uppermost part, this formation is
intruded by a diorite sill dated at 2221 + 3 Ma (Bergh et al., 2007),
which is a minimum age for the Vanna Group rocks, whereas a 2.4 Ga
mafic dyke swarm in the underlying basement rocks does not penetrate
the cover contact, thus yield a maximum age for the Vanna Group. These
ages revoked a previously interpreted Neoproterozoic depositional age
(Binns et al., 1980). Detrital zircon ages in the Tinnvatn Formation
(Bergh et al., 2007) indicate a provenance (2.9-2.7 Ga) from the adja-
cent Neoarchaean basement tonalites (Fig. 3). Structurally, the entire
Vanna Group and diorite sill at Vikan are folded by major SE-verging,
asymmetric folds with associated NW-dipping axial-planar foliation
and thrust faults (Fig. 4a, b). Ductile thrusts repeat the stratigraphy of
the Bukkheia mudstones and define the contact to the Tinnvatn For-
mation. In addition, younger subvertical folds refolded the tilted meta-
sandstone beds, creating a set of steep W-E striking sinistral strike-slip
shear zones (Fig. 4c).

The Skipsfjord Nappe in the north-central part of Vanna Island
(Fig. 3) is an allochthonous thrust nappe with several larger sheets of
mylonitized tonalitic basement gneisses and lenses of metasedimentary
and mafic intrusive rocks (Opheim and Andresen, 1989). The meta-
sedimentary sequence is < 100 m thick and has tectonized contacts. It is
more highly strained than other cover units on Vanna Island, although
the metamorphic grade never exceeded greenschist facies. Opheim and
Andresen (1989) divided the sequence into a lower unit of metasand-
stones and an upper unit of calcareous metapelites and siltstones, thus
indicating a similar build-up as for the Vanna Group. The main tectonic
feature of the Skipsfjord Nappe rocks is a gently NW-dipping mylonitic
foliation, which is locally irregular due to the presence of less deformed,
foliation-parallel tonalite lenses, mafic intrusive sills, and numerous
secondary carbonate and quartz veins.

The southern contact of the Skipsfjord Nappe is constrained to a
major frontal ductile thrust system below the Svartbergan Nappe, a >
500 m thick allochthonous series of steeply tilted quartzites and meta-
pelites (Fig. 3). The northern boundary of the Skipsfjord Nappe is the
Permian-aged Vannareid-Burgysund fault (Davids et al., 2013), which
down-faulted the nappe > 3 km to the south (Opheim and Andresen,
1989). This brittle fault comprises widespread Cu-Zn bearing hydro-
thermal quartz-carbonate deposits thought to be controlled by the un-
derlying basement-structures along the contact (Paulsen et al., 2020).

3. Methods and data

The present study builds on previous published data (e.g. Binns et al.,
1980; Opheim and Andresen, 1989; Bergh et al., 2007) and new regional
field and structural data collected. These new field data include the work
of three master students that also contributed to this study (Karlsen,
2019; Kolsum, 2019; Rgnningen, 2019). Detailed geological maps were
compiled from four key areas on Vanna Island (Fig. 3) including: (i) the
par-autochtonous Vanna Group at Larstangen and Myra in the south-
eastern foreland, (ii) the western foreland at Hamre and Kvalvégklubben
(for comparison with the Vanna Group), and (iii) allochthonous base-
ment and cover units of the Svartbergan Nappe in north-central Vanna
Island. Litho-stratigraphic columns and sedimentological data were
gathered from each of the areas as basis for correlation of the cover
units.

Detailed structural mapping and analysis were conducted in all the
mentioned key areas, both in basement tonalites, par-autochthonous
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and allochthonous sedimentary cover rocks, and along their contacts.
We address relations of bedding and foliation data, macro- and meso-
scale folds, ductile shear zones, and kinematic characters, and relative
timing of cross-cutting fabrics. The term ‘foliation’ is used for the main
planar fabric of the bedrocks, formed as different generations of fold
axial-planar and subsidiary planar fabrics in the southeastern foreland
area (D3), western foreland areas (D;), and in the Skipsfjord Nappe rocks
(Do), respectively. Stretching and mineral lineations generally overlap in
orientation and are associated with ductile shear zones, and thus, both
are considered a result of ductile shearing (D; or Dy). Notably, we
evaluated if orogenic structures in the cover units were linked to
inherited basement discontinuities, pre-existing extensional faults,
intrusive mafic dykes, and/or basement-seated detachments. The new
structural data (> 1000 readings) were integrated between the studied
areas to link a prevalent pattern of basement and cover structures into a
wider framework. The results allowed us to argue for the two-phased
orthogonal (D;-Dy) basement-involved fold-thrust belt deformation,
and to discuss the controlling effect of basement structures, mafic dykes,
and basin-boundary normal faults on inversion of the cover sequences.
Reprocessed magnetic data (Rodionov and Ofstad, 2012; Nasuti
et al., 2015; Sandstad, 2015) were used to test our field data and resolve
the foreland structural architecture of Vanna Island. We interpreted data
sets converted to total magnetic and tilt derivative fields using the
methods of Henkel (1991), then referenced all previous bedrock geology
knowledge, and validated the interpretations. In particular, the mag-
netic data were useful to interpret the structural fabrics in basement
tonalites in areas with steep topography and Quaternary overburden.

4. Results
4.1. Components of the southeastern foreland units (Vanna Group)

The Vanna Group and its relation to diorite sills and fold-thrust belt
structures is previously described at Vikan and Skippervika (Fig. 4a-c;
Bergh et al., 2007). Data from Larstangen show that bedding in Bukkheia
Formation metapelites is conformable with the intrusive diorite contacts
(Fig. 4d) and a strong mylonitic foliation dipping moderately to the
WNW (Fig. 4e), and with stretched calcareous clasts plunging NW to
WNW (Fig. 4e, 5a, b). Bedding in mudstones at Myra is folded by E-W
trending isoclinal folds with a main axial-planar mylonitic foliation,
then refolded coaxially, by tight upright E-W trending folds with
stretching lineations parallel to fold axes (Fig. 4f, 5¢). Gently northwest-
dipping thrust zones with stretched clasts are also folded by the later
upright folds (Fig. 5b), and new, NNW-SSE striking mylonitic lateral
(strike-slip) shear zones are developed along the steep axial surface of
such folds (Fig. 4g).

The massive diorite sill at Myra is folded together with the meta-
pelites and accommodated ductile shearing along the diorite-sediment
contact and inside the diorite itself (Fig. 4). The contact is marked by
a 5-10 m thick zone of mylonitized mudstones and calcareous mafic
schists. A similar, but thicker (c.20 m) high-strain zone in the diorite
contains an irregular NW-dipping mylonitic foliation wrapped around
sigmoidal lenses of massive diorite (Fig. 5d), and with dip-slip stretching
lineations plunging NW (Fig. 4h). This shear zone formed along the
axial-surfaces of asymmetric, SE-verging folds in mega-lenses (> 5 m
thick) of metasandstones (Fig. 5e), interpreted as xenoliths in the dio-
rite, thus demonstrating SE-vergent folding and thrusting. Presence of
hydrothermal carbonate and quartz-rich veins, sulphides, and secondary
epidote, chlorite, and adularia in all the diorite-internal thrust and steep
lateral shear zones (e.g. Fig. 5f) indicate widespread hydrothermal fluid
circulation synchronous with the fold-thrust deformation.

4.2. Components of the western foreland cover units

Metasedimentary cover sequences are also present on the western
side of Vanna Island, between Hamre and Kvalvégklubben (Fig. 3),
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bounded in the north by the Skipsfjord Nappe and in the east partly by
the steeply west-dipping Olkeeidet shear zone. Detailed mapping
(Figs. 6, 7) shows a basal metasandstone series (< 200 m thick) dipping
moderately SW (Fig. 8a, b), and a conformably overlying upper series of
metapelites with embedded diorite lenses/sills > 100 m thick. Cross-
beds in the metasandstones (Fig. 8c) indicate the strata are right-way-
up. The transition to the conformably overlying metapelites is a pecu-
liar, calcareous breccia (c. 50 m thick) with angular fragments of
mudstone embedded in a calcite-dolomite matrix (Fig. 8d), used as a
tectono-stratigraphic marker. Stratigraphic-internal thickness changes
are hard to detect due to rather complex deformation (see below), but an
increase in thickness of the metasandstones eastward toward the
boundary fault is apparent (Fig. 6).

Structurally, the entire metasedimentary sequence strikes c. N-S in
the south and becomes gradually folded around an ENE-WSW trending
axial trace in the north (Figs. 6, 7, and stereonets) near the NW-dipping
frontal thrust sheets of the Skipsfjord Nappe (Fig. 6; cross-section A-A’,
8a). When present, primary bedding is steep E- or W-dipping (Fig. 9a)
possibly as part of an asymmetric, ENE-vergent fold limb (D,), e.g., at
Kvalen (Fig. 7). In petapelites, however, primary bedding is mostly
obliterated by a gently WSW-dipping penetrative foliation (D) (Fig. 9a).
This main foliation is axial-planar to tight isoclinal, ENE-verging folds
(Fig. 9b) and also parallel to thrusts (D;) with a moderate dip to the
WSW (Figs. 6, 7; stereonets). An example is a ductile thrust in the
metapelites at Finneset that emplaces strata ENE-wards on top of steeply
tilted metasandstone beds (Fig. 9¢). This thrust zone comprises metre-
thick quartz-carbonate breccias tightly folded and transposed into the
shear zone foliation (Fig. 9d). Shear-zone internal contractional du-
plexes, sigmoidal lenses, and stretching lineations (Fig. 9e) yield mostly
top-to-ENE movement. Some scatter is observed for stretching linea-
tions, indicating oblique dextral thrusting to the NE and NNE (Fig. 7).
Similar WNW-dipping thrust zones and kinematic data exist in the di-
orites (Fig. 9f).

Most mesoscale thrusts and the main foliation in the metapelites are
subparallel to a well-exposed boundary fault east of the metasedi-
mentary sequence (Figs. 6, 7). This boundary fault is a steep to moder-
ately west-dipping ductile shear zone (Olkeeidet shear zone) with
kinematic data indicating dip-slip thrusting to the ENE and dextral
strike-slip movements from drag folding of adjacent strata. Despite its
location adjacent to the metasedimentary units, no kinematic evidence
for normal fault motion is observed in the bounding faults. In the south
(Fig. 7) the Olkeeidet shear zone contains > 30 m thick hydrothermal
quartz-carbonate breccias (Fig. 10a, b), with foliation-parallel carbonate
separated by layers of green muscovite-fuchsite, and numerous quartz
veins (Fig. 10c). Comparable breccias and hydrothermal minerals exist
along strike, and inside shear zones in the metasedimentary units and
diorites (Fig. 10d-f). The steepest shear zones are narrow, localized (< 5
m wide), c¢. N-S trending and mostly strike-parallel to the low-angle
thrusts. Some merge into each other, and display internal mylonitic
fabrics with transposed lenses, subvertical isoclinal folds and asym-
metric lenses, recording both reverse movement to the east and dextral
strike-slip lateral shearing (Fig. 10e, f).

The superimposed folding (D3) of the metasedimentary units is well
demonstrated in the north (Fig. 6), where the N-S trending D; foliation
and the basement-cover contact, are affected by a macroscale tight, SE-
verging and partly overturned anticlinal fold system. NW-dipping thrust
faults (Dy) are also present along the contacts with internal diorite
bodies both in the north (Fig. 6; at Hamreklubben and Svartneset) and in
the south (Fig. 7; at Straumsnes and Storlikollen), accounting for NW-SE
shortening and SE-ward displacement.

4.3. Components of the Svartbergan Nappe
The Svartbergan Nappe defines an allochthonous wedge or mega-

lens tectonically below the Skipsfjord Nappe (Figs. 11, 12), with a
steep NW-dipping thrust contact to the tonalitic basement (Fig. 12c).
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Fig. 5. Outcrop photographs of structures in the southeastern foreland units at Myra and Larstangen (see Fig. 4). a) Mylonitized dark grey diorite at contact with
metasandstones. Note lenses of pale metasandstone parallel with mylonite fabric. b) Rodding of sandstone layers yielding a stretching lineation in metapelites, folded
by E-W trending upright folds. ¢) Metapelites with bedding (stippled lines) folded by tight E-W trending isoclinal folds with an axial-planar mylonitic foliation. This
foliation is refolded by upright E-W trending folds with subvertical axial surface (long stippled lines). d) Internal anastomosing mylonite zones in diorite form around
lenses of massive diorite. Hydrothermal carbonate (pale yellow colour) is common in these zones. e) SE-directed thrusting is indicated by transposed lenses of
metasandstone xenoliths in mylonite zone within diorite body. Note person for scale. f) Hydrothermal quartz, carbonate (white) and adularia (red) associated with
chlorite (dark green), epidote (bright green) and sulphides are common in the diorite sill. Note hammer for scale.

Internally, this nappe unit has minor thrusts and a main foliation (D3)
conformable with steeply dipping beds of alternating quartzitic meta-
sandstone and muscovite-rich schists (Fig. 13a). Intercalated thin sheets
and boudinaged lenses of massive tonalite and granite (Fig. 13b) exist
and may be tectonically transposed remnants of the underlying base-
ment rocks. The main foliation dips moderately to steeply (50-80°) to
the NW (Fig. 12b), locally to the SE, and consists of low-grade muscovite
+ biotite in felsic rocks and amphibole + chlorite + epidote in mafic
rocks. The strong mylonitic fabric of these thrusts strikes parallel to the
axial surface of transposed, isoclinal folds, and also includes a dip-slip
stretching lineation (D») plunging variably NW-SE (Fig. 12b), and
which is perpendicular to meso-scale fold axes.

On a larger scale, the steep NW dip of bedding and foliation in the
Svartbergan Nappe rocks may be due to location on a SE-verging D, fold
limb that is inverted and cut by an overlying thrust (Fig. 12; cross-
section A-A’). Such a fold, however, is not confirmed by the field
studies. On the mesoscale, asymmetric kink folds trending NE-SW and

often displaying opposite SE and NW vergence with conjugate kink
bands and cross-cutting crenulation cleavages (Fig. 13c, d). Such kink
folds are prevalent and fold the steep foliation/layers and enclosed
stretching lineations (Fig. 12b), in contrast to the foliation and stretch-
ing lineations in the Skipsfjord Nappe (Fig. 12a). These kink folds/bands
indicate continued NW-SE directed Dy shortening strain (Fig. 12b)
relative to the tilting and thrusting event.

The upper contact with the Skipsfjord Nappe is a < 20 m thick
transition zone with repeated planar-foliated proto-, ortho-, and ultra-
mylonitic rocks (Fig. 13e), including mylonitic tonalites and quartz-
feldspathic calcareous schists. A marked gradual shallowing of the
steep NW-dipping foliation in the lower part of the Svartbergan Nappe to
c. 30° dip is apparent close to the overlying Skipsfjord Nappe (Fig. 12a).
The schists in the transition zone are more extensively sheared and kink-
folded compared to rocks in Svartbergan Nappe below (Fig. 13d), thus
indicating strain increase upwards (see discussion).
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4.4. Components of basement rocks in southern Vanna Island

Both low- and high-angle mylonitic ductile shear zones are common
in the massive basement tonalites in southern Vanna Island (Fig. 14a-h).
The low-angle shear zones are striking parallel to a weak N-S to NNW-
SSE trending bench fabric and/or composite weak gneiss banding/foli-
ation forming m-scale step-like ledges with a moderate dip to the west.
The bench fabric and low-angle shear zones are also parallel to mafic
dykes with moderate dips to the WSW (Fig. 14d, e). When not parallel to
the dykes, these shear zones splay out from the dykes and truncate the
bench fabric in surrounding tonalites, then re-join the margins of other
dykes and/or steeper shear zones along strike (Fig. 14e). Thus, they
define an imbricate thrust system with flat-ramp geometries in the
basement gneisses (Fig. 14a, b). Internal stretching lineations, sigmoidal
lenses and asymmetric folds in basement-seated shear zones south of
Svartbergan all support east- to ENE-directed thrusting (Fig. 12c),
although normal drag of some mafic dykes into similar shear zones can
be inferred locally (Fig. 14d). These low-angle basement-seated thrusts
have the same orientation and kinematic character as the D; thrusts in
metasedimentary units of the western foreland (Figs. 6, 7; see
discussion).

The high-angle (steep) ductile shear zones striking NNW-SSE to NNE-
SSW include the Olkeeidet shear zone in the west, and shear zones at
Skarvatnet, Storvatnet, and Vannkista in south-central Vanna Island
(Fig. 3). The Olkeeidet shear zone (Fig. 3) is traced southwards from the
frontal Skipsfjord Nappe as the boundary fault to the western foreland
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metasedimentary sequence (Figs. 6, 7). In the north, this shear zone
comprises an array of oblique, sigmoidal faults splaying outwards and
merging back into the shear zone, defining a dextral strike-slip duplex.
Southwards (Fig. 7) the Olkeeidet shear zone merges into and bounds a
moderately west-dipping imbricate thrust system in the metasedi-
mentary rocks (Fig. 10a, b). In small-scale, oblique-reverse faults and
steep strike-slip faults with variable dip to the WSW classify the overall
Olkeeidet shear zone as a combined thrust (in the south) and dextral-
oblique strike-slip fault (in central part). In contrast, where the shear
zone terminates against the Skipsfjord Nappe in the north (Figs. 3, 6),
the gently NW-dipping foliation in the Skipsfjord Nappe rocks is bent
sinistrally into the Olkeeidet shear zone (Fig. 11b-d). Stretching linea-
tions on the moderate/steep shear zone at Skarvatnet (Fig. 3) plunge
variable in the girdle, from WNW to SSW (Fig. 14 g, h). Combined with
sigmoidal shapes of transposed carbonate clasts, this scatter indicates
combined reverse (up-east) and sinistral strike-slip motion (see
discussion).

In addition, most of the basement-seated shear zones on Vanna Is-
land (Fig. 3) show hydrothermal alteration resulting in carbonate and
quartz veins, breccias, and secondary albite, chlorite, and muscovite.
Hydrothermal fluids have also caused local albitization in the sur-
rounding host rocks and formation of fuchsite-rich schists.

4.5. Aeromagnetic data

New aeromagnetic data (Fig. 15) enabled us to separate metasedi-
mentary units from the basement gneisses, mafic intrusive sills and dyke
swarms, and Palaeoproterozoic ductile fabric trends (e.g. D;-D5 fabrics).
The tonalitic basement and metasedimentary rocks in general are low- to
non-magnetic, whereas mafic sills and dykes show up as semi-linear
magnetic highs (Fig. 15a). Further, the displaced magnetic anomalies
help to identify e.g. ductile shear zones, where a progressive displace-
ment of the affected anomalies occurs, while brittle structures truncate
abruptly the anomalies.

The magnetic anomaly patterns correspond well with the mapped
basement-cover and foreland fold-thrust belt domains (Fig. 15; 1-4
domains). 1) The metasedimentary sequences in the western and
southeastern foreland domains of the island are shown by markedly
contrasting high and low magnetic responses (Fig. 15). These contrasts
may be due to the strong magnetic response of the diorite sill intrusions,
and low magnetic signature of the metasedimentary host rock. The
different trends of presumed D; (NW-SE) and D, (NE-SW) structures are
also well constrained, for example, where the Vanna Group contact
cross-cuts NW-SE striking D; thrusts. 2) The more highly strained met-
asedimentary units of the Skipsfjord and Svartbergan Nappes show less
contrast between diorite intrusions and metasedimentary host rocks, but
evidently locate the allochthonous nappes well. This lack of magnetic
contrast is likely due to the gentler dip of foliation and abundance of
mafic sheets in the Skipsfjord Nappe. 3) Within the low magnetic
massive basement tonalites of southern Vanna Island, variably N-S,
NNW-SSE and NNE-SSW trending strong semi-linear magnetic anoma-
lies exist, that reflect both the gentle and moderate west-dipping mafic
dykes, the associated and closely linked thrusts, and the steep, ductile
strike-slip shear zones. 4) A stronger magnetic signature is evident for
basement rocks north of the Vannareid-Burgysund brittle fault, which is
expressed as an NW-SE trending magnetic lineament (Fig. 15). This
northern basement area, however, is beyond the scope of the present
paper.

5. Discussion

5.1. Palaeoproterozoic basin sedimentation, architecture, and controlling
factors

Previous studies in the WTBC show that Palaeoproterozoic (2.4-1.9
Ga) metasedimentary sequences were deposited on top of Neoarchaean
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Fig. 8. Field photos showing lithologies and contact relations in the western foreland units, along shore north of Hamre (see Fig. 6). a) Frontal portion of the
Skipsfjord Nappe thrusted over gently south-dipping metapelites (white lines on right side). The thrust fault and overlying metatonalites (white lines on the left side)
dip to the NW. b) Shallow south-dipping foliation in metapelites near basement-cover contact. Note diorite sill in the hill (Hamreklubben), with thrust contact to the
underlying metapelites. c¢) Relict trough cross-bedding in metasandstones near Hamre, indicating right way-up. d) Calcareous breccia with fragments of dismembered

metapelite and metasandstone enclosed in a carbonate matrix.

tonalitic basement rocks and may have covered an extensive basin and/
or several smaller basins (Bergh et al., 2010). The studied sequences on
Vanna Island are in this paper further spatially separated and have
varied depositional, thrust, and strike-slip boundary contacts to the
basement tonalites (Fig. 3). Based on similarities in the established (this
work) stratigraphic columns (Fig. 16) with the Vanna Group (Bergh
et al., 2007) we interpret the metasedimentary cover rocks to represent
correlative sequences deposited in separate intracontinental rift- and/or
marginal basins, possibly linked through N-S and NE-SW trending de-
pressions along transfer faults in between basement ridges (see below).
The uniform successions of metapelite overlying metasandstones mark a
primary fining-upward tendency, although internal thrusts may have
repeated the sequences. The massive and laminated mudstones of the
Bukkheia Formation, and similar lithologies in the western foreland
(Fig. 16) suggest formation in subsiding basins as possible outer shelf
deposits (cf. Clifton et al., 1971). Observed stratigraphic and thickness
changes in the basal metasandstones (Fig. 16), and possibly remains of
normal drag in basement-seated shear zones (Fig. 14d), suggest basin(s)
bounded by normal faults striking N-S in the west, and NE-SW adjacent
to the Vanna Group and Svartbergan Nappe farther east (Bergh et al.,
2007), although kinematic evidence for normal faulting is generally
lacking.

Correlation of the par-autochthonous cover units on Vanna Island
with those of the allochthonous Skipsfjord and Svartbergan Nappes
(Fig. 16) is more difficult due to the strong ductile shearing. However,
supracrustal units in both nappes have quartzitic metasandstones at the
base and an overlying pile of metapelites, now muscovite and calcareous
schists. Further, metapelites in all areas are intruded by diorite sills. We
therefore suggest a genetic relationship between the par-autochthonous
and allochthonous foreland units, and that they were all part of the same
Palaeoproterozoic basin succession.

The metasedimentary sequences on Vanna Island were deposited
during a period when regional NE-SW extension occurred in the north-
ern Fennoscandian Shield (Balagansky et al., 2001). These events
marked an early rifting between c. 2.5-2.1 Ga, followed by a c. 2.1 Ga
drifting and separation of the Archaean continent by new-formed oceans
(Lahtinen et al., 2008, 2015; Bingen et al., 2015). These extensional
events produced NW-SE trending rift basins bound by normal faults and
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elongate fault-bounded basement ridges (Lahtinen et al., 2008; Skytta
etal., 2019). Synchronously, voluminous mafic dykes and sills (c. 2.4 Ga
and 2.2 Ga) intruded in the Archaean craton (Amelin et al., 1995) that
stretched even beyond the region covered by the Caledonides and into
Laurentia (Skytta et al., 2019).

In the WTBC, at least one similar extensional pulse led to the intru-
sion of the 2.4 mafic dyke swarm that covers most of the islands from
Senja to Vanna Island (Fig. 2; Kullerud et al., 2006). These mafic dykes
generated weak zones in the basement tonalites that may have
controlled the location and spatial extent of the Palaeoproterozoic ba-
sins. For example, in rift basins, the shape and topography of the paleo-
coastline would control the transport and extent of sedimentation,
preferentially parallel to the rift axis and bounding normal faults (cf.
Bergh and Torske, 1986, 1988). In the Tinnvatn Formation at Vikan c. N-
S trending transport directions of the deltaic streams were determined
(Johannessen, 2012), and were likely controlled by similarly oriented
normal faults. A possible candidate for such a relict syn-rift normal fault
is the NNE-SSW trending Olkeeidet shear zone, and many other c. N-S
trending basement-seated ductile shear zones in southern Vanna Island
(Fig. 3). The c. N-S trending mafic dykes in basement tonalites (Fig. 3)
are mostly parallel to basement-seated D; thrusts and steep reverse and
strike-slip faults (Fig. 14). Our interpretation is that these dykes intruded
along syn-extensional normal faults that likely also bounded subsiding
basin(s) as depo-centres for the Vanna Group and related sediments
(Fig. 17a, 18a). The Olkeeidet shear zone may have originated as one of
these extensional normal faults and later inverted as a combined reverse
and strike-slip fault (see below). The widths of the extensional basins are
unknown, but if the sediments formed as clastic shoreline deposits in rift
basins, an undulating N-S trending rift axis could account for the arcuate
shapes of the depositional basement cover contacts (Figs. 17, 18a). In
addition, the post-deposition D;1-Dy contractional events could have
further modified the fault attitudes (see discussion below). Our results
address the need for more detailed study of basement-seated shear zones
and their kinematics to further constrain the geometry of the presumed
normal fault network and the resulting extensional basin configuration.
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Fig. 9. Outcrop photographs of structural elements in the western foreland units at Hamre and Kvalvagklubben. a) Relict steeply east-dipping bedding (stippled
lines) overprinted by a gently west-dipping foliation formed axial-planar to E-verging isoclinal folds. b) Intrafolial isoclinal fold within axial-planar mylonite fabric in
metapelites, indicating top-to-ENE movement. ¢) Subvertical metasandstone beds (stippled lines) overridden by a gently west-dipping ductile thrust fault. Arrow
indicates thrusting direction to the east. Locality between Solbakken and Finneset (see Fig. 7 for location). d) Carbonate breccia horizon (brown colour, bedding
stippled white) in metapelites (dark grey) folded and transposed (white lines with arrows) into the main foliation. Note person for scale. e) Stretching lineations in
metasandstones indicating top-to-ENE movement. f) Internal mylonitic thrust zone in diorite body at Svartneset (see Fig. 6 for location).

5.2. Basement-involved fold-thrust belt formation and basin inversion

5.2.1. Dj fold-thrust belt propagation

We consider the rift basins and their presumed, c. NNW-SSE trending
axis and bounding normal faults (Fig. 18a) to have controlled the extent
and resulting geometry of the ENE-directed fold-thrust belt structures
(D7), and the corresponding inversion of metasedimentary units along
steep N-S striking reverse shear zones (Figs. 17a, 18b). Such a control is
based on overlap in attitude and location of low-angle D; thrusts relative
to the steep, west-dipping reverse and strike-slip faults in basement
rocks (Figs. 3, 16). We interpret the D; thrusts to have exploited the pre-
orogenic low-angle mafic dykes and high-angle normal faults with dips
to the west (Figs. 17a, 18a, b). This is confirmed by low-angle thrusts
merging into the steep N-S strike-slip faults (Fig. 14d-f) creating a ramp-
flat imbricate fault pattern, which indicates they formed separately and
controlled the upward fault propagation. Such fault interaction is
common both in thin-skinned fold thrust belts, where sedimentary strata
control the thrust propagation (e.g. Boyer and Elliott, 1982), and in
basement-seated belts where thrusts are detached above e.g. a low-
friction deep crustal detachment and/or a frontal buttress (Lacombe
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and Mouthereau, 2002).

Mesoscale D; thrusts with flat-ramp and top-to-ENE propagation are
common in the western foreland units (Fig. 9), where low-angle thrusts
are localized to the axial surfaces of tight D; folds, and parallel to the
main D; foliation both in the metasedimentary rocks and enclosed di-
orites. Thrust-ramps are interpreted where low-angle thrusts truncate
steep, competent metasandstone beds in the footwall (Fig. 9c, d; cf.
Jamison, 1987), and/or when they buttress against basement rocks as
steep reverse and strike-slip faults (Figs. 11, 18b). This model is sup-
ported by the Olkeeidet shear zone (Fig. 10a, b) acting as a steep buttress
against eastward transport of low-angle thrusts into the basement
(Figs. 6, 7). Since most of the thrusts merge into such steep faults, they
are temporally linked to the D; event.

Furthermore, if the steep normal faults became listric at depth, e.g.
defining a pre-existing detachment, individual D; thrusts may have
branched off the deep detachment and merged with a dyke or buttress at
higher level in the basement, and thus controlled eastward thrust-ramp
development. Similar thrust propagation is described in e.g. the Lewi-
sian of Scotland (Tavarnelli, 1996; Butler et al., 2007).
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Fig. 10. Field photographs from the western foreland units showing architectures and structures related to diorite sills. a) W-E transect from Kvalvigklubben to
Olkeeidet shear zone (Fig. 7), showing a diorite sill (centre of photo) in a west-dipping, imbricate thrust system (D;), buttressed against the more steeply dipping,
reverse Olkeeidet shear zone, that separates the metasedimentary sequence from the basement gneisses to the east. The diorite sill at Kvalvagklubben has a SE-
directed thrust contact (Dy) and truncates the underlying metasedimentary units. b) Contact zone between Olkeeidet shear zone and metasedimentary units
showing hydrothermal quartz-carbonate breccias (c. 30 m thick, brown-coloured rocks) in the hanging wall (west side). This breccia is traced intermittently along
strike northward to Kvalvégen (see Fig. 7). ¢) Close-up view of the hydrothermal breccia in Olkeeidet shear zone, with coarse-grained carbonate (brown colour) and
foliation-parallel green muscovite (fuchsite) layers cut by a network of quartz veins. d) Hydrothermal quartz-carbonate breccia (brown colour) in steeply dipping
metapelites adjacent to the Olkeeidet shear zone at Kvalvagen. e) Hydrothermal quartz carbonate breccia associated with a steep ductile shear zone in the diorite at
Solbakken (see Fig. 7). f) Isoclinal folds and transposed carbonate bands in the same steep ductile shear zone as in Fig. 10e (on horizontal surface), indicate dextral

strike-slip movement.

5.2.2. Dj fold-thrust belt propagation

The D, contractional event involved SE-directed folding and
thrusting in the par-autochthonous Vanna Group (Fig. 4) in the south-
east and thrusting of the allochthonous Skipsfjord and Svartbergan
nappes in central Vanna Island (Fig. 3). Dy structures are almost
orthogonal to and superimposed on the NNW-SSE trending D, structures
in southwestern Vanna Island. We argue for a two-phase model from
refolding of D; folds and D; foliation by macro-scale D folds (Fig. 6),
truncation of D; fabrics by the Skipsfjord Nappe in the north, superposed
folding at Larstangen and Myra in the southeast, and wider scatter in
orientation of mineral and stretching lineations in the par-
autochthonous units and Svartbergan Nappe than in the Skipsfjord
Nappe. The latter addresses the possibility that D, structures also formed
in the southeastern foreland and in the Svartbergan Nappe prior to SE-
directed thrusting of the Skipsfjord Nappe, and/or be due to the con-
trasting D1-D5 tectonic transport directions.

The par-autochthonous Vanna Group, its enclosed diorite sill, and
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the basement-cover contact (Figs. 4, 17b, 18c¢) suffered Dy progressive
and coaxial tight folding followed by upright SE-vergent folding and
thrusting (Fig. 5) due to c. NW-SE contraction. The repeated imbricate
thrusts cutting up-section from the basement into the Vanna Group and
diorite sills (Figs. 3, 4, cross-sections) suggest that the Dy structures
evolved from basement-involved thrust nappes to a thin-skinned fore-
land fold-thrust belt (cf. Boyer and Elliott, 1982). Imbricate thrust fans
with supracrustal rocks occur mainly in the frontal parts of orogenic
belts in contrast to more internal parts, where crystalline basement
slivers are present and attached in duplex structures (cf. Morley, 1986;
Vann et al., 1986).

The Skipsfjord Nappe is interpreted as an imbricate, foliation-
parallel thrust system (Fig. 11a) with slivers of both basement and
cover rocks. Uniform SE-directed shear senses suggest a similar, pre-
sumed progressive evolution as in the Vanna Group, thus advocating a
temporal relationship. By contrast, the steep dip of strata in the Svart-
bergan Nappe could indicate formation in a basement-involved duplex
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Fig. 11. a) Photographic cross section of the western part of the highly strained Skipsfjord Nappe. The gently north-dipping thrust sheets, with internal mylonitic
fabrics (white stippled lines) include mafic intrusive layers sandwiched between imbricate slices of basement gneisses. The metasedimentary cover units (green
coloured slices) mark the base of subsidiary thrust sheets. b, ¢, d) Equal-area lower hemisphere stereonets showing poles and great circles to foliation and stretching
lineations. The foliation changes strike from N-S near Olkeeidet shear zone (left), via NE-SW in the basement gneisses just north of Olkeeidet, to E-W strike and gently
N-dipping attitude in the Skipsfjord Nappe. e) Photographic cross section of the eastern part of the Skipsfjord Nappe and the underlying Svartbergan Nappe. Note
steepening of the foliation to the south against the thrust contact with basement tonalites just outside the photo.

(e.g. Butler et al., 2007), in which the Skipsfjord Nappe defines the roof
thrust system and the Svartbergan Nappe is a sliver bounded by steep,
internal splay faults in the duplex behind a major NW-dipping thrust
ramp (or buttress) (Figs. 12, 18c). Potential inverted buttresses could be
pre-existing steep NW-dipping normal or syn-rift transfer faults,
basement-cover contacts, and/or thick diorite sills as in the basin host-
ing the Vanna Group farther south, inferred by progressive upright
refolding in the Vanna Group (Fig. 5c). Such basement and/or cover
buttresses may then have acted as a stiff zone that tilted and partly
inverted the strata in the Svartbergan Nappe, and in the Vanna Group,
when they stepped upwards at a frontal thrust ramp (Fig. 18c). Similar
architectures and propagating thrusts are known in modern collisional
orogens with basement-involved fold-thrust belts (e.g. Butler, 1982;
Gillcrist et al., 1987; Wibberley, 1997; Lacombe and Mouthereau, 2002),
notably when basement sheets have been carried on a crustal-scale
detachment from the hinterland to the foreland (cf. Nemcok et al.,
2005).

If the Svartbergan Nappe stalled toward a basement ramp (Fig. 18¢c),
the overlying Skipsfjord Nappe could have been thrusted SE-wards on
top of and truncating the already stacked, steeply NW-dipping Svart-
bergan Nappe (Fig. 11e) along an out-of-sequence thrust (cf. Morley,
1988). Such faults, however, are more common in thin-skinned fold-
thrust belts and require complete truncation of older, in-sequence fold-
thrust structures (Butler, 1982; Morley, 1988). Our main argument is
that rocks of the Svartbergan Nappe are steeply dipping, whereas the
Skipsfjord Nappe units have gentle dip to the NW (Figs. 11, 12). Further,
the Svartbergan Nappe rocks preserved an earlier-formed stretching
lineation refolded by younger kink folds, whereas the Skipsfjord Nappe
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rocks only witnessed one uniform thrusting event, which would support
out-of-sequence thrusting of the Skipsfjord Nappe.

The c. N-S striking steep reverse and dextral strike-slip faults like the
Olkeeidet shear zone (Figs. 17, 18b) in the basement rocks are subpar-
allel to the SE-directed translation of the Skipsfjord and Svartbergan
Nappes during the D, event, and thus provided a favourable orientation
for triggering continuous, orogen-parallel strike-slip reactivation
(Fig. 17b, 18c¢). Sinistral movement is evident by bending of the frontal
portion of the Skipsfjord Nappe inwards against the Olkeeidet shear
zone (Figs. 6, 11, 17b, 18c). On a smaller scale, variably plunging and
opposing stretching lineations in the shear zone at Skarvatnet (Fig. 14g,
h) indicate reverse followed by sinistral strike-slip shear sense, and/or
alternatively, may reflect the contrasting D;-D5 tectonic transport di-
rections. Strike-slip faults with sinistral shear sense in the par-
autochthonous Vanna Group and diorites south of Vikan (Fig. 4; Bergh
et al., 2007), support Dy sinistral strike-slip reactivation coeval with SE-
directed thrusting.

We have argued for a spatial and temporal relationship between the
allochthonous Skipsfjord and Svartbergan Nappes in the north and the
fold-thrust belt in par-autochthonous Vanna Group units in the south-
east (Figs. 3, 18c). In this Dy orogen-parallel foreland transect, we
emphasize the presence of a deep, basement-seated detachment in the
north that merged up-section into flat thrust systems toward a buttress in
the less deformed foreland in the southeast (Fig. 3; cross-section), in
order to transfer orogenic contractional strain from deeper to shallower
upper crustal levels (cf. Coward and Butler, 1985; Butler, 1986; Lacombe
and Mouthereau, 2002). Furthermore, we state the role of pre-existing
orthogonal normal and transfer faults, e.g. the presumed Olkeeidet
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Fig. 12. Geological and structural map of the Svartbergan area. Legend as in Fig. 4. Cross-section A-A’’ illustrates the transect across the Skipsfjord and Svartbergan
Nappes toward the steep basement-cover (thrust) contact. Equal-area lower hemisphere stereonets showing poles and great circles to foliation, stretching lineations,
and kink-fold hinges. Note that great circles in b) are removed for better visualisation. For location of map see Fig. 3.

shear zone and related strike-slip faults, to be more important than
previously thought for strain localization, lateral segmentation, and
partitioning of deformation during the late/post-Svecofennian D, and
D, events, and in making barriers for thrust reactivation and inversion of
the pre-existing basin sequences. The spatial distribution of such faults
may, for example, explain why the western foreland units at Hamre-
Kvalvéagklubben largely escaped the Dy strain.

5.2.3. Shear zones and hydrothermal fluids

Hydrothermal carbonate and quartz veins and chlorite-muscovite-
fuchsite bearing alteration zones are common along the D; and Dy
basement-seated ductile shear zones on Vanna Island. These mineral
assemblages suggest that fluids infiltrated along the shear zones and
facilitated retrogressive, low-grade metamorphic alteration, preferen-
tially due to thrusts propagating from lower to higher crustal levels
during both the D; and D5 fault movements. Whereas biotite and chlorite
replaced amphibole and plagioclase in thrusts and strike-slip shear zones
in mafic rocks, phyllosilicates dominate in mylonitic fault zones in the
basement tonalites. Phyllosilicates in granitoid and tonalitic rocks
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generally make them weak (Wintsch et al., 1995), and faults rich in such
aligned minerals can more easily permit hydrothermal fluid circulation,
localize mineral occurrences, and exhibit aseismic slip. Increasing
amounts of phyllosilicates in the shear zones may help to localize strain
and leave the wall rocks relatively unstrained (Wibberley, 1999, 2005).
Such processes may account for and explain why the D; ductile thrusts
and steep strike-slip shear zones in the basement of Vanna Island became
localized and further reactivated as orogeny-parallel strike-slip faults
during Dy deformation.

5.2.4. Temporal constraints on the D;-D, events

Absolute timing of the D; and D, events on Vanna Island, and their
relation to orogenic deformation farther south in the WTBC is uncertain.
We favour a Palaeoproterozoic age for both events, where the D; event
on Vanna Island represents the most peripheral part of the c. 1.77-1.75
Ga NE-SW shortening event (early-phase) in the WTBC hinterland
(Bergh et al., 2010, 2015). By contrast, the orthogonal, SE-directed Do
thrusting of the Skipsfjord and Svartbergan Nappes is interpreted as a
result of progressive and/or partitioned orogen-parallel movement
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Fig. 13. Field photos of the Svartbergan Nappe lithologies and structures at locations seen in Fig. 12. a) Conformable, steeply dipping beds of metapelite and
metasandstone at Laukvika. b) Lenses of basement tonalite within the metasedimentary sequence at Svartbergan. c) Small-scale, asymmetric, SE-verging folds likely
representing parasitic folds to macroscale folding of the entire Svartbergan Nappe. Locality: shore at Svartbergan. d) Small-scale kink folding of subvertical meta-
pelitic schists at Svartbergan. e) Mylonitic schists formed along the contact with the overlying Skipsfjord Nappe at Svartvasstinden.

(strain) in a setting with increased transpression in the foreland during
the time interval c. 1.75-1.63 Ga, i.e. the late-stage event of Bergh et al.,
(2015). In support, we argue that the pre-existing c. N-S striking mafic
dykes (2.4 Ga) and presumed basin-bounding normal faults (2.4-2.2
Ga?) provided favourable weak zones in the basement for orogen-
normal and orogeny-parallel movements during D; and D, on Vanna
Island. Similar steep ductile strike-slip shear zones also exist in the
WTBC hinterland on Senja and Kvalgya (Fig. 2; Armitage and Bergh,
2005), formed at high/medium grade metamorphic conditions.

An alternative is that all the observed orthogonal structures (D;-D3)
are the product of a single progressive deformation event with pro-
nounced strain partitioning between the studied basin areas and
bounding faults. One progressive evolution is, however, possible based
on the similarity of fold-thrust belt geometries, mineral assemblages/
low-grade metamorphism, and the character of the mineralization. But
such a model is harder to document than our two-phase model based on
the D;-D, overprinting relationships argued for above. Thus, a fully
partitioned model must await further detailed structural investigations,
combined with radiometric age dating efforts.

Although Caledonian overprints in WTBC is generally absent (Corfu
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et al., 2003), preliminary *°Ar->’Ar dating of muscovite suggests a
Caledonian age (c. 420 Ma) for the D, event in the Skipsfjord Nappe
(NGU, pers. Comm., 2019). In our view, this age may represent a
Caledonian reactivation of the Palaeoproterozoic thrust faults. Further
dating is needed to resolve the significance of the inferred Caledonian
40Ar-39ar age.

5.3. Regional comparison and implications

Palaeoproterozoic metasedimentary rocks (c. 2.4-2.2 Ga) as those on
Vanna Island are present in the Alta-Kautokeino and Karasjok green-
stone belts of northern Norway (Fig. 1; Siedlecka et al., 1985; Henderson
et al., 2015). The Kautokeino Greenstone Belt has a basal fuchsite-
bearing quartzite that hosts mafic sills dated at 2.22 Ga (Bingen et al.,
2015), and overlain by mudstones and metasiltstones (Torske and
Bergh, 2004) and corresponding metavolcanics. The youngest units are
correlated with the Raipas Group at Alta (c. 2.15 Ga; Melezhik et al.,
2015a) comprising well-preserved arkosic sandstones and associated
calcareous mudstones (Zwaan and Gautier, 1980; Vik, 1985; Bergh and
Torske, 1986, 1988; Melezhik et al., 2015a) and resembling the Vanna
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Fig. 14. Field photos of large- and small-scale features in basement tonalites in southern Vanna. a) Interpreted composite photographic cross-section through
basement tonalites between Skarvatnet and Olkeeidet in southwestern Vanna (for location see Fig. 3). The massive tonalites have a bench fabric or weak foliation
(white stippled lines) with sub-parallel mafic intrusive sheets (brown colour), and a fold- thrust belt system of imbricate, low-angle thrusts and subsidiary folds and
associated high-angle strike-slip ductile shear zones trending c. N-S and with variable but mostly steep dip to the west (black lines with thrust symbols). b) Non-
interpreted photo of a). ¢) Overview photo with view towards the north of basement rocks west of the Skipsfjord valley, showing intercalated bench fabrics,
mafic sills, and low-angle (thrust) shear zones. d) Low-angle shear zones merging into mafic dykes and steeper, sinistral shear zones (heavy white lines). e) Close-up
view of the steep mountainside at Storvatnet, where low-angle thrusts splay out from the mafic dyke contact and merge with steep strike-slip faults and mafic sill.
Note internal truncations of bench foliation. f) Outcrops near the steep ductile shear zone in b. Low-angle shear zone fabrics (in foreground) merge with the steep
reverse, sinistral shear zone (to the right). g) Exposed steep N-S trending ductile shear zone (as in b). Mineral lineations indicate sinistral movement. h) Equal-area
lower hemisphere stereonets showing orientation data of the gently west-dipping shear zones with stretching lineations (red) showing dip-slip, up-to-NE motion and
I‘nerging into steep ductile shear zone with sinistral strike-slip movement (green).
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Fig. 15. Aeromagnetic data from the Geological Survey of Norway for Vanna Island show: a) total magnetic field and b) tilt derivative maps. Major ductile shear
zones are shown in white and brittle faults are marked with a stippled black line. Small inset map shows the four main areas with distinct geophysical patterns
discussed in the text.

Group. The Raipas Group sandstones are interpreted as tectonically Central Lapland Greenstone Belt and the Karelian Craton (Fig. 1; Pati-
induced fan deltas in an elongate N-S trending rift basin (Bergh and son, 2007). Rift-related greywackes and shelf deposits with mafic sills (c.
Torske, 1986, 1988). In terms of the long-lasting periods of Palae- 2.2-2.05 Ga) dominate in the Central Lapland (Hanski and Huhma,
oproterozoic extension (Skytta et al., 2019), we consider the Raipas 2005; Huhma et al., 2018) and related Perapohja, Kittila and Kuusamo
Group metavolcanic rocks to mark the onset of the major break-up of the belts (Piippo et al., 2019; Lahtinen and Koykka, 2020), and in the

Archaean craton at c. 2.1 Ga (Bingen et al., 2015), creating elongate rift Norrbotten Province of Sweden (Bergman, 2018). These metasedi-
basins filled by clastic and calcareous sandstones and mudstones, as on mentary belts, possibly correlated with the WTBC and Kautokeino-/
Vanna Island. Subsequently, the entire volcano-sedimentary Raipas Karasjok greenstone belts, formed in a regional subsiding N-S trending

Group succession was folded by E-W trending upright macrofolds during rift basin system, and later on, were multiple deformed and inverted
the Svecofennian E-W shortening (Henderson et al., 2015). At Alta, the during the Svecofennian orogeny (Lahtinen and Koykka, 2020). E-W
macro-folds were refolded by SE-verging folds and cut by steep N-S shortening initiated at c. 1.93-1.90 Ga in the Kuusamo belt and resulted

trending strike-slip shear zones parallel to the bounding rift-basin faults in an east-vergent foreland fold-thrust belt (Lahtinen and Koykka,
(Henderson et al., 2015). Siliciclastic metasupracrustal rocks also exist 2020). In the Perapohja Belt, east to SE vergent Svecofennian inversion
in the Karasjok Greenstone Belt (Fig. 1; Often, 1985; Siedlecka et al., was controlled by two pre-orogenic orthogonal structures, i.e. a NW-SE

1985; Braathen and Davidsen, 2000). Thick arkoses and fuchsite-rich trending graben system and E-W bounding normal faults (Piippo et al.,
quartzites with tentative ages of 2.22-2.06 Ga (Hansen et al., 2020) 2019). Similarly, in the Norrbotten province (Fig. 1) N-S trending

dominate, and have closely related metapelites and volcaniclastic de- supracrustal basins (Bergman et al., 2001) record long-lived c. 2.2-2.1
posits (Braathen and Davidsen, 2000). These rift-related clastic rocks Ga continental extension and mafic intrusions (Martinsson, 1997;
were inverted and thrusted to the SW together with reworked Archaean Melezhik and Fallick, 2010; Lynch et al., 2018). In the Kiruna area these
basement rocks as fold-thrust nappes, likely during the Lapland-Kola basins were inverted in response to first, a NE-SW crustal shortening at c.
Orogen (Krill, 1985; Marker, 1985). 1.88-1.87 Ga, then overprinted by E-W oblique shortening at c.

The Karasjok Greenstone Belt can be traced southward into the 1.80-1.78 Ga and/or post-1.8 Ga (Lahtinen et al., 2018; Andersson et al.,
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Fig. 16. Compilation of tectono-stratigraphic columns from Vikan (modified from Binns et al., 1980), Kvalvigklubben and Hamre areas (this study), and from the
Skipsfjord and Svartbergan Nappes (this study; Opheim and Andresen, 1989) (see locations in Fig. 3). The columns show basement tonalites with overlying cover

sequences. Note that columns are not to scale.
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Fig. 17. Schematic model in map view of interpreted D; and D, structures at Vanna. a) D, event fold-thrust fabrics are located in the western and south-central parts
of the Vanna foreland, both in metasedimentary strata (yellow = metasandstones, and green = metapelites), in basement tonalites, and along the boundaries of the
mafic dykes (brown) in the basement rocks. The large pink arrows indicate ENE-WSW shortening direction, while small red arrows are thrust transport directions
based on mineral and stretching lineations. b) D, event fold-thrust fabrics are associated with the Skipsfjord and Svartbergan Nappes, and with the Vanna Group in
the southeastern foreland. Main shortening (large pink arrows) and thrust movement directions (small red arrows) are from stretching lineations. Note also refolding

of the earlier D, folds and D; foliation in the western part of Vanna Island.
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Fig. 18. 3-D model of the evolution of the Palaeoproterozoic (2.4-2.2 Ga) rift basins and late- to post-Svecofennian (c. 1.77-1.63 Ga) D;-D5 fold-thrust belt systems
on Vanna. a) Formation of rift-related extensional basins on Vanna bounded by N-S trending, W and E dipping, listric normal faults. Such faults are located along 2.4
Ga intrusive mafic dykes trending similarly but with more gentle dips. b) D; inversion of the rift basins by ENE-WSW crustal shortening produced ENE-directed fold-
thrust belt structures. Note ramp-flat geometry of west-dipping thrusts when they propagated from a potential basement-seated detachment at depth into low-angle
mafic dykes, and as steep reverse faults when they buttress against steep normal and strike-slip faults (e.g. Olkeeidet shear zone - OSZ). c) D, fold-thrust structures
formed by NW-SE crustal shortening. This shortening resulted in SE-vergent folding of the Vanna Group in the southeastern foreland, and SE-directed thrusting of the
Skipsfjord and Svartbergan Nappes in the hinterland farther north. The earlier D; folds and foliation in the western foreland units at Hamre are refolded from N-S to
NE-SW-trends, and steep N-S trending basement faults were reactivated as sinistral strike-slip faults. Note basement buttress in front of Svartbergan Nappe, and
presence of one or two deeper detachment horizons ramping upward into the Vanna Group and against local buttresses of diorite sills.

2020), producing similar folds-thrust belts and partitioned lateral faults
as during the D;-D5 events on Vanna Island.

These Fennoscandian fold-thrust belt forming events are, however,
older than the early- and late phase shortening in the WTBC (and the D;-
D, events in Vanna Island). But they marked the onset of a long-lasting
closure (Lapland-Kola orogen) of the Kola, Karelian, and Norrbotten
cratons (Daly et al., 2006; Lahtinen et al., 2008) which likely, did not
affect the WTBC in the time span after deposition (> 2.2 Ga) and the first
deformation event in the WTBC (1.77 Ga). Thus, if the Vanna meta-
sedimentary basins escaped both the Lappland- Kola and Svecofennian
tectono-metamorphic shortening events, the 1.77-1.63 Ga deformation
ages in WTBC are best explained by progressive westward younging of
convergent tectonism toward the margin of the Fennoscandian Shield
(Bergh et al., 2015). Alternatively, the WTBC could have been located in
a different Archaean block or craton (i.e. Laurentia), and/or affected by
comparable fold-thrust belt deformation styles later, i.e. during the
Gothian orogeny (Bergh et al., 2015). Further age dating efforts are
required to resolve these issues.

6. Conclusions

1) Metasedimentary sequences, now present as par-autochthonous and
allochthonous fold-thrust belt units in the Vanna foreland, were
deposited on top of Neoarchaean basement tonalites in pre-orogenic
(2.4-2.2 Ga), N-S trending intracontinental rift- and/or shelf basins.
Pre-existing mafic dykes (2.4 Ga) in the basement rocks acted as
favourable weak zones that may have localized the Palae-
oproterozoic rift basins and their bounding, steep west-dipping
normal faults. The basins have similar internal stratigraphy with a
lower series of metasandstones (arkoses) overlain by metapelites,
calcareous breccias, and quartzites. Sedimentary structures and
facies reconstructions indicate deposition in N-S trending, shallow-
marine deltaic, tidal and/or shore face depositional environment.
The sedimentary cover units were folded and inverted along deep-
seated thrusts and steep reverse faults by two orthogonal short-
ening events (D;-D2). The D; event suffered NE-SW shortening and
formation of a basement-involved, NE-directed fold-thrust belt sys-
tem linked to an early phase shortening in the WTBC hinterland. Pre-
orogenic, west-dipping mafic dykes and basin-bounding normal
faults became reactivated as thrust faults, steep reverse (buttress)
and oblique, dextral strike-slip faults, thus enabling structural
basement-cover inversion.
The D, event marked a switch to NW-SE-shortening with SE-directed
thrusting of the Skipsfjord and Svartbergan Nappes in a basement
duplex behind a NW-dipping thrust ramp (buttress), and associated
SE-vergent fold-thrust deformation in the par-autochtonous Vanna
Group. NW-SE trending D; structures were refolded into NE-SW-
trends and cut by the Dy nappes, and steep N-S trending basement
faults reactivated as sinistral lateral faults contemporaneous with
transpression and orogen-parallel movements in the WTBC farther
west (1.75-1.63 Ga). Quartz-carbonate veins and fuchsite-schists are
common in most of the D;-Ds related fold-thrust belt structures,
advocating a strong structural control on hydrothermal fluid
infiltration.
4) The fold-thrust belt architecture and structural relationships of the
Vanna foreland is imaged well by high-resolution tilt-derivative

2

—

3)
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aeromagnetic data. The data distinguish basement tonalites with
mafic dykes, sedimentary units, basins and bounding faults, and
enclosed diorite sills, and most important, separate D;-D; trends of
thrusts and basement-seated lateral ductile shear zones.
Comparison of the Palaeoproterozoic two-phase type (D;-D3) of
foreland fold-thrust belt evolution on Vanna Island shows many
similarities with rift-related sequences in Fennoscandia inverted by
E-W to NE-SW shortening in, e.g. the Lapland-Kola and Svecofennian
orogenic events, despite slightly contrasting ages of the deformation.
Examples are the Alta-Kautokeino and Karasjok greenstone belts in
northern Norway, the Central Lapland, Kittila, and Kuusamo green-
stone belts of Finland, and belts in the Norrbotten Province of Swe-
den. The younger age of deformation in Vanna Island can be justified
by progression of Svecofennian deformation westward or be due to
early stages of the Gothian Orogeny.
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