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Preface
The study and writing of this PhD thesis was carried out during the period of 2009-2014. The

project is a collaboration between University of Tromsg and the Geological Survey of Norway
(NGU). The project was funded by NGU which also provided an office and great colleagues. |
started the PhD with a wide perspective of geology, all the way from structural to ore geology. |
collected a handful of supervisors named Steffen Bergh, lain Henderson, Jan Sverre Sandstad

and Krister Sundblad to help me to understand the big questions.

Throughout the PhD period I spent time at the University of Tromsg for several courses and
supervisor workshops. | also completed one course at the Norwegian University of Science and
Technology (NTNU) and one at the University of Oulu in Finland. Ten months were spent at the
University of Western Australia, where | analysed zircons for U/Pb dates and joined an

additional Australian gold project which benefitted my PhD project.

The PhD study is mainly based on field mapping, structural measurements and sampling. Four
summers were spent in the Rombaken Tectonic Window with all conditions of weather from
snow to hot summer days. Most localities were remote which involved lots of walking, camping

and carrying in high latitude (north) mountain areas.

The included papers are written by myself under guidance of my supervisors, Are Korneliussen
and Leon Bagas. The papers are placed in a natural order with themes of: I) A structural study,
I1) Geochemical, geochronological and tectonic study, I111) Spatial relationship between mineral

deposits and structures in the field area, and 1V) a regional perspective.

After much sweat and many tears, fights, kindness, laughs and cries, | have finally got to the
point where there is only light and no tunnels. | can look back at great and hard working years

with many new experiences and great acquaintances on the way.
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1. Introduction
The relationship between mineral deposits and structural evolution are known to be closely

related (e.g. Robb, 2005). This necessitates the need to understand the large scale tectonics which
will lead to knowledge of the local tectonics, structural development and chronology in order to

understand the location and distribution of mineralisation.

1.1 Precambrian tectonic models

The Precambrian is the first time period of the Earth's crust and marks the start of plate
tectonics. There are still open questions of when, how and why plate tectonics developed (e.g.
Cawood et al., 2006; Kranandonk, 2010). The young hot Earth is believed to be different to the
modern Earth in terms of the proportions of mantle heat, little or no oxygen, calcareous based
life and a different atmosphere (Gerya, 2014 and references therein). There is also ongoing
debate as to whether the onset of tectonism was derived from modern horizontal subduction
driven tectonism or vertical movements with crustal diapirism, vigorous mantle convection or

plume derived magmatism (e.g. de Wit, 1998; Hamilton, 1998).

There are mainly two large tectonic features that dominates the evolution of Precambrian

tectonism. These are the break-up of one or several large supercontinents and the onset of active
margins and orogenies. The continental breakup led to basin development, ocean floor spreading
and sedimentation and the orogenies were a result of processes involving subduction, ocean arcs,

back arc basins, volcanism and magma plumes.

1.1.1 Late Archean breakup of the supercontinent

The late Archean was dominated by the breakup of the supercontinent(s) (Bleeker, 2003). The
break-up of the continent(s) were responsible for the formation of a number of Archean
greenstone belts around the world (e.g. Condie, 1981; Kranedonk et al., 2009). The rocks in
these basins are closely associated with iron oxide mineralisation (BIF) most likely because the
iron content in the oceans was high. Oxygen from micro organisms reacted with the iron, and
iron was precipitated and deposited on the ocean floor together with marine sediments (e.g.
Barley et al., 2005; Groves & Bierlein, 2007; Cloud, 2008). The Archean basins and BIF

deposits were commonly accreted onto a continent and intruded by granites.

11



1.1.2 Archean and Proterozoic orogenies

Accretionary and collisional orogenies are the two main orogenic types during the Precambrian.
Accretionary orogens contributes largely to continental growth and form by the subduction of
oceanic crust on an active continental margin that also incorporates material from all crustal
fragments (Cawood et al., 2014). The average accretionary orogen lifespan is approximately 70—
700 My in the Archean and 50-100 My in pre-1 Ga Proterozoic orogens. The Torngat Orogen in
Canada (Girard, 1993), and the Svecofennian Orogen in Fennoscandia (Beunk & Page, 2001) are
examples of Precambrian accretionary belts. During super-continental assembly, many post-
Archean accretionary orogens tend to terminate by continent-continent collision (Condie, 2007).
It has been demonstrated that accretionary orogens are globally important to mineral deposits
(Groves & Bierlein, 2007).

Collisional orogenies started to develop during the late Proterozoic and essentially consist of two
continents colliding (e.g. Hamilton, 1998). The collision is believed to be the end member of an
ocean closure, the last stage of the Wilson cycle. Collisional orogenies are narrower than
accretionary orogens and do not contribute to crustal growth (e.g. Windley, 1992; VVaughan et al.,
2005). Ultra high pressure metamorphic continental rocks are an important characteristic from a
modern type collisional orogen (e.g. Liou et al., 2004) and have at the earliest been found in
Neoproterozoic rocks (e.g. Jahn et al., 2001; John et al., 2004). The Canadian Trans-Hudson
orogen is an example of an accretionary belt that developed from a continent-continent collision
(Lewrya et al., 1994).

1.2 Transpressional tectonic models

The term transpression is used to explain oblique convergent plate margins (e.g. Harland, 1971).
The composite nature of transpressional orogens has been modelled and tested mathematically
(e.g. Sanderson & Marchini 1984; Tikoff & Fossen 1993). Notably, the concept of strain
partitioning of the two end-member styles, (i.e. pure-shear and simple-shear components of the

deformation in transpressive settings), is used in order to describe homogenous deformation.

The main structures which develop in such regimes are either separate steep strike- and oblique-
slip faults occurring in an anastomosing pattern with both pure shear and simple shear

components (e.g. Carreras et al. 2010) or contractional (thrust-related) structures (e.g. Tavernelli
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et al. 2004). Models have been developed which explain strain partitioning of the steep strike-,
oblique-slip and contractional components, including simple shear models (Harland, 1971,
Sanderson & Marchini, 1984), monoclinic models (Jones et al., 2004 and references therein),
complex triclinic transpression and inclined extrusion models (Davis & Titus, 2011 and
references therein). These processes may operate independently or in combination, thus
accounting for the usually very complex styles of deformation in transpressive settings. The

different transpressive styles and their resulting geometries are outlined below.
1.2.1 Simple shear models

Simple shear is a noncoaxial plain strain, such as when a square is changed into a parallelogram.
All sides remain parallel, but the sides have changed length and direction. The top and bottom of

the square retain the same size, height and retain the same orientation (Davis & Reynolds, 1996).
1.2.2 Monoclinic models

A monoclinic symmetry model can be explained as a distorted "cube™ where two of the angles
are not normal to each other, producing either strike- and dip-parallel lineations depending on the
amount of accumulated deformation and the angle of convergence across the shear zone (Fossen
& Tikoff, 1993; Ghosh, 2001; Dewey, 2002). However, the monoclinic model cannot be used to
explain oblique-plunging lineations (Sullivan & Law, 2007; Davis & Titus, 2011).

1.2.3 Coupled boundary model

In a coupled boundary model cleavage/foliation formed during folding and/or lateral shearing
will dip away from the center of the shear zone and be vertical in the central, high-strain portion
of the shear zone (Dutton, 1997). The margins of the shear zone, on the other hand, will
experience the most pronounced pure shear component and the maximum plunge of the lineation
(Robin & Cruden, 1994; Dutton, 1997)

1.2.4 Triclinic transpression model

The transpressive triclinic model combines the end-member pure shear and simple shear
components, and in such a model all stretching lineations will be oblique to the strike of the
shear zones (e.g. Hudleston et al. 1988; Sullivan & Law 2007; Davis et al. 2011).

13



1.3 Relevant Precambrian tectonic frameworks in the Fennoscandian shield
1.3.1 Archean terrains

The Fennoscandian shield forms the north western part of the East European Craton. The
Archean rocks are located in the north eastern part of the shield, in northern Norway, Sweden,
Finland and the north western part of Russia. The Archean terrains are intercalated with
intrusions and elongated basins from the Proterozoic. In Norway, a large proportion of the
Archean rocks are covered with Caledonian thrust nappes and hidden under glacial cover in
Sweden (Melquist et al., 1999).

The Archean rocks are dominated by Mesoarchean and Neoarchean rocks. The oldest rocks are
found in Finland and Russia (2.8-3.0 Ga). The younger rocks commonly consist of migmatitic
tonalite, trondhjemite and granodiorite complexes (predominantly 2.7-2.8 Ga), and volcano-
sedimentary greenstone belts from an arc-like environment (c. 2.8 Ga) (Holtta et al., 2008;
Lahtinen et al., 2011). The end of Archean is tectonically dominated by accretion and collision of

the Kola province and the Karelian Craton (Holtté et al., 2008).

1.3.2 Paleoproterozoic rifting

The onset of the Paleoproterozoic was marked by deep weathering, erosion (c. 2.4 Ga) and
glaciations of the Archean continent(s) which was followed by a large tectonic rifting event at
2.4-2.1 Ga. The rift event has associated intrusions of mafic dykes and deposition of fluvial,
shallow- and deep- marine sediments (Laajoki, 2005: Vulollo & Huhma, 2005; Melezhik, 2006)
and is the reason why the Paleoproterozoic rocks are intercalated within the Archean rocks. Rift-
related magmatic rocks in central Lapland and Kola suggest that the rifting continued locally
until 1.98 Ga (Hanski et al., 2005; Peltonen, 2005).

1.3.3 Paleoproterozoic orogenies

The Lapland-Kola orogen (1.94-1.86 Ga) and the Svecofennian orogen (1.92-1.79 Ga) are the
main tectonic events of the Paleoproterozoic (Daly et al., 2006; Lahtinen et al., 2008). The
Lapland-Kola orogen consist of large volumes of felsic granulites and a lesser amount of juvenile
island arc rocks. The orogen is believed to be a continent-continent collision and is relatively

small compared to the Svecofennian Orogen (Daly et al., 2006). The crustal growth of the
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Svecofennian is large and is believed to be an accretional compilation of several stages of
orogens and tectonic fragments (e.g. Nironen, 1997; Korja et al., 2006; Lahtinen et al., 2008).
The fragments consist of island arc and subduction-related and basinal metasedimentary rocks
(e.g. Korneliussen & Sawyer, 1989; Sawyer & Korneliussen, 1989; Vdisédnen & Ménttaari,
2002). The rocks were accreted on to the continent along an array of major NW to N striking
crustal scale shear zones which progressively developed across the Archean and the
Paleoproterozoic continent(s) (e.g. Larsen et al., 2013; Angvik, 2014 manuscript included) .
These shear zones have been found to be interesting for orogenic gold prospecting (e.g. Bark &
Weihed, 2007; Eilu et al., 2014). The orogeny has two metamorphic peaks at 1.88-1.87 and 1.83-
1.80 Ga which are separated by an unconformity with lateritic paleo soils (Lahtinen & Nironen,
2010). Late- to post-collisional granites (c. 1.8 Ga) are found across the whole of Fennoscandia
from Russia to Norway and are closely related to deformation-related mineralisation from the

orogeny (e.g. Eklund et al., 1998).
1.3.4 Caledonian Orogeny

The Caledonian Orogeny was a modern style continent-continent collision between the Laurentia
and Baltica continents during the Ordovician and Silurian. It is characterised by Phanerozoic
rocks from the lapetus Ocean forming a shallow dipping nappe wedge. The far-travelled nappes
are remnants from the ocean and fragments from the subducting Baltic plate. The Caledonian
nappes were emplaced from the west, over and onto the older Baltic continent and
geographically make up a large part of the outcropping surface rocks throughout Norway (e.g.
Bryhni & Sturt, 1985). The Paleoproterozoic and Archean rocks in Norway are therefore only
possible to study as tectonic windows in Norway, but are in contrary well exposed because of
recent glacial erosion. The Caledonian nappes have, to various degrees, reworked the underlying
Paleoproterozoic basement. The increased complexity of structures and associated mineralisation
associated with Caledonian re-working should always be considered (e.g. Larsen et al., 2010;

Torgersen et al., 2013).
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1.4 Relationships of ore deposits and the Precambrian tectonic models in the
Fennoscandian shield
The Precambrian ore deposits in Fennoscandia are closely related to the tectonic growth of the
Fennoscandian shield and genetic models of the deposits are intimately associated with the
tectonic evolution (e.g. Weihed et al., 2005). The Precambrian ore deposits are accumulated
mainly in the Proterozoic crust, but several important deposits are also found in the Archean
crust. This may be due to under exploration and the lack of accessibility to areas or outcrop (e.g.
Weihed et al., 2005).

2. Study area and objectives of the study
2.1 Study area

The study area is, the Rombak tectonic Window (RTW) is located east of the town of Narvik in
Northern Norway and is a partly remote and alpine mountain area close to and across the border
into Sweden. The rocks are a Paleoproterozoic basement culmination as an tectonic inlier
surrounded by Caledonian thrust nappes. The newly glaciated area provides rocks with good

exposure and outcrops.
2.2 Objectives of the study

Structural controls of mineral deposits have received considerable attention in the world and are
an important aspect for mineral exploration. Fluids and melts are carriers of valuable elements
that are trapped, cooled and deposited along structures (e.g. Robb, 2005). The knowledge of
structural control of the RTW has been poorly known (Korneliussen et al., 1986), but mineral
prospecting for gold and sulphides has been active for more than a hundred years in the area (e.g.
Blomlie, 2011).

The main objective of this study is to evaluate the structural, tectonic and sulphide deposit styles
within the RTW and develop a genetic model to spatially understand the locations of the gold

and sulphides in relation to the structures.

To accomplish this, we combined sampling, structural and bedrock mapping from the field with

geophysical data in the light of previous work. The unusually well exposed rocks in the RTW
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provides peculiar information on structures and mineralisation. The knowledge from the RTW
will contribute to understanding similar, but more poorly exposed areas, for example in Sweden,
Finland or Australia. The results and conclusions of this study may also lead to potential finds of

valuable gold or sulphide deposits in the RTW and other areas.

The main objective was approached through four different aspects:

1. Structural study of the Rombaken Tectonic Window

The first part of the study combined helicopter born EM and Radiometric data with
bedrock and structural field mapping. The study focuses mainly on the structural
development of the area. The integration of the data resulted in a structural model
involving four different stages of deformation have which developed during the

Svecofennian orogeny.

2. Geochronology and tectonic study

The second part of the study focuses on the geochronology and tectonic development of
the sedimentary and magmatic rocks in the RTW. Zircons from mutually crosscutting

syn-tectonic granites was used to establish the timing of deformation and was integrated
with existing geochemical data. This part of the study resulted in absolute constraints on

the tectonic model developed above, underpinning the complex structural evolution.

3. Genetic and structurally spatial relationships for mineral deposits

A large part of the study focuses on the interplay between the structural development and
the gold and sulphide deposits in the area. Field studies, geochemical sampling and the
established structural model were used to understand the timing of, and relationship of
the mineralisation to the deformation. A metallo-genetic model and spatial relationships

where established in relation to the structural evolution.
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4. Regional perspective

The last part of the study combines the newly-developed model of the Rombak Tectonic
Window within a regional tectonic perspective. The tectono-metallogenetic model for the
RTW is used to understand the development of the Paleoproterozoic evolution in the
western part of the Fennoscandian shield and integrates previous studies from Finland,
Sweden and Norway. This resulted in a new regional tectonic model for the
Paleoproterozoic of the Fennoscandian shield combining structural, tectonic and genetic

models of mineralisation.

18



3. Methods

3.1 Field mapping and structural analysis

Four summers and a total of 19 weeks of fieldwork were undertaken within the RTW. Detailed
fieldwork was concentrated at the Haugfjellet, Norddalen and Gautelis localities, but visits have
also been to Sildvika, Rombaksbotten, the West Troms gneiss complex and the Mauken Tectonic
Window. All localities have excellent exposure and outcrops with freshly glaciated rocks.The
main focus has been bedrock and structural mapping, describing old prospects and showings and
picking samples for thin-section, geochemistry and age relations. Bedrock mapping was
especially emphasised in Norddalen and Gautelis because of the lack of details and connection to

structures.

Extensive structural field analyses was done at all the localities with a Brunton compass
measuring orientations of the observed structures, using the right hand rule technique with strike
and dip. The kinematics was determined after kinematic indicators such as sigma clasts,
extensional crenulation cleavage, C-S structures, tension gashes, displacements, asymmetric
boudinage and folds in both x and y plane. The structural data were categorised into different
localities and structural domains. The orientations where plotted as poles to planes, lineations,
great circles and contours in stereo plots. Polar stereo nets were used, with the lower hemisphere
Schmidt net projection using a prototype plot program developed at University of Tromsg. All
the structural data was put together with the new bedrock map for interpretation on the local
scale and then and further for interpretation on a regional scale which resulted in a structural

evolution model for RTW.

Single orientated and non-orientated samples, and systematic collection of samples across
sections, were taken from areas of special interests. The samples were further brought to the lab

for preparation for geochemistry, microscopy or geochronology.

Mapping of the mineral deposits was carried out by visits to several older showings and one
dismantled mine. They were described visually, structurally and sampled for geochemistry and
thin sections. Samples were also taken at other localities where the concentration of sulphides

was high. Additionally, a handheld XRF was used at selected localities.
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3.2 Geophysics

Helicopter-borne magnetic, EM and Radiometric measurements were carried out over most of
the RTW in August-September 2011 (Rodinov et al., 2012). The data were processed by the
geophysics team at NGU. Because the instruments were partly destroyed during the flight, the
EM data contains a signal with a higher proportion of noise. This made the geological

interpretation of the EM data more challenging.

3.3 Drill core logging

Drill core BH-1-1995 from Haugfjellet was logged at the Lakken drill core facility. The core was
logged on a scale 1:20. The core was described with emphasis on sedimentation, deformation
and sulphide mineralisation. A handheld XRF (Thermo Niton XL3t) was used to analyse the core

every 20cm for light and heavy elements (Mining mode).

The cores from Gautelis were poorly marked and did not correspond to the rocks observed in

field. Detailed analyses of these cores was therefore not carried out.

3.4 Whole rock analysis

Whole rock analysis of samples from the RTW are a compilation of pre-existing samples and
new samples collected during the course of this study. The new samples were used for
investigating the sulphide mineral content and the relation to the structures (manuscript (1V)), the
older samples were taken from the NGU database and Korneliussen et al. (1986) from
metasedimentary, metavolcanite and intrusive rock samples. These were plotted into
geochemical diagrams in order to establish their tectonic setting at the time of deposition and
together with the age relationships, develop a detailed progressive tectonic model for the RTW
through the Archean and Paleoproterozoic time. The samples have been collected over years and

sent to different labs for analysis.

The new samples were prepared by crushing and milling at the Geological Survey of Norway
(NGU). The samples were sent to ALS in Sweden for whole rock and trace elements analysis.
The major oxides concentrations were determined by wavelength-dispersive XRF on fused disks
(after Norrish & Hutton, 1969). Trace elements Y, Zr, Nb, Rb, Ba, Sr Pb, V, Cu, Zn, and Ni were
determined by wavelength-dispersive XRF on a pressed pellet (after Norrish & Chappell, 1997).
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Sc, Co, Cr, Cs, Hf, Ta, Th, U, La, Ce, Nd, Sm, Eu, Th, Yb and Lu, were analysed by
instrumental neutron activation analysis (NAA). The samples were plot in a spider diagram with
selected metals, and normalised to the average composition of unmineralised and undeformed
metagreywacke sampled at different localities at Haugfjellet and to the host rock in the
undeformed and unmineralised area nearby the sample in order to determine metal anomalies

locally and more regional compared to the developed structural model.

3.5 Optical microscopy and Scanning Electron Microscope (SEM)

Polished and unpolished thin sections where prepared by the lab at NGU. The samples were
examined in transmitted and reflected light at the NGU. The microscope used was a Zeiss
Axioplan 2 Imaging, Hal 100. The SEM type Leo 1450VP was used for analysing selected areas
in the thin section for composition and mineral recognition. The analysis was semi-quantitative

and was carried out using Oxford instrument EDS with 10mm? and accelerating voltage 15kV.

3.6 SHRIMP U-Pb zircon dating

The samples were picked from the granites based on their syntectonic relationship with the
structures. Observations of mutual crosscutting relationships between the D3-D, structures and
the granites where documented and by dating the zircons of the granites, the framework for the

structural development would also have an approximate age determination.

Samples for zircon dating were crushed, milled and separated at NGU lab. Zircon crystals were
handpicked from the heavy mineral separate with the aid of a binocular microscope. In general,
up to 150-200 representative crystals are selected for igneous rocks, and all grains are picked for
sedimentary rocks containing detrital zircons. Crystals are mounted in 25 mm diameter Epofix

epoxy disks, and the mount surface polished to expose the grain interiors.

Each mount typically contains minerals from three different samples, which are aligned in rows,
together with several crystals or crystal fragments of reference materials (BR266 and OGC1

were used as U-PD calibration standards for zircon).

Mount-making and backscattered electron and cathodoluminescence (CL) imaging were
completed at the Center for Microscopy, Characterisation and Analysis at the University of
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Western Australia. Gold coating and SHRIMP analysis were carried out at the John de Laeter

Center for Isotope Research at Curtin University in Western Australia.

Zircon grains were analysed using the SHRIMP-11 facility housed within the John de Laeter
Centre for Mass Spectrometry at Curtin University of Technology. Procedures for SHRIMP U-
Pb isotopic analysis followed those described by Compston et al. (1984), and Stern (2009).
Targeted grains were sputtered using an O2— primary beam with a 30 pum—diameter spot, and six
cycles of sequential measurements of peaks in the secondary ion beam at mass stations 196
(90Zr20+), 204 (204Pb+), 204.1 (background), 206 (206Pb+), 207 (207Pb+), 208 (208Pb+), 238
(238U+), 248 (232ThO+) and 254 (238UO+) were made using an electron multiplier in pulse

counting mode.

The effect of Pb/U fractionation in measurements of the unknowns was corrected by reference to
interspersed analyses of the laboratory U-Pb standard zircon BR266 (U =909 ppm,
207Pb/206Pb age = 559; Stern, 2001) and OGC1 (207Pb/206Pb age = 3465 Ma; Stern et al.,
2009).

The measured 204Pb was used for common Pb correction. The data was compiled using the
ISOPLOT 3.0 and Squid 1.0 programs (Ludwig, 2003; Ludwig, 2009). Individual analyses are

reported with 2 o uncertainties; weighted averages of age are also reported at the confidence of

20.

3.7 Pb/Pb isotope studies

Pb/Pb isotope studies are useful for understanding the tectonic history of the Pb minerals. By
understanding the half-lives of the parent generating Pb isotopes you can get information of

differentiation events and time constrains.

7 galena samples were picked from Sildvika, Haugfjellet and Cunojavri and sent further to the
University of Oslo for analysis. 2-3 grains of galena washed 10 sec in 4N HNO3, then in MQ
water. Two drops of 4N HNO3 were added. After 30 sec 50 pl were pipette out and thinned with
2% HNO3 to analysable concentration. For secondary dissolution, the same record was followed,

but the 50 ul that were pipette out was damped before dilution.
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The analyses were done on Nu Plasma MC-ICPMS. First 30 sec of background measurements
with ESA deflector before mass of 208 and 201 was measured. The background signal was
deducted and corrected for Hg by 204Hg/202Hg = 0.2299. Thallium is added the samples and
standard for correction for mass fractionation, an adjusted 205/203 = 2.38895 was used.

4. Summary of the papers and their synthesis
4.1. Paper |

Angvik, T. L., Bergh, S.G. and Henderson, I1.H.C.; (manuscript). Svecofennian oblique
transpression and strain partitioning in a Paleoproterozoic mid-crustal granite- greenstone

setting: An example from the Rombak Tectonic Window, North Norway.

The RTW is situated within the Paleozoic Caledonian thrust nappes in Northern Norway. The
Rombak-Skjomen shear zone (RSSZ) is a major crustal scale Paleoproterozoic ductile structure
that cuts through Paleoproterozoic metasedimentary and felsic igneous rocks of the RTW. This
excellently exposed tectonic window is an important link to the understanding of both the
basement rock outliers in western Norway and the juvenile Paleoproterozoic rocks of the

Fennoscandian shield to the east in Finland and Sweden.

The main deformation in the Rombak window is of Svecofennian age (1.92-1.75 Ga) and located
within several N-S trending metasedimentary belts which are the locus for ductile folds, thrusts
and anastomosing shear zones. The RSSZ has a complex structural evolution and geometry strain
partitioning with four phases of deformation; early pure shear folding event (D,), pure shear
dominated fold-thrust belt event (D,), two phases of combined simple shear and pure shear
oblique systems with a conjugate set of N-S trending sinistral reverse oblique-slip shear zones
(D3), and a NE-SW dextral reverse oblique-slip shear zone event (D4) where the fold-thrust belt
is nearly fully overprinted. Syn-Tectonic granites have a complex inter-relationship with this
deformation sequence. The crosscutting relationship between the granite and the structures
shows that the granite cuts the fold-thrust belt and parts of the oblique-slip deformation and can
also be locally cut by the D, event consistent with syn- to late orogenic plutonism.
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We present a strain partitioning model for the RSSZ where high and low strain domains
interacting, in an overall oblique transpressional setting.Strain partitioning developed
progressively from a monoclinic transpressional symmetry with pure shear and the development
of an initial fold-thrust belt to a triclinic transpressional symmetry with combined simple shear
and pure shear resulting in oblique-slip shear zones. In this scenario the anastomosing arrays of
steep mylonitic shear zones (D3) may have formed from a strain pattern of triclinic deformation
superimposed on the earlier monoclinic fold-thrust belt deformation (D;-D,), leaving isolated
domains of the monoclinic deformation intact. The D1-D,4 progressive structural events led to a
complex outcrop pattern with remnant blocks of fold-thrust belt segmented and attenuated by
two later phases of steep reverse oblique-slip ductile shear zone fabrics which shows a regional

conjugate pattern with the direction of main principal shortening in a WNW-ESE direction.

Regional EM and radiometric data support the tectonic model and demonstrate that graphitic
shales and potentially mineralised bodies in the fold-thrust belt have been dextrally displaced up
to 6 km along the strike of the D, shear zones, demonstrating the structural control on both the
mineralisation processes and the subsequent post-mineralisation modification The understanding
of the structural evolution of the RSSZ in the Rombak Tectonic Window is important in order to
understand the Svecofennian orogeny in the Norwegian portion of the Fennoscandian shield and
to possibly be able to link the structures to the east and also to understand how progressive

transpressive margins may develop in general.

4.2. Paper Il

Angvik, T. L., Bagas, L. and Korneliussen, A.; (manuscript). Geochemical evidence for arc-
related setting of Paleoproterozoic (1790 Ga) volcano-sedimentary and plutonic rocks of the
Rombak Tectonic Window

This paper presents geochemical and geochronological data that underpins the structural model
presented in Paper I. The RTW is an inlier exposed through Caledonian nappes and represents
the western-extension of the Proterozoic Fennoscandian Shield containing similar aged granites,
which are exposed in Sweden and Finland to the east. Detailed field analysis in Paper |
demonstrates that the granites are syn- to post-tectonic with respect to large N-S trending

oblique-slip structures within the inlier, and therefore our age determinations bracket both the
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timing of the deformation. The geochemistry shows a complex geology with strongly deformed
meta-sedimentary belts consisting of turbeditic sequences (greywacke and shale), graphitic shale,
quartzite, conglomerate, and marble. These rocks are interbedded with volcanic successions of
mafic/intermediate to felsic volcanites.

The same geochemical characteristic outline of the metasedimentary and metavolcanic rocks.
The ca. 2000 — 1867 Ma metamorphosed greywacke and shale plot within an active continental
margin or island arc setting in discrimination diagrams. The ca. 1900 Ma mafic and ultramafic
rocks in the RTW plot predominantly in the continental to oceanic arc fields. We suggest that the
metasedimentary rocks in the RTW were deposited in an island arc to active continental margin
setting, from a provenance dominated by mafic to intermediate and felsic volcanic rocks derived
from the mantle.

The ca. 1788 Ma felsic intrusive rocks can be classified as I-type, partially fractionated A-type
granites (Fig. J). These rocks plot in the late-orogenic to anorogenic fields associated with a
volcanic-arc to within plate setting (Fig. L), which is similar for the ca. 1900 Ma
metasedimentary and volcanic units. The granite was intruding and melting those units during
the accretion and Svecofennian orogeny and formed in late- to post-collisional settings.

Sensitive high-resolution ion-microprobe U-Pb dating of zircons from monzogranites from the
RTW in north-central Norway yielded and age of 1786 = 8 — 1790 + 8 Ma, which are within

error of each other.

We suggest that the rocks have developed in one progressive tectonic event. From an island arc
affinity with mafic intrusions, intermediate volcanites developing and with the tonalite basement
as a source. Through progression of the island arc, it is changing into a continental arc with felsic
volcanites and granite plutonism which are all accreted on to the Baltic continent, a total

progression in a period of a ~70 million years.

4.3. Paper |11

Angvik, T. L. and Sandstad, J. S; (manuscript). The timing of sulphide deposits and their spatial

relation to the Rombaken-Skjomen Shear Zone, northern Norway.
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The Rombaken Tectonic Window (RTW) is a Paleoproterozoic inlier within the Caledonian
nappes of northern Norway. The bedrock consists of Svecofennian granites intruded into
metasedimentary and metavolcanic rocks, which appear as N-S trending parallel belts widening
and thickening along strike. Sulphide mineralisations in the RTW, including As-Au, Cu and Pb-
Zn, have long been explored for gold in the area and the need for a better understanding of the
geological evolution of the area has increased. Recent tectonic and structural models have
verified a large scale Svecofennian Rombaken-Skjomen shear zone (RSSZ), which can be traced
across the whole window and into Sweden. The model consists of four deformation events that
includes two N-S striking, east verging fold-thrust (D1-D-) and two oblique-slip events with
steep ductile N-S striking (D3) and NE-SW (D,) striking shear zones. Several known sulphide
mineralisations are found along, within and near this regional shear zone. In the present study we
have studied several of these for their genesis, timing and spatial relationship to the RSSZ. We
found at least four stages of mineralisation including; 1) Do syngenetic bedding parallel Zn-Pb
SEDEX deposits, 2) D3-D4 syntectonic metasomatic As-Au-Fe deposit and 3) D3-D,4 orogenic
gold, both along the regional shear zone, including remobilisation of the SEDEX mineralisations
and as 4) D3-D,4 Cu-Au in late Svecofennian quartz veins. The formation of most of the sulphide
mineralisations in RTW is very complex with several stages of remobilisation and deformation,

that are spatially and temporally linked to the development of RSSZ

4.4 Paper IV

Angvik, T. L., Henderson, I.H.C. and Bergh, S. G.; (manuscript). Svecofennian shear zone
networks of the Rombak Tectonic Window, North Norway: Structural architecture and regional

correlation with the Fennoscandian shield.

The northern part of the Fennoscandian shield is made of several domains of varying ages from
Archean to Paleoproterozoic age. These domains comprise areas within the Kola province in
Russia and the Northern part of Norway, Sweden and Finland. The evolution of these rocks is
extremely complex and is dominated by several continental break-ups, the development of
several micro continents, island arc development and the closing of the Kola ocean with
subsequent subduction, accretion and orogeny. Globally, Archean and Paleoproterozoic crust is
commonly juvenile and the Fennoscandian shield is regarded as having a high mineral potential.
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The Fennoscandian shield in Norway occurs as inliers and outliers under the Caledonian thrust
nappes and has not been included in previous regional studies. Because of new knowledge
(Paper 1) of the structural relationship to the sulphide mineralisation (Paper I1) in the Rombak
Tectonic Window (RTW) and the similarities of the rocks elsewhere, it is demonstrated in this
paper that the Norwegian part of the Fennoscandian shield is directly related to the rocks found
in particular Sweden and Finland. The rocks show evidence of the same break-up activity in the
Archean to one or several rifted micro continents filled with Paleoproterozoic basin sediments
and the development of island arcs and back arc basins creating volcanoclastic rocks. The
Archean and Paleoproterozoic boundary (The Luled-Jokkmokk zone) can be traced in an arcuate
geometry, bending northwards towards the RTW and into the Senja Shear Belt. In addition, the
Bothnian basin and the Arvidsjaur sediments can also be traced with a similar geometry towards
the RTW. During subduction, accretion and orogeny almost identical ductile structures
developed across the Northern Fennoscandia during the Svecofennian Orogeny. Striking
similarities are also seen in the nature of the structural evolution with the initial development of
fold-thrust structures which were subsequently overprinted by strike- or oblique-slip shear zones.
These shear zones follow an overall NW-SE regional trend, but are in Norway deflected into a
more N-S trend. This paper documents that along the Archean-Paleoproterozoic boundary in
Norway and Sweden there are several occurrences of steep NE-SW striking ductile shear zones
which crosscut all earlier structures. A major finding of this paper is that these structures are
interpreted to have developed during the final stage of the orogeny forming a secondary orocline
which deflects the orogen from a NW to a N-trend. The complete orogenic system has made a
major and complex impact on the juvenile crust and is responsible for the creation and
remobilisation of numerous deposits in the whole of the Fennoscandian crust. By improving the
understanding these major structures and their relationship to mineralisation we may be able to

point out areas of high mineral potential in the future.
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5.0 Synthesis
5.1 Formation and tectonic evolution of the RTW

The rocks of the RTW show a complex geology interpreted to have developed in one progressive
tectonic event from those with an island arc affinity, with mafic intrusions and intermediate
volcanites, forming a transition into a continental arc affinity with felsic volcanites and granite

plutonism. This complex sequence was then accreted eastwards on to the Baltic continent.

The lithologies consist of a deformed metasedimentary belt with turbiditic sequences (greywacke
and shale), graphitic shale, quartzite, conglomerate, and marble. The metasedimentary rocks are
interbedded with volcanic successions of mafic/intermediate to felsic volcanites. These belts

occur as rafts within a coarse grained weakly deformed granite.

The geochemical characteristics of the metasedimentary and metavolcanic rocks are similar. The
ca. 2000 — 1867 Ma metamorphosed greywacke and shale display an active continental margin
or island arc setting. The ca. 1900 Ma mafic and ultramafic rocks of the RTW demonstrate
continental to oceanic arc affinity. The metasedimentary rocks in the RTW were deposited in an
island arc to active continental margin setting, developing from a provenance dominated by

mafic to intermediate and felsic volcanic rocks derived from the mantle.

The ca. 1788 Ma felsic intrusive rocks can be classified as I-type, partially fractionated A-type
granites and are interpreted as late-orogenic to anorogenic associated with a volcanic-arc to
within plate setting, similar to the ca. 1900 Ma metasedimentary and volcanic units. The granite
was intruding and assimilating the metasedimentary units and formed in late- to post-collisional
settings. Field observations, which show that the RTW granites are syntectonic and intimately
associated with the complex deformation sequence, in combination with sensitive high-
resolution ion-microprobe U-Pb dating of zircons from monzo-granites yielded ages of 1786 + 8
to 1790 £ 8 Ma, which are also interpreted to be the age of deformation and accretion associated

with the Svecofennian orogeny.
5.2 Structural evolution of RTW

A complex, multi-stage crustal-scale ductile shear zone array has been documented to intersect

the RTW. These structures are all of Svecofennian age and developed during four stages of
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deformation. We present a strain partitioning model of interacting high-low strain domains for
the RSSZ, in an overall oblique transpressional setting.The strain partitioning may have
developed from a monoclinic transpressional symmetry (pure shear or oblique-slip shear) to a

triclinic transpressional symmetry during progressive deformation through time.

D, and D, represents the initiation of the Svecofennian deformation in the RTW. The D;
structures consist of an early pure shear folding with isoclinal, S-striking and east verging folds.
These are refolded by a pure shear fold-thrust belt event (D), dominated by S-striking upright,
east verging and open folds. Throughout the progression of the accretion the structures have
developed into combined simple shear and pure shear oblique systems with a conjugate set of N-
S trending, steep and ductile oblique-slip shear zones (D3) with a dominantly sinistral shear sense
that follow the strike direction of the D, fold limbs and segment, fold and steepen parts of the
earlier-formed structures. The D4 event is represent by steep, ductile, NE-SW dextral oblique-
slip shear zones that obliquely cut and attenuate both the D;-D, fold-thrust event and the

subsequent D3 oblique ductile shear zones.

In our strain partitioning model, the four progressive structural events lead to a complex outcrop
pattern of remnant fold-thrust belt blocks which have been segmented and attenuated by two
later phases of steep oblique-slip ductile shear zone fabrics. These show a regional conjugate
pattern with the direction of main principal shortening in a WNW-ESE direction. This complex,
multi-stage ductile transpression is collectively termed the Rombak-Skjomen Shear Zone
(RSS2).

5.3 Spatial relationship of sulphide deposits to RSSZ

Several of the known sulphide mineralisations found along the RSSZ have been studied for their
genesis, timing and spatial relationship to the shear zone. At least four different styles of
mineralisation are found. These are: 1) syn-genetic bedding parallel Zn-Pb SEDEX deposits, 2)
Ds-D, syntectonic metasomatic As-Au deposit and 3) orogenic gold both along the D3-D4
regional shear zone including remobilised SEDEX and 4) Cu-Au in late D3-D, Svecofennian
quartz veins. The SEDEX deposits are the oldest deposits found along the beds with primary
structures. These deposits are interpreted to be of syn-genetic origin prior to the complex

Svecofennian deformation sequence outlined above. They are found within the greywacke with
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Andean type margin affinity, and may represent the stage before accretion. The SEDEX deposits
have however been intersected by the D3 shear zones and the mineralisation along RSSZ does
therefore show complex mineral assemblages. The metasomatic As-Au deposits are found in
areas with a relationship with a combination of shear zones, shear zone related dolerite intrusions
crosscutting metagreywacke and marble. This deposit type is interpreted to have developed as a
result of a combination of fluids transported along the D3-D4 shear zones, the heat sourced from
the dolerite and the change of pH from the intersection with the marble. Orogenic gold is found
with As and remobilised Pb-Zn along the D3-D,4 shear zones and as a late stage brittle-ductile Cu-
Au rich quartz veins which are interpreted to be related to fluids carried along the large shear

Zone.

It is found that most of the formation of sulphide mineralisation in the RTW is very complex
with several stages of remobilisation and deformation that are closely related to the development
of dominantly the D3- D, shear zone in space and time. The presented model show how these

mineralisations are related to the RSSZ in a regional tectonic setting through time (fig. 1)
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Fig. 1. Tectonic model of the Svecofennian orogeny with timing and spatial relationship to the sulphide and gold
deposits in the RTW and nearby in Sweden. The model demonstrates the different stages of a progressive

development from basin on an active margin to the accretion and orogeny.

5.4. RTW as a part of the Svecofennian orogeny in Fennoscandia

The evolution of the lithologies of the Fennoscandian shield with respect to regional scale
tectonic environment is extremely complex and is dominated by several continental break-ups,

development of several micro continents, island arcs and the closing of the Kola ocean with
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related subduction, accretion and orogeny. The RTW is part of the Fennoscandian shield and
remarkable and extensive similarities are observed in the nature and evolution of the
Svecofennian structures are observed across the shield. This large orogenic system has had a
major and complex impact on the juvenile crust and is responsible for the creation and
remobilisation of several deposits across the whole of the Fennoscandian Shield. In consequence,
the Norwegian part of the Fennoscandian shield is directly related to the rocks found in particular
areas of Sweden and Finland and therefore a regional model is proposed for the Svecofennian

shield developing progressively into an orocline geometry.

The Archean rocks in the northern Fennoscandian Shield show evidence of similar break-up
activity, fragmenting Archean into several micro-continents. Sedimentary basins filled with
Paleoproterozoic sediments and associated island arcs and back arc basins were formed, creating
volcanoclastic rocks. The Archean and Paleoproterozoic boundary (The Lulea-Jokkmokk zone)
has a NW-SE trend in Sweden but is deflected northwards towards the RTW and into the Senja
Shear Belt. A similar deflection is observed in the Bothnian basin and in the Arvidsjaur

sediments, which thin out and disappear towards the RTW.

A remarkably similar structural evolution occurred over the whole of northern Fennoscandia,
involving the initial development of fold-thrust belt structures followed by cross-cutting oblique-
slip shear zones during subduction, accretion and orogeny. These shear zones follow an overall
NW-SE trend in Sweden and Finland, but are in Norway deflected into a more N-S trend. Along
the Archean-Paleoproterozoic boundary in Norway and Sweden there are several occurrences of
steep NE-SW striking oblique-slip shear zones, crosscutting all earlier structures. These
structures were developed during the final stage of the orogeny, creating a secondary orocline,
deflecting the shear zone array to the north (Fig. 2).

This regional-scale model contributes to a better understanding of the structures that developed
during the accretion and evolution of the Svecofennian orogeny. In addition, this model provides
a basis for a better understanding of metallogenic processes associated with both syn-tectonic
mineralisation and the complex geometries produced of mineralised bodies that are modified by

them.
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Fig. 2. A tectonic model over the Fennoscandian shield where the early stages of the orogen were dominated by N-S
contraction and the late stage of orogeny was dominated by a shift of movement to NE-SW collision which caused

the western part to med northwards and developed a secondary orocline model.

6.0 Future work
6.1. Further structural studies

This study was confined to the eastern part of the RTW exclusively in Norway and shows that
there is a regional crustal-scale Paleoproterozoic ductile shear zone array (RSSZ)cutting through
the full length of the tectonic window. Regional scale magnetic data shows the RSSZ but also
several anomaly parallel to it. Similar shear zones show evidence of continuation into Sweden
and through areas of high mineral potential. These areas in Sweden have been studied regarding
the mineral deposits and their age relationships (e.g. Adamek, 1975; Romer & Boundy, 1988;
Romer, 1989).However, no modern structural analysis has been carried out in these areas in
Sweden This suggests that the RSSZ continues further into Sweden. continued structural analysis

on the Swedish part of the RTW is important to underpin the findings of the current research and
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to continue to develop an improved regional-scale structural model of the Fennoscandian shield.
In addition, an integration of structural observations from the Swedish part of the RTW would
lead to a refinement of the regional structural model but also provide the opportunity to discover,
as yet, unknown mineral deposits, both in the Swedish part of the RTW and elsewhere.

6.2 Metallogenic studies

Fluid inclusion studies use trapped fluids in a mineral to find the pressure and temperature at the
time of mineralisation (e.g. Roedder, 1985). Applying such a study on the gold and sulphide
mineralisation in the RTW would help to more fully understand the genetic relationships of the

mineralisation.

This study demonstrate that while some mineral deposits within the RTW are syn-genetic, others
are clearly remobilised. Fluid inclusion studies would hopefully allow the delineation of syn-
genetic mineralisation from remobilised mineralisation allowing the determination of different
conditions and genetic relationships of the mineralisation type and style to temperature and

pressure.
6.3. 3D structural and metallogenic model

3D modeling is a powerful tool to view and understand the nature and interaction of structures,

lithology boundaries and the geometrical extent of mineral deposits.

The RTW is an area with incised topography, an abundance of complexly interacting structures,
numerous drill cores and a range of different styles of mineral deposits. Areas with such a wealth
of information can be used to create detailed and accurate 3D models. The topography within the
RTW provides natural cross sections with information on lithologies and structures, while drill
cores give depth information. The geometrical nature of mineral deposits and their relationship to

the complex structural evolution can be sampled and plotted.

Such a 3D model would be both a very valuable educational and exploration tool for the RTW,
providing easily understandable and accessible data for scientists, prospectors or students. Such a
model could additionally be used for calculating more detailed mineral deposit information,

particularly deposit size, grade and detailed geometry.
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Abstract

The Rombak-Skjomen shear zone (RSSZ) is a major crustal scale Paleoproterozoic ductile
structure that cuts through Paleoproterozoic metasedimentary and felsic igneous rocks of the
Rombak Tectonic Window, situated within the Paleozoic Caledonian thrust nappes, Northern
Norway. This window is an important link to understand and tie the basement rock outliers to the
west in Norway and the juvenile Paleoproterozoic rocks of the Fennoscandian shield to the east

in Finland and Sweden.

The main deformation in the Rombak window is of Svecofennian age (1.92-1.75 Ga) and located
within several N-S running metasedimentary belts consisting of ductile folds, thrusts and
anastomosing shear zones. The RSSZ has a complex structural evolution and geometry also
involving syn-deformational injection of granitoids and strain partitioning with four phases of
deformation; Early pure shear folding event (D), pure shear dominated fold-thrust belt event
(Dy), two phases of combined simple shear and pure shear oblique systems with a conjugate set
of N-S trending sinistral reverse oblique-slip shear zones (Ds), and a NE-SW dextral reverse
oblique-slip shear zone event (D4) where the fold-thrust belt is nearly fully overprinted. The
crosscutting relationship between the granite and the structures shows that the granite cuts the
fold-thrust belt and parts of the oblique-slip deformation and can also be locally cut by the Dy

event consistent with syn- to late orogenic plutonism.

We present a strain partitioning model of interacting high-low strain domains for the RSSZ, in an
overall oblique transpressional setting.The strain partitioning have developed progressively from

a monoclinic transpressional symmetry with pure shear and fold-thrust belt to a triclinic
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transpressional symmetry with combined simple shear and pure shear resulting in oblique-slip
shear zones. In this scenario the anastomosing arrays of steep mylonitic shear zones (D3) may
have formed from a strain pattern of triclinic deformation superimposed on the earlier
monoclinic fold-thrust belt deformation (D;-D,), leaving isolated domains of the monoclinic
deformation intact. These four progressive structural events lead to a complex outcrop pattern of
remnant fold-thrust belt blocks segmented and attenuated by two later phases of steep reverse
oblique-slip ductile shear zone fabrics which shows a regional conjugate pattern with the
direction of main principal shortening in a WNW-ESE direction.

Regional EM and radiometric data support the tectonic model and demonstrate that graphitic
shales and potentially mineralized bodies in the fold-thrust belt have been dextrally displaced up
to 6 km. The understanding of the structural evolution of the RSSZ in the Rombak Tectonic
Window is important in order to understand the Svecofennian orogeny in the Norwegian portion
of the Fennoscandian shield and to possibly be able to link the structures to the east and also to

understand how progressive transpressive margins may develop in general.

Keywords: Transpression, Paleoproterozoic, ductile structures, oblique-slip shear zone, fold-and-
thrust belt.

1.0 Introduction

Crustal-scale ductile shear zones are common structures that develop during an orogenic event,
and such shear zones may reflect potential terrane boundaries (c.f. Park 2005) between
assembled older crustal blocks or intracrustal shear zones. Such boundaries can help to restore
the craton outline and the cratonic margin characteristics and to unravel cycles of tectono-
magmatic events (cf. Bleeker 2003). It is improbable that two converging crustal plates move in
a uniform direction, but more likely oblique to each other forming a transpressional system. This
may include both perpendicular and sideway motions of plates relative to the main shortening
direction. The resulting complex strain patterns during Precambrian tectonism forming as a result
of simple shear, pure shear, dilation, transpression or transtension are still a rather poorly defined
issue (cf. Garde et al. 2002).



Transpression was first used by Harland (1971) to explain oblique convergent plate margins and
has been used to explain many orogenic belts such as the Gondwanian Orogen (Curtis, 1998) the
Torngat Orogen (Girard, 1993), and the Svecofennian Orogen (Beunk & Page, 2001). The
composite nature of transpressional orogens has been modelled and tested mathematically (e.g.
Sanderson & Marchini 1984; Tikoff & Fossen 1993). Notably, the concept of strain partitioning
of the two end-member styles, i.e. pure-shear and simple-shear components of the deformation in
transpressive settings, is widely used in order to describe homogenous deformation. However, a
number of issues still remain vague, for example the nature of interaction, the mechanisms of
initiation and evolution of folds, thrusts and oblique-slip faults in space and time, and the
controlling factors such as bed rock anisotropy, pre-existing structures, rheology-lithology,
regional versus local stress fields, strain intensity and the angle of convergence (e.g. Tavarnelli et
al. 2004 and references therein).

The main structures developing in such regimes are either separate strike/oblique-slip faults
occurring in an anastomosing pattern with both pure shear and simple shear components (e.g.
Carreras et al. 2010) or contractional (thrust-related) structures and domains (e.g. Tavernelli et
al. 2004). Many attempts have also been made to develop models to explain strain partitioning of
the strike-slip and contractional components, including simple shear models (Harland, 1971;
Sanderson & Marchini 1984), monoclinic models (Jones et al. 2004 and references therein),
complex triclinic transpression and inclined extrusion models (Davis et al. 2011 and references
therein). These processes may operate independent or in combination, thus accounting for the
usually very complex styles of deformation in transpressive settings.

The Rombak Tectonic Window (RTW) within the Caledonides of North Norway (Figs. 1 and 2)
is an outstanding well exposed example of a Paleoproterozoic, orogenic mid-crustal granite-
greenstone province that experienced a complex evolution and structural history, assumed to be
of Svecofennian age (1.92-1.75 Ga; Lahtinen et al. 2005). This window is dominated by
Paleoproterozoic metavolcanic and metasedimentary rocks (<2.3 Ga), defining NNW-SSE
trending narrow fold-thrust belts and a major ductile shear zone, the Rombak-Skjomen shear
zone (RSSZ) (Larsen et al., 2010). These belts and shear zones are intruded by mafic to
intermediate 1.9-1.7 Ga granitic batholiths (Korneliussen et al. 1986; Romer 1987, Korneliussen
& Sawyer 1989; Bargel et al. 1995).



Previous studies in the area have focused on the bedrock petrology and geochemistry
(Korneliussen et al. 1986; Korneliussen & Sawyer 1989. The deformation style is described as
N-S striking, steep foliation in the metasedimentary rocks and locally within the adjacent
granites. Also NE-SW striking, steep mylonitic shear zones with dominantly dextral shear sense
(Priesemann, 1984a; Priesemann, 1984b; Skonseng, 1985 Korneliussen et al., 1986; Naruk
1987), and interpreted to be with relation to the high mineral potential in the area (Coller, 2004).

This paper describes and outlines the geometry, kinematics and relative timing of the RSSZ and
discuss its interaction with fold- and thrust structures of the easternmost N-S striking
metasedimentary belt and adjacent granites (Fig. 2) in the Rombaken Tectonic window. We
present a model of the belt as a transpressive segment in the Svecofennian orogenic belt with
strain partitioning structures involving both fold-thrust belt structures and oblique-slip zones (cf.
Larsen 2010).

2.0 Regional geology and setting of the Rombak Tectonic Window

The Precambrian Fennoscandian shield (Fig. 1) makes up large parts of Norway, Sweden,
Finland and Russia and is composed of Archean to Neoproterozoic crustal rocks. The shield has
a long evolution and growth history reflected by a complex array of ductile shear zones,
representing different orogens arranged as narrow linear belts (e.g. Holtté et al. 2008; Lahtinen et
al. 2008; Korja et al. 2006). The oldest Archean craton dominates the northeastern part; the
Paleoproterozoic Svecofennian domain including the Bothnian basin and Svecokarelian orogen
is present in the middle, and Transcandinavian igneous belt and Sveconorwegian orogeny makes
up the southwest (Fig. 1) (Gaal & Gorbatschev 1987; Gorbatschev & Bogdanova 1993; Holtté et
al. 2008; Lahtinen et al. 2008). The Fennoscandian shield is bounded in the west by the
Caledonian nappes (Bergstrom & Gee 1985), which itself also includes a number of tectonic
outliers west of the Caledonides (e.g. Lofoten, Vesteralen and western Troms) and inliers, or

tectonic windows farther east.

The largest of the tectonic windows in the north-Norwegian Caledonides is the RTW (Fig. 2),
which accordingly offers an important data source between the autochthonous NW



Fennoscandian Shield and basement provinces west of the Caledonides (i.e. in Lofoten and
western Troms; Bergh et al. 2010, 2012) and the eastern basement region (e.g. Braathen &
Davidsen 2000). The RTW is dominated by a Paleoproterozoic greenstone-granite suite (Foslie,
1916; Korneliussen et al, 1986; Myers & Krgner 1994) including six narrow N-S and NNW-SSE
trending metasedimentary belts. These belts consist of felsic metavolcanic rocks in the
southwestern belt and metasedimentary rocks consisting of basal meta-conglomerates, -
quartzites, -sandstones, -schists, -greywacke and -tuff in adjacent belts. They are surrounded/
intruded by granitic and syenitic batholiths (c. 1.9-1.7 Ga) and mafic dyke swarms are intruding
or surrounding the metasedimentary belts (Fig. 2; Korneliussen et al. 1986). The
metasedimentary rocks have been the locus for ductile deformation into zones of NNW-SSE
trending major fold-thrust belt systems and subsidiary oblique-slip shear zones. A major regional
ductile shear zone, the Rombak-Skjomen shear zone (Larsen et al. 2010), traverses the entire
window from north to south (Fig. 2). The structural analysis and understanding of the structural

evolution of this shear zone is the main aim for the present work.

The tectonic evolution and metamorphic history of the RTW is poorly investigated (cf. Larsen
2010), despite a general knowledge of the age, petrology and geochemistry of the area (e.g
Priesemann, 1984a; Priesemann, 1984b; Skonseng 1985; Korneliussen et al. 1986; Romer &
Boundy 1988; Romer 1989; Naruk 1987; Coller, 2004). The metamorphic grade in the
metasedimentary units is variable, ranging from upper greenschist facies to locally amphibolite
facies conditions during the Svecokarelian (also termed Svecofennian) event (c. 1.82 Ga)
(Sawyer 1986; Korneliussen & Sawyer 1986) and during intrusion of granitoid plutons (1.78
Ga). These early episodes were followed by low-grade greenschist-facies retrogression and
ductile folding and shearing (mylonitisation), which is also thought to be of Svecofennian age
(1.8-1.6 Ga). The metamorphic rocks in the RTW have signs of retrogradation and
metamorphosed at temperatures at 575-600°C. The pressure is moderate to high, at 6kb in the
south, decreasing northwards due to a change from deeper to higher structural levels (Apted &
Liou, 1983; Flood 1984; Korneliussen & Sawyer, 1986; Sawyer, 1986).

Previous structural studies within the RTW focused on the kinematics of inferred late-post

Caledonian structures subjected to extensional reworking along the margin of the window and



that metasedimentary rocks in the area is correlated to the lowermost Caledonian Dividalen
Group (Cashman 1989; Rykkelid & Andresen 1992). Caledonian reworking in the RTW is
discussed (see Birkeland 1976; Romer 1987; Korneliussen & Sawyer 1986; Romer & Boundy
1988; Tull1977; Motuzal998). The objective herein is to document that deformation features
within the RSSZ are part of a multiphase transpressional orogen that is Paleoproterozoic in age.
This is further backed by recent U-Pb zircon age dating of a granite intrusion intruding along and
across the shear zone yielding an age of 1789 + 6 Ma (Larsen et al., 2013), which verifies that
the deformation of the area, as well as the presumed basal Caledonian (Paleozoic)

metaconglomerates are truly Svecofennian in age.

3.0 Structure and architecture of the RTW

The dominant major structural feature of the RTW is the Rombaken-Skjomen Shear Zone
(RSSZ; Fig. 2). The RSSZ shows a complex geometry, varying in across strike width from 7 km
to 20 m (Fig. 2). Our field data, combined with EM gravity and magnetic maps of the RTW (Fig.
3), show an anastomosing deformation pattern with steep ductile, mylonitic shear zones and tight
to isoclinal folds segmenting lenses of less intensely deformed blocks, in which primary bedding
is often preserved, with macro-scale upright folds and gently dipping reverse faults (fold-thrust
belt).

The RSSZ shows a complex evolutionary sequence including four Paleoproterozoic deformation
events (D;-Dy); D; is an early fold event occurring as refolded folds in D, structures. During D,
deformation a low angle, top-to-east fold and thrust belt developed. D3 structures are steeply
dipping N-S trending ductile oblique-slip shear zones and related steeply-plunging folds that
segment the D, fold and thrust belt. D4 structures are steeply dipping NE striking oblique-slip

ductile shear zones that diagonally crosscut and displace the D3 structures.

In our detailed structural analysis, we subdivide the area (Fig. 2) into three geographically
distinct localities, from north to south, Jernvann-Haugfjellet, Norddalen and Gaultelisvatten.
Each area displays characteristically different structural and tectonic styles reflecting different

aspects of the kinematics and strain partitioning evolution.



3.1 D; and D, Fold-thrust belt structures

D; and D, folds are preserved in lower strain domains within the RSSZ. In these domains
bedding structures are well preserved in meta-sedimentary rocks. Bedding is either flat-lying or
forms open, upright, east verging folds which are often cut and displaced by gently west-dipping
ductile shear zones (thrusts) consisting of partly-mylonitized schists, which often form duplex
structures The thrusts are especially focused in graphitic schists. A weak metamorphic, steeply-
dipping, N-S trending axial planar cleavage is commonly developed in the folded strata (e.g.

Norddalen and Gautelis localities).

F1 and F, folds are spatially and temporally associated with the low-angle shear zones.
Observations of tight to isoclinal F; folds are sparse, observed at one locality in the western part
of a ca. 3 km wide fold-thrust belt at Norddalen (Fig. 4).F; fold wavelengths range from micro
scale to several meters, locally overturned towards the east (Figs. 4 and 5) and are locally
refolded by upright, asymmetric F, folds. The F; folds have most commonly sub-horizontal to
shallow dipping axial surfaces with moderate to gently-plunging fold axes to the NNW, N and/or
SSE (Fig. 4)

The dominant map-scale folds of the RTW are D, upright, east-verging and asymmetric with
related ductile thrusts. The F, folds and thrusts are most prominent in Norddalen, forming a belt
up to three kilometers wide. F, folds are generally coaxial with F;. They are upright to
asymmetric and east-verging with moderate to gently west-dipping axial surfaces (S,), sub-
parallel to S; thrusts. Some F, folds are highly sheared along their limbs, within imbricate thrust
stacks(Fig. 4). F, folds are open to tight with a steep to overturned forelimb and a shallow to
steeply-dipping back limb. Fold wavelengths range from mappable scales to micro-scale (Figs. 3,
4 and 5). Cleavage is parallel to the thrust surfaces and is shallow dipping to sub-horizontal (Fig.
5). In Norddalen mappable N-S striking shallow west-dipping ductile S,-thrusts commonly
follow graphite schist horizons . Stretching lineations on the thrust surfaces plunge moderately N
and NE with an oblique-slip component (Fig. 4). A similar fold-thrust belt is observed at
Gautelis, but consists of either stacked and folded greywacke or conglomerate/breccia on top of
thrust-detached marble (Fig 6 and 7). F, folds verges to ESE and plunge to NNW (Fig. 6D;
subarea A) with associated hanging wall parallel thrusts with a NNW-SSE strike, or WSW
plunging fold axis with NE-SW striking thrusts (Fig. 6D; subarea B). Symmetric detachment
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folds are observed in the basal Gautelis conglomerate in NE to E or SW to W plunging fold axes,
similar to F, folds in subarea B (Figs. 6D and 7; subarea C). The detachment horizon for the
thrusts is assumed to be localized within the thin carbonate bed that is only locally found below
and between the green conglomerate beds. F, fold development in the Haugfjellet domain is

more evolved and therefore the thrusts are not mappable.

3.2 D3 and D4 Oblique-slip structures

Regionally, the RSSZ displays two orientations of steep N-S (Ds3) and NE-SW (D,)
anastomosing pattern of shear zones (Fig. 3). The dominant N-S trend follows the regional
geometry of the metasedimentary belts. The NE-SW trending shear zones, appear to truncate or
fold the metasedimentary belts diagonally (Fig. 3). EM gravity and magnetic data from
Norddalen shows a regional scale bending of the N-S trending belt and a c. 5km dextrally
displacement of the graphitic schist in direction of the NE-SW trending D4 shear zone (Fig. 3).
The D3 and D, shear zones are steep, ductile and reverse oblique-slip shear zones. They are
characterised by a sub-vertical mylonite fabric and shallowly-plunging stretching lineations
(Figs. 6, 8, 9 and10), localized steeply-plunging drag folds in the metasedimentary rocks (Figs. 5

and 9) and off-set lithologies in cross-section and map view (Fig. 9G).

Internally, the D3 and D4 shear zones display a large variation in strain, with high-strain ultra-
mylonites alternating with lower strain areas of proto- and ortho-mylonites (Sibson, 1977), where
bedding and other primary features are locally preserved in low strain lenses in a complex
anastomosing network (Fig.10). The shear zone thickness varies from millimeter to kilometer
scale and influence the thickness of the metasedimentary belt. The metasedimentary belt is
generally narrower where there is a higher frequency of shear zones and a higher strain gradient.
There is a large variation in strain gradient and shear zone frequency (Fig. 11) from both the
outcrop scale down to the microscopic level (Fig. 8 and 10). The shear zones commonly follow
lithological heterogeneities, particularly in zones of competency contrast along the
metasedimentary - granite contacts (Fig. 10) and along more incompetent internal

metasedimentary horizons. For example, shear zones are more frequently localised along marble
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and graphitic schist horizons (Fig. 6). Carbonate beds are also often attenuated and disappear

along specific oblique-slip shear zones.
D; structures

The D3 shear zones dominate the geometry of the northern part of the RSSZ from the Norddalen
in the south to Haugfjellet area in the north but are pervasive within the whole length of the
inlier. Their orientation strikes N-S (set 1) to NNW-SSE (set Il) and have a dominant reverse
sinistral oblique-slip component (Fig. 8). However, in the Haugfjellet area these D3 shear zones
are characterised by an equal amount of both sinistral and dextral reverse steep oblique-slip shear
zones. D3 shear zones in the Norddalen area are parallel to the N-S striking D, folds and thrusts.
They are mainly observed to be sinistral reverse oblique-slip shear sense indicators in field (Fig.
9E). The dominant Dj stretching lineation for all localities plunges moderately to steeply to the
NNE (Figs. 4, 6 and 8).

These localized steep D3 shear zones consistently overprint F, fold limbs and segments the
macro scale fold-thrust structures along the F, fold limbs (fig 4 and 8). The fold-thrust belt is
highly segmented into steeply-dipping duplex-like geometries by the oblique-slip structures (Fig.
4). Originally shallowly-plunging F, fold axes were rotated into steeper orientations (Figs. 4, 8
and 9). The D3 shear zones are more spatially associated with tighter and steeper plunging fold
structures than in the D; and D, domains.The fold styles vary from asymmetric to isoclinal
within the mylonite zones, often forming drag-folds with hinge thickening and limb thinning. In
lower strain domains they are open to tight similar folds with a slight limb thinning (Fig. 9A, B
and C).

D, structures

The D, shear zones are localized diagonal to the D3 shear zone at several localities along the
eastern side of the RTW (Fig. 2). These geographically constrained shear zones are best
developed in the southerly part of the inlier and can be traced from Gautelis area and NE into the
Sjangeli area in Sweden (Figs. 3 and 8). The D, structures strike NE-SW and sigma-clasts,
duplexes and extensional crenulation cleavages (NSC) suggest a predominantly reverse dextral
shear sense (Fig. 9F). In the Gautelis area the D4 ductile shear zones are characterised by the

most intense mylonitic fabrics and the largest D, structure in the whole of the RSSZ, the Gautelis
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Mylonite Zone (GMZ). This ductile D4 shear zone is approximately 800m wide and at least 5 km
long and parallel to the main direction and part of the large D, structure that can be traced into
Sweden. The GMZ displays a complex tectonic interfingering of different lithological lenses
(Fig: 6 and 11; GMZ). and the presence of internally complex high and low-strain domains (Fig.
10 and 11).

3.3 Crosscutting relationships with syntectonic granites

The deformation sequence is polyphase in the deformed metasedimentary rocks, as we observe
consistent cross-cutting relationships between the structural styles. The Difold are refolded and
thrusted by D, structures. The Dj structures are following, but thin and slightly cut the D, fold
structures and the Dy structures cuts and drag fold the D3 structures.

We also observe crosscutting relationships between the ductile structures and both granitic and
mafic intrusions found within the metasedimentary units of the RTW. Both sets of intrusions
have a strong spatially association with the RSSZ. Specifically, the intrusive bodies occupy
different sites spatially associated with the ductile shear zones; they are localised adjacent to a
mylonite zone, they are cut by a mylonite zone, or they are found as randomly spaced
undeformed bodies.

The granites are generally coarse grained and cut the stratigraphic beds and folds in all the
structural domains. In the Haugfjellet area the granite cuts the steeply plunging Ds-D, folds,
while on the other hand, it is locally transected by Ds;-D4 shear zones by either cutting dykes
diagonally across or cutting into large bodies (Fig. 8). Similarly, in the Norddalen area the
granitic intrusions cut the D, folded and thrusted metasedimentary rocks, but are also deformed
by Ds-D, folding and shearing into the granite bodies (Fig. 6). Moreover the same type of shear
zone parallel granite dikes within the shear zone in the Gautelis domain is completely
mylonitized by D3 and D4 shear zones, but are also cut by the major granite body(Fig. 10). This
suggests that the granite intrusions are syntectonic to the D3 and D4 structures.

The mafic intrusions are found along the whole RSSZ, but are most abundant in the Gautelis
area. These mafic intrusions are always parallel to the D3 and especially the D4 shear zones, They
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are either used as deformation paths which are strongly mylonitized of D, shear zones or are
undeformed and sometimes with shear zones cutting along the boundary sides of the intrusions
(Fig 7D).These observation also suggest a syntectonic setting to the D3 and D, structures. Which
are confirmed when both the granite and mafic intrusion are present together, the granites and

mafic dykes show mutual cross-cutting relationships (Fig. 6).

4.0 Discussion

The structural architecture of the RTW resulting from Paleoproterozoic deformation allow
insight into aspects that may have controlled the formation and distribution of the different fold-
thrust and reverse oblique-slip strain domains. In order to establish an overall kinematic
evolutionary/tectonic model for the RTW and the encompassing RSSZ, we will address
specifically, the structural chronology and relative timing of deformation, the mechanical factors
controlling the types of deformation, and the kinematics and strain partitioning of the
deformation. Similar approaches have been successfully used in many other partitioned tectonic
settings of various ages; e.g. the active San Andreas Fault (e.g. Babcock 1974; Sylvester &
Smith 1976, 1987; Burgmann 1991; Fossen et al.,1994), Cenozoic transform tectonism in the
North Atlantic/Svalbard (e.g. Harland 1979; Braathen & Bergh 1995; Braathen et al. 1999;
Leever et al., 2011), and Proterozoic-Archean transpressive tectonism in northern Fennoscandia
(cf. Bergh et al. 2010) and Laurentia/Greenland (Garde et al. 2002).

4.1 Structural chronology and relative timing of the deformation

Excellent exposure, aerial photographs and new high-resolution geophysical data allow the
relative timing of folds, thrusts, foliations, oblique-slip ductile shear zones and intrusive rocks to
be determined (Fig. 3). Detailed structural mapping and interpreted cross-sections (Figs. 4 and 6)
provided a framework for defining at least four main structural groups, including contractional
fold-thrust structures and steep ductile, dominantly oblique-slip ductile shear zones. We observe
a progressive deformation sequence that encompasses; (1) N-S trending isoclinal upright folds
(D1), (2) N-S trending, upright and east-verging, asymmetric folds and low-angle thrusts
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associated with a fold-thrust belt (D), (3) N-S and NW-SE trending steep ductile oblique-slip
shear zones (D3) and (4) NE-SW trending, steep mylonitic, dextral oblique-slip shear zones (D).
These groups of structures and their chronology are largely responsible for the complex
structural architecture of the RTW (Fig. 3), as discussed below.

Upright isoclinal FI folds are preserved only within the Norddalen fold-thrust belt domain and
are rarely observed. They have NNW-SSE trending fold axes and steep, subvertical axial
surfaces, and these early folds have been mostly coaxially re-folded by upright, east-verging D,
folds and associated low-angle D, thrusts (Fig.4). Relative fold geometries suggest D; and D,
folds formed in an overlapping contractional strain regime characterised by, e.g. successive
and/or progressive ENE-WSW shortening. Isolated remnants of D;-D, folds and thrusts are
preserved within the GMZ, with folds trending NE-SW and with moderately-plunging axes,
slightly oblique to D; fold axes in the Norddalen domain, and suggestive of NW-SE oblique
contraction during their formation (cf. Priesemann 1984b). Alternatively, we interpret this
deviation as the result of a ca. 45° clockwise block rotation of the fold-thrust belt structures
during subsequent oblique-slip shearing in the GMZ. In the Haugfjellet area, in contrast to
Norddalen, primary bedding is scarcely observed in low strain domains between the steep ductile
shear zone. Present, bedding is strongly attenuated and D;-D, fold axes rotated into steep
plunges. This kind of discontinuous rotation of fold-thrust structures by oblique-slip shearing
both across-strike and along-strike resulted in complex structural segmentation and attenuation
of the RTW belt.

The oblique-slip ductile shear zones (D3s-D4) in the RTW consistently post-date the fold-thrust
belt related structures. The Norddalen locality displays a clear age relationship between D;, D3
and D4 (fig 4) in that Ds is consistently parallel to the trend of the fold-thrust belt structures (D)
by following weak layers and lithological boundaries. D4 obliquely cross-cuts both bedding, D,
fold-thrust structures and D3 shear zones. This locality also demonstrates that the oblique-slip
shear zones likely evolved in a time-progression after initial E-W contractional fold-thrust belt
generation (Fig. 4), in the form of variably, NW-SE directed sinistral shear zones (Ds) and
dextral NE-SW shear zones (D,) in a dominantly transpressional tectonic setting. The overall N-

S trends of the fold and shear zone arrays, their mainly sinistral shear-sense and dextral, mutually
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cross-cutting shear zones, and the oblique stretching-lineations (Figs 4, 6 and 8) suggest

formation during NE-SW directed transpression.

The absolute age of the structures within the RTW has been previously considered as
Paleoproterozoic by Korneliussen et al. (1986), Korneliussen & Sawyer (1986) and Bargel et al.
(1995), while a Caledonian age was inferred by Birkeland et al. (1976), Naruk (1987), Cashman
(1990) and Rykkelid & Andresen (1995). Argumentation for a Caledonian age of the
deformation relies on the metasedimentary units in the RTW being interpreted as Neoprotorozoic
in age, corresponding to the Dividal Group. In such a context Birkeland (1976) concluded that
the D, folds in the area were Caledonian in age, as these folds affected the assumed

Neoproterozoic Dividalen Group.

The present work demonstrates that the folding pre-dated the deposition of the Neoproterozoic
Dividal group, and thus is Proterozoic in age (cf. Larsen 2010). For example, the
metasedimentary rocks thought to be Neoprotorozoic in age are strongly deformed and make up
distinct attenuated segments of the RSSZ, and furthermore, the steeply dipping ductile shear
zones associated with D3 and D4 events are discordantly cut by the flat-lying Caledonian thrust
sheet structures (Andresen, 1988). New radiometric age determinations (Larsen et al., 2013) of
syn- to post-tectonic granite intrusions discussed above, which are spatially and temporally
related to the shear zone development, suggesting a Paleoproterozoic age, thus precluding a
Caledonian age for the deformation.

4.2 Mechanical control

There are mechanical controls on oblique convergent plate settings, which include lithospheric
boundary conditions, lithological heterogeneity, rheology, heterogeneities in the strain field
(pure- and simple-shear), relative angle of principal stress in oblique transpression, and the
presence of intrusive melts (e.g. Fossen & Tikoff, 1993; Jones & Tanner 1994; Tikoff & Fossen
1993; Teyssier et al. 1995; Brown & Solar, 1998; Barraud et al. 2001; Tavarnelli et al. 2004:
Whitney et al. 2007; Schrank et al, 2008). Our data suggests that the overall controlling element
of the deformation in the RTW is the RSSZ and the nature of its evolution. This regional scale

ductile shear zone is localized in contrastingly different rock types and borders different
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deformation domains from pure shear dominated in the contractional fold-thrust belt in the
Norddalen locality, to combined pure and simple shear domains in the Haugfjellet and Gautelis
localities, and with several sets of oblique-slip shear zones. This suggests that the mechanical
control excerted by the RSSZ have been influenced by spatial subdivision of low and high strain
domains and distinct differences in rheology resulting in distributed and localised deformation
zones. Notably, high-strain localised deformation occurs along heterogeneities within the
bedrock: (i) along weak sedimentary horizons, (ii) along geometrical shapes defined by pre-
existing structures, (iii) parallel with mafic intrusive rocks, and (iv) along the boundaries of
granite intrusions. For example, in the contractional Norddalen domain, the main D, thrust zones
are located within stacked black schist, grey schist and marble horizons, suggesting the
formation of fold-thrust structures are largely lithologically controlled (Fig. 4). Similarly,
remnants of fold and thrust structures in the Gautelis oblique-slip domain are preserved as
detachment folds and thrusts in carbonate and graphite schists. Therefore, we conclude that the
internal sedimentary rheology, i.e. pre-existing anisotropy (cf. Evans et al. 2003; Montési &
Hirth 2003; Tavarnelli et al. 2004; Schrank et al. 2008; Larsen et al., 2010), played a major
mechanical control in partitioning of the deformation, at least on the earliest, contractional stages
of the deformation in the RTW.

Weak sedimentary rocks and pre-existing structures may also control the formation of later
ductile structures, in this case the D3 and D4 oblique-slip structures in the RSSZ. In the RTW the
stratigraphic units in the Norddalen domain and the carbonate horizon at Gautelis, in which a
major mylonitic shear zone developed (GMZ), provided the locus for oblique-slip reactivation.
For example, the major SET IIl (D4) shear zone at Gautelis is localised along the highly
competent interface between the metasedimentary units and the tonalitic basement complex to
the east (Fig. 6). These oblique-slip shear zones are mostly steeply-dipping and developed
preferentially parallel to steeply-oriented fabrics, e.g. bedding and cleavages of D;-D; folds and
steep thrusts (D) in the fold-thrust domains. In Norddalen, the sinistral oblique-slip folds
adjacent to D, shear zones have the same trend as the upright D;1-D, folds. At Haugfjellet, steep
oblique-slip shear zones are mostly confined to the steep limbs of steeply-plunging folds (Fig. 8).
Several of the shallow dipping D, thrusts were steepened and reactivated as D3 and D, oblique-
slip shear zones.
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These observations suggest that the contrasting deformation styles in segments/domains across
as well as along-strike in the RTW were influenced by lithological heterogeneities. Similar
conclusions have been reached by e.g. Jones & Tanner (1994), Tavernelli et al. (2004) and Bergh
et al. (2010) from the study of interacting contractional and oblique-slip features in various
transpressive settings. Jones & Tanner (1994) described how partitioning of transpressive strain
occurs when stress is applied oblique to pre-existing weakness zones. Tavernelli et al. (2004)
showed how the deformation evolution and geometry is highly depending on the anisotropy of
the rocks. Bergh et al. (2010) demonstrated progressive Paleoproterozoic deformation in the
West Troms Basement Complex, north Norway, that involved early formed ductile thrusts and
upright macrofolds whose steep limbs and corresponding steepened early-stage thrusts were

reactivated by orogen-parallel, steep oblique-slip shear zones and subvertical folds.

In a constantly evolving strain field, in the middle crust level and at medium grade metamorphic
conditions as in the RTW, the fine-grained metamorphic rocks deform easier than their coarse-
grained counterparts, and the deformation will thereby be localized in the fine grained rocks and
modified by deformation processes such as ductile flow, recrystallization and recovery (e.g.
Evans et al. 2003; Montési & Hirth 2003). Examples include fine-grained mafic dykes in the
Gautelis domain and graphitic black schist in the Norddalen domain. Similarly, high-strain
mylonitic shear zones in the Gautelis domain localised along steep boundaries of rheologically
different schist and granitic intrusive rocks (fig. 11) and mafic dykes and the surrounding host
rock (Fig. 7). Such relationships have been observed across the entire RTW, suggesting regional-
scale control of mechanical anisotropies. At Gautelis, mafic dykes have a NW-SE trend (Fig. 7),
and they likely acted as both incompetent deformation channels and competent lenses. Dykes
intruded along NE-SW shear zones were also ductily deformed (Fig. 4), supporting synchronous
intrusion and deformation. However, some granitic bodies which are intruded after the initial
phase of D, folding are subsequently cut by steep ductile shear zones (D3 and Dy). It is also
notable, that the mafic dykes in general intruded in two or more generations as they mutually
cross-cut the granites (cf. Korneliussen et al. 1986). Therefore, we can clearly document the syn-
tectonic nature of both the granitic and mafic intrusions, and thus enable to infer their controlling
effect on the deformation features. Syn-tectonic intrusion (melt) paths are known from many
studies (e.g. Barraud et al. 2001; Brown & Solar 1998; Pavlis 1995), and they may control the
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channelized melt flow pattern and thus localize the intrusion on the deformation fabrics. For
example Brown & Solar (1998) showed that granite melts found in dilatant shear fractures are
driven by both buoyancy forces and tectonically induced melt pressure. In accordance with their
findings, we have demonstrated that granite and mafic dykes associated with RSSZ consistently
intruded parallel to the D3 and D4 steep ductile shear zones, the shear zones and the melts
forming a complex interplay. If these shear zones controlled the melt pathway, the intrusions
likely modified the competency contrast with the surrounding metasedimentary rocks to
influence the nucleation sites of the shear zones.

4.3 Kinematic models with emphasis on strain partitioning

The concept of strain partitioning is widely used to explain simultaneous interaction of pure
shear contraction and strike-slip (simple shear) deformation in a transpressive setting both in the
ductile and brittle regimes (cf. Harland & Wright, 1979; Sanderson & Marchini 1984; Tavarnelli
et al. 2004). The nature of interaction is however, generally hard to evaluate, since e.g. the
regional and local strain-stress fields, strain intensity and the angle of obliquity can be highly
variable in such settings (Sanderson & Marchini 1984). In a simple shear setting, the structures
formed as a result of instantaneous strain will have an angle of obliquity ca. 45° to the main
shear zone and the resulting strain will be fully distributed (e.g. Harland 1971; Sanderson &
Marchini 1984; Zoback et al. 1987). During progressive oblique convergence the direction of the
maximum instantaneous shortening direction becomes increasingly perpendicular to the shear
zone boundary and the degree of strike-slip partitioning increases (Sanderson & Marchini 1984).
The overall result may be full partitioning of the contractional and strike-slip components and the
formation of domains with localized ductile shear zones and corresponding off-fault
contractional domains. Alternating complexities of deformation partitioning may arise if the
nature of strain varies between monoclinic and triclinic transpression (Fossen & Tikoff, 1994;

Jones et al. 2004; Tavernelli et al. 2004) and inclined extrusion (Jones et al. 2004).

In the RTW there is evidence for interacting pure shear and simple shear structures in segments
or domains along the RSSZ, thus inferring strain partitioning. The fold-thrust belt in the

Haugfjellet and Norddalen domains and the dominant GMZ in the Gautelis oblique-slip domain
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are all well-constrained examples of such segments. On the other hand, the documented relative
timing between the contractional and oblique-slip structures is partly in conflict with a full
partitioning model (Sanderson & Marchini 1984). Accordingly, in the RTW, the deformation
domains may have developed independently, in a time-progressive manner, either as fold-thrust

belt or oblique-slip features.

A fold-thrust character of the deformation was likely favoured in the early stages of deformation,
at least in the Norddalen domain, and this may have been due to a high angle of obliquity of the
regional strain axes relative to the metasedimentary units/basins and their boundaries to the
surrounding rocks. In the Haugfjellet domain, there is an equal amount of contractional
structures relative to oblique-slip shear zones, and both sinistral and dextral shear-senses occur in
the oblique slip shear zones. Most of the stretching-lineations in the fold-thrust structures are
perpendicular to the structural trends, while they are mostly oblique to slightly oblique on the
steep ductile shear zones (Fig 8). This may imply that the finite strain of the Haugfjellet domain
was more pure-shear dominated, at least in the initial stages, and that the strain axes were rotated
during progressing deformation and orogenic accretion/wedge build-up and switched into a
weakly partitioned system characterised by sinistral and dextral oblique-slip shearing (i.e. a
conjugate system) rather than a fold-thrust belt. Similar interpretations were made by e.g. Tikoff
& Greene (1997), Curtis (1998) and Holdsworth et al. (2002). The Haugfjellet domain also
differs somewhat with respect to strain orientation from the interpreted regional strain (Fig. 8),
and this may be explained by local strain partitioning largely unrelated to the regional strain axes
(cf. Jones & Tanner 1993). The Gautelis domain, on the other hand, is composed mainly of the
RSSZ including the GMZ, and thus may be considered a oblique-slip (simple shear dominated)
segment of the RTW.

The sinistral dominated oblique-slip shear zone recorded in the Norddalen domain and the
oblique-dextral shear zones in the Norddalen and Gautelis domains show a clear dextral off-set
and bending of structures and corresponding lateral displacement (Fig. 4). However, these shear
zones display moderate-plunging stretching-lineations supportive of a deformation regime with a
combination of pure shear and simple shear (e.g. Sullivan & Law 2007; Davis et al. 2011), rather
than a distributed simple shear displacement mechanism (e.g. Ramsay & Graham 1970; Harland

1971; Sanderson & Marchini 1984). The sinistral ductile shear zones in these domains show a
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dominating stretching-lineation plunging to the NW, whereas the dextral shear zone has
stretching-lineations plunging towards the NE. This supports a model with a changing regional
strain field (axes) from NW-SE to NE-SW during progression of the deformation, generating two

localized transpressional ductile shear zones.

Transpressional models involving monoclinic symmetries were first developed by Sanderson &
Marchini (1984) and followed by several authors (e.g Fossen & Tikoff 1993; Simpson & De
Paor 1993) and compared with field examples (e.g. Ring 1998; Baird & Hudleston 2007; Vitale
& Mazzoli 2009). A monoclinic symmetry model can be explained by a distorted "cube” where
two of the angles are not normal to each other, producing either strike- and dip-parallel lineations
depending on the amount of accumulated deformation and the angle of convergence across the
shear zone (Fossen & Tikoff 1993; Ghosh 2001; Dewey 2002). The Norddalen domain may be
an example of a monoclinic deformation symmetry, since the stretching-lineations on both the
steep shear zones and the low-angle thrusts are dip-slip (i.e. pure shear dominated). The Gautelis
domain also displays remnant blocks of pure shear dominated fold-thrust belt structures within

the more oblique-slip dominated domain.

The monoclinic model, however, cannot be used to explain oblique-plunging lineations (Sullivan
& Law 2007; Davis & Titus 2011). Oblique-plunging lineations may either form in coupled
boundary models (Robin & Cruden 1994; Dutton 1997) or during triclinic transpression (Jones &
Holdsworth 1998; Lin et al. 1998; Jones et al. 2004). In case of a coupled boundary model
cleavage/foliation formed during folding and/or lateral shearing will dip away from the center of
the shear zone and be vertical in the central, high-strain portion of the shear zone (Dutton 1997).
The margins of the shear zone, on the other hand, will experience the most pronounced pure
shear component and the maximum plunge of the lineation (Robin & Cruden 1994; Dutton
1997). The transpressive triclinic model combines the end-member pure shear and simple shear
components, and in such a model all stretching lineations will be oblique to the strike of the
shear zones (e.g. Hudleston et al. 1988; Sullivan & Law 2007; Davis et al. 2011).

In the RTW, the overall internal character of the RSSZ would suggest synchronous pure-shear
and simple-shear deformation although elements of the earlier-formed fold-thrust structures may
have been locally preserved (see earlier discussion). The fact that both sinistral and dextral

oblique-slip shear zones occur there, and that the stretching-lineations for the sinistral and dextral
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shear zones both display major oblique trends (Figs. 4, 6 and 8), the most likely interpretation
would be that of a triclinic transpressional model (cf. Holdsworth et al. 2002; Tavarnelli et al.
2004). In cases where a monoclinic symmetry of structures exist, this may be explained by a high
ratio of pure shear relative to simple shear, and progressive transition into triclinic geometries

through time if the ratio of simple versus pure shear increases (Kuiper et al. 2011).

The intensity of strain in the RSSZ may be used as well, to infer lateral segmentation and strain
partitioning in the RTW, since strain intensity commonly increases towards the center of the
shear zone (Ramsay & Graham 1970; Robin & Cruden 1994). The strain pattern of the RTW is
characterised by an anastomosing high-strain dominated shear zone pattern enveloping less
deformed or low-strain fold-thrust belt domains and/or segments with highly variable width and
extension along strike of the metasedimentary belt (Figs. 2, 4, 6 and 8). Notably, the width of the
metasedimentary belts appear to correspond to the strain intensity, i.e. wide segments up to 10
km in the Haugfjellet and Norddalen fold thrust domains, while narrow (< 100 m) domains such
as in the southern part of Haugfjellet define high-strain oblique-slip domains. These variations

are also clearly inferred from the magnetic and gravity data of the RTW (Fig. 3).
4.4 Tectonic model

With regard to the discussion of relative timing of the deformation in the RTW, the mechanical
factors controlling the deformation, and the kinematics and strain partitioning of the deformation,
in particular along the RSSZ, we propose a kinematic and evolutionary model as follows (Fig.
12):

(1) D;-D; event: An early deformation event involved E-W contraction and formation of N-S
trending tight to isoclinal D;-folds locally within the metasedimentary belts. Coaxial refolding
and generation of major N-S trending upright D,-folds likely formed in a progression of events,
producing a fold-and thrust belt, as observed in the Norddalen domain, and associated axial-
planar detachment folds, cleavages and low-angle thrusts. As the orogenic contraction
proceeded, and likely also due to a shift to greater obliquity in the regional shortening direction
relative to the fold- thrust belt, the initial gently west-dipping strata and low-angle D,-thrusts
were rotated into a steeper orientation. In conjunction with steep D, fold limbs these zones of

weakness became the controlling factor for subsequent partitioning of the oblique strain.
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(2) D3 event: The overall oblique-convergent strain then was split into NW-SE directed
transpressional domains with sinistral oblique-slip-slip shear zones (D3) sub-parallel to the fold-

thrust belt, effectively segmenting and attenuating the fold-thrust belt.

(3) D4 event: During the latest ductile event, some of the reverse oblique-slip-slip shear zones of
the RTW were subjected to NE-SW dextral transpressional shearing (D), and the strain was
distributed diagonal relative to the metasedimentary units, causing further segmentation of the
fold-thrust belt. At this stage, the RSSZ most likely formed as a through-going crustal feature
within the overall and dominantly oblique strain-field. Strain partitioning proceeded and the fold-
thrust belt structures and the sinistral ductile shear zones were modified by dextral shear zones
(D4) and were rotated or bent into steeply-plunging folds. We interpret the formation of these D,
shear zones as forming an extensional crenulation cleavage type geometry, further attenuating

the already segmented fold-thrust belt and steep D3 shear zones.

The resulting complex geometry of the RTW and RSSZ included many different structural
geometries and kinematic domains with isolated, steep shear zone bounding remnants of fold-
thrust belt structures surrounded by an anastomosing network of ductile shear zone arrays (Fig.
3).

(4) Intrusions: Synchronous with the formation of the oblique-slip D3-Dy4 shear zones along the
RSSZ, the metasedimentary belt was intruded by fine-grained mafic dyke swarms and granitic
injections that may have played a critical role during the progressive evolution and further strain
partitioning of the RTW. The oblique-slip shear zones may have been confined to areas
undergoing very high end-member strain where the RSSZ split into subsets and detached or
splayed into less competent rocks (black schists, marbles) or steep pre-existing fabrics (fold
limbs), producing a variety of oblique mylonitic shear zone fabrics. This could have occurred
along the boundaries of more competent granites, intrusives and mafic dykes. For example do

mafic dykes intruded parallel to the shear zone and acted as nucleation sites for further shearing.
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5.0 Conclusions

A crustal scale steeply-dipping ductile shear zone with associated fold- thrust domains
has been identified and systematically documented in Paleoproterozoic igneous and meta-

supracrustal rocks of the Rombak Tectonic Window northern Norway.

The Rombaken-Skjomen shear zone (RSSZ) shows temporal and spatial strain
partitioning with four phases of deformation including: 1) D;: early pure shear fold event
2) Dy: a pure shear dominated fold-thrust belt event, 3) Ds: two phases of combined
simple shear and pure shear oblique systems with a conjugate set of N-S trending reverse
oblique-slip shear zones, and 4) D4: NE-SW dextral reverse oblique-slip shear zone event
where the fold-thrust belt is nearly fully overprinted. These four progressive structural
events likely originated in an overall oblique transpressive regime, leading to a complex
outcrop pattern of remnant fold-thrust belt blocks surrounded and segmented by two later
phases of steep oblique-slip ductile shear zone fabrics effectively attenuating the RSSZ

along strike.

Deformation in the RTW appears to have a strong mechanical control, both internally
within the metasedimentary successions and between the metasedimentary rock and the
surrounding granites and gneisses. Syn-tectonic granites intruded at various stages within
the complex deformation sequence and played an important role in the mechanical

control and resulting geometry of the RSSZ.

The granitic bodies are interpreted to be syn-tectonic, and therefore, may display both
cross-cutting and/or synchronous intruding relationships with respect to the early fold-

thrust belt structures (D;-D>) and subsequent later strike slip structures (D3-Dy,).

The RSSZ developed in successive stages during the same progressive deformation event
in which we suggest that all stages of 1) detachment folding, 2) fold-thrusting, 3) reverse
sinistral strike-slip shearing and 4) reverse dextral oblique-slip shearing have developed

during strain partitioning.

The strain partitioning may have developed from a monoclinic transpressional symmetry
(pure shear or strike-slip shear) to a triclinic transpressional symmetry during progressive
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deformation through time, with oblique stretching lineations and combined fold-thrust
belt and oblique-slip shear zones (sinistral and dextral). In this scenario the anastomosing
arrays of steep mylonitic shear zones may have formed from a strain pattern of triclinic
deformation superimposed on the earlier monoclinic fold-thrust belt deformation, leaving

domains of the monoclinic deformation.
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Palaeoproterozoic mafic and felsic igneous and Svecofennian deformation belts
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Fig. 1: Overview geological map of Fennoscandia shows the Orogenic domains and the location of Rombaken
tectonic window (Fig. 2) in Northern Norway. Abbreviations: BSSZ=Bothnian-Senja shear zone, Kkjgh= Karasjokk
Greenstone belt, Kkgb=Kautokeino Greenstone belt, KNP=Kola-Norwegian province, KP=Kola province,
MW=Mauken Tectonic Window, NP=Norrbotten province, RW=Rombaken Tectonic Window, WTBC= West
Troms Basement Complex, The map is modified from, Korsman et al 1997; Cagnard et al 2007; Bergh et al., 2012.

37



augfjellet oty

> A >
—
W\ %
' X4
Sildvik e ‘_
\ '1 Q Kopparasen
A
Pq O
v
r Sjangeli
NS
< = Norddalen
MQ Fig.4 5 Q
.S‘,,% l 50 -
AN -
/T_’.':,,',','
y ""ZC% Gautelis
>

10 KM

Caledonian nappe rocks
- Gabbro, diorite, anorthosite, ultramafic rock and metamorphic equivalents (c.1.9 Ga)
Granite, granodiorite, syenite, monzonite and metamorphic equivalents (c. 1.80 Ga)
I_ Mafic metavolcanic rock, banded silicate-carbonate rock, serpentinite (c. 1.85 Ga)
- Quartzite, metagreywacke, mica schist, minor mafic metavolcanic rock (c. 2.00-1.90 Ga)

-A—A— Caledonian thrust

- - - Palaeoproterozoic shearzone structures

Fig. 2: Geological and tectonic map of Rombaken tectonic window, showing several N-S trending supracrustal belts
with surrounding granitoid rocks, and the network of ductile shear zones (Rombak-Skjomen Shear Zone) that frame
the window. The map also shows the location of the three main localities Haugfjellet (Fig. 8), Norddalen (Fig. 4)
and Gautelis (Fig. 6) marked with a square and a point in addition to Sjangeli, Sildvika and Sjangeli, which are

relevant localities for comparison. The map is modified from Arc GIS maps provided by SGU and NGU.
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Fig. 3: A) Aeromagnetic map with structural interpretation. Note the presence of the N-S trending anomaly
lineaments (shear zone arrays) that are truncated by NE-SW trending lineaments. B) EM gravity map showing N-S
trending anomaly patterns that are displaced ca. 5 km by NE-SW trending lineaments (shear zones). The graphitic
schist in Norddalen can be seen with its high anomaly and purple colour. Both the magnetic and EM data were
collected from a helicopter based survey and flown with 200 m line spacing and line direction of 90° East West
(Rodionov et al., 2012).
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Fig. 4: Geological and structural map of the Norddalen fold-and thrust belt domain and a cross-section from the area. The stereo nets (Schmidt net, lower
hemisphere) show the attitudes of: a) fold axes of refolded D, folds, b) D, fold axes in the dissected fold-thrust belt and its thrusts with lineations shown as great

circle girdles with poles, ¢) N-S striking D3 shear zones (as great circle girdles), d, e) NE-SW striking D, shear zones and €) steeply dipping fold axes (dots).
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Fig. 5: Outcrop and microscale features of contractional (fold-thrust belt) structures with sketch interpretations from
the Norddalen and Gautelis domain: A) Iron-rich mafic and felsic schists showing three generations of folds; the
limbs and F; fold axial surfaces have been modified from a near-horizontal attitude parallel (red line) to the
overlying and underlying enveloping surface of primary layers, into F,-F; folds with nearly vertical axial surfaces
(blue line). View is toward north. B) Microphotograph of thin section from the fold-thrust belt in Norddalen
showing a complex fold and thrust pattern. C) A syncline in quartzittic conglomerate and sandstone on top of a
thrust cutting through graphitic schist in Norddalen. D) Open asymmetric upright fold in Norddalen, verging east. E)
S-Z-M shaped parasitic folds. F) Open asymmetric fold in Gautelis showing a thrust that cuts through and deforms

the soft marble in the core.
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Fig. 6: Geologic and structural map of the oblique-slip dominated Gautelis domain. A) Geological overview map of
the Gautelis area. Location of cross-section lines (Fig. 6C; line C-C"), structural log (Fig. 11; line S'-S) and Fig 6D
(frame) is marked on this map. The added radiometric ages are from Romer et al. (1992). B) Stratigraphic log of the
Gautelis domain. C) Interpreted cross section of the main ductile shear zone of the Gautelis domain. D) Close-up
geological map of the south-western part of the Gautelis domain, showing small remnants of the D, fold-thrust belt

(in frames) with stereoplots showing the thrusts (great circles) and fold axis (poles) for each frame.

Al

D3 and D4 oblique-slip
D4 shear folds shear zones

N=19

Set |: D3 oblique-slip Set lll: D3 oblique-slip
shear zones shear zones

Fig. 7: A) Structural orientation data from the Gautelis domain shown as stereo plots: D, shear fold axes, D3
oblique-slip shear zones (great circle girdles) and D, oblique-slip shear zones (great circles) with stretching
lineations (dots). B) Slightly asymmetric upright fold in the basal conglomerate overlying the tonalittic basement
rocks. The fold core consists of marble and shows that there is a possible detachment thrust in the tonalite below. C)
The sketch shows a mafic dyke with D, shear zones bending around the dyke body. The sketch is from the same
dykes as in the photograph. D) Mafic dykes are found as strike-parallel dykes within the D, shear zone.
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Fig. 8: Geologic and structural map of the combined contractional and oblique-slip dominated (transpressional)
Jernvann-Haugfjellet domain with structural data. The map shows how the bedding (dotted line) are cut and folded
by D3-D, sinistral and dextral oblique-slip shear zones (black unbroken lines, arrows indicate sense-of-shear). The
stereo plots a-c) show three differentiated oblique-slip shear zone sets (I-111; shown as great circles) with their
belonging lineations (dots). d) Show stereo plots of steep plunging D; fold axis marked as dots. €) Stereo plot with
all lineations from Ds-D,4 shear zones collected as dots in one stereo net. The zircon dated granite dated to 1796.4 +

5.2 Ma, marked at the left of the map, is from Romer et al (1992).
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Fig. 9: Outcrop photos of oblique-slip structures and related folds of the Gautelis, Norddalen and Jernvann-
Haugfjellet domain. A) Steep N-plunging dextral asymmetric folds in a D, oblique-slip shear zone in Gautelis. View
is on horizontal surface. B) Steep N-plunging folds in the greywacke sequence with a mafic intrusion along the
cutting D4 shear zone. View is from moderate dipping surface C) Steep plunging D folds from Haugfjellet on
horizontal surface. D) Steep plunging fold at Haugfjellet, segmented by D5 oblique-slip shear zones on horizontal
surface. E) Sinistral sigma clast of quartz in the greywacke D3 oblique-slip shear zones in Norddalen. View is on
horizontal surface. F) Steep, dextral duplex of D4 oblique-slip shear zones in a granite dyke on a horizontal surface.
G) Reverse sinistral oblique-slip shear zone south of Haugfjellet, here seen with a sinistral shear sense. Photo is

taken on a vertical surface towards the south.
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Fig. 10: Oblique-slip features from the Gautelis and Jernvann-Haugfjellet domain. A) Anastomosing shear zone
pattern from a thin section of meta-greywacke from Gautelis. Note asymmetric clasts of ore minerals enclosed by
Fe-enriched shear zone networks. B) D, Proto-mylonite in granite C) D, Ortho-mylonitic shear zone in granite D)
D, Ultra-mylonitic granite in steep, localized shear zone. E) Anastomosing D, oblique-slip shear zone pattern from
Gautelis carrying sulphides. C) Sheared granite (ultramylonitic) cutting steep plunging D; folds at Haugfjellet.
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Fig. 11 Detailed structural log across the ca. 600 m thick D, mylonite shear zone in Gautelis (location line is shown in fig. 6A). Note the rapid variation in rock
types across this anastomosing shear zone pattern suggesting high strain segmentation and formation of lens shaped units of the host rocks. The photographs
show examples from the rapid variations of structures: A) Dextral duplex and extensional crenulation cleavage in the same outcrop of coarse grained granite seen
on a horizontal surface. B) Greywacke rafts in coarse grained granite. View at horizontal surface. C) Strongly deformed marble with isoclinal folds in the lower
right corner. D) A complex, dextral duplex (black line) with folded greywacke (dotted lines) and granite intrusions which are again cut by oblique-slip shear
zones (red line). Photo is taken on moderate dipping surface. Abbreviations: OM: D, Proto-mylonite (Fig. 10B), PM: D, Ortho-mylonite (Fig. 10C) and UM: D,
Ultra-mylonite (Fig. 10D).
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Fig. 12: A structural model with the four deformation stages. Formation of a sedimentary basin deposited on a
stable, passive margin setting in the Paleoproterozoic (2.4-1.9 Ga) with deposition of strata on top of eroded
tonalittic basement rocks. D,) Initial E-W shortening of the sedimentary basin and formation of thrust detachments
and related folds (Fig. 7B). D,) Continued E-W shortening with folding and thrusting towards east in the
sedimentary rocks. These structures refolded the D, structures coaxially (Fig. 5A and B). Granit started to intrude at
this stage, syn-tectonic with D, folding and thrusting. D3;) N-S striking steep sinistral oblique-slip shear zones
developed parallel to the steeply dipping forelimbs of D, folds, and granite dykes intruded into the sedimentary
rocks and along the late-stage, steep shear zones. D) NE-SW striking steep dextral shear zones developed oblique to
the N-S going lineament. This major structure cut and folds the metasedimentary belt at several places. The granite

dykes intruded into and parallel with these shear zones, and also interfingering with mafic dykes.
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ABSTRACT

The Rombak Tectonic Window (RTW) of north-central Norway is an inlier
exposed through Caledonian (ca. 500-400 Ma) nappes and represents a western-
extension of the Proterozoic Fennoscandian Shield in Sweden and Finland to the east.
Sensitive high-resolution ion-microprobe U-Pb dating of zircons from monzogranite
samples collected for the study in the RTW yielded ages of ca. 1790 Ma, which are
synchronous with granites in Sweden and Finland. Structurally, the granites cross-cut
and are cross-cut by large north-going oblique-slip shear zones within the inlier that
are associated with Au-sulfide mineralisation. Therefore, the ca. 1790 Ma age
brackets both the timing of the deformation and the timing of the gold and sulfide

mineralization.

The RTW has a complex geology with a strongly deformed metamorphosed
succession of ca. 2000 — 1867 Ma turbidites (greywacke and shale), graphitic shale,
quartzite, conglomerate and marble interbedded with metamorphosed ultramafic,

mafic, intermediate and felsic volcanic.



Both the sedimentary and volcanic units have similar tectonic settings as indicated
by geochemical discrimination affinities, with the sedimentary rocks having being
deposited in an active continental margin or island-arc setting, and the ultramafic and
mafic plotting in a continental to oceanic-arc settings. The geochemistry of the
volcanic rocks also suggests that they were deposited in an island-arc setting over a
tonalitic substrate. In addition, they are primitive and probably derived from the
mantle. Therefore from the geochemical characteristics of the volcanic rocks, we
suggest that the metasedimentary rocks in the RTW were deposited in an island arc to
active continental margin setting, from a provenance dominated by mafic to

intermediate and felsic volcanic rocks.

The ca. 1790 Ma granitic rocks are late-orogenic to anorogenic and associated with a
volcanic-arc to within-plate tectonic setting, which is a similar tectonic setting as the
metasedimentary and volcanic units they intrude. It is suggested that these granites are
derived by similar rocks as those they intrude and were emplaced during or shortly
after the ca. 1850-1800 Ma Svecofennian Orogeny. We also suggest the
metamorphosed metasedimentary, volcanic and plutonic rocks in the inlier developed
in a long-lived and progressive tectonic event spanning ~70 Ma in an island-arc
setting. Through time, the island-arc progressively changed into a continental-arc with
felsic volcanic rocks and granites being emplaced. This sedimentary, volcanic and

plutonic succession then accreted on to the Baltic continent to the east.

Keywords: Rombak Tectonic Window, tectonic model, Paleoproterozoic,

geochemistry, U-Pb zircon dating



1. Introduction

Precambrian rocks in the northern part of Norway are overlain extensively by
Caledonian (ca. 500-450 Ma) thrust nappes, and are therefore known principally from
geophysical investigations and the study of inliers or “tectonic windows” (e.g. Bergh
et al., 2010; Larsen et al., 2013). Archaean and Paleoproterozoic units in these inliers
in Norway, Sweden, Finland and northwest Russia are presently assigned to the
northern part of the Fennoscandian Shield containing metasedimentary belts intruded
by similar aged granites (Fig. 1; Bargel, et al., 1995). The granites are largely coeval
and assigned to the Transscandinavian Igneous Belt (T1B; e.g. Romer et al., 1992;

Larson & Berglund, 1992; Persson & Wikstrom, 1993; Wikstrom, 1996).

The Fennoscandian Shield is an important source for metals and despite centuries
of exploration, new deposits are still being explored (e.g. Weihed et al., 2005). A
more precise knowledge of the tectonic and metallogenic evolution of the shield is
required for the understanding of ore-forming systems in the region leading to a better
targeting tool for mineral exploration, and this requires accurate structural and

geochronological investigations.

This contribution presents the results of structural, geochronological and
integrated geochemical investigations (Korneliussen & Sawyer, 1989; Sawyer &
Korneliussen, 1989) in RTW and a model for the crustal evolution of the

Fennoscandian Shield in north-central Norway.



2. Regional geology of the Fennoscandian Shield

The RTW is an important Paleoproterozoic terrane in the Fennoscandian Shield
containing metallic mineralization (Cu-Fe-Zn-Pb-As-Au) characterised by
disseminated massive sulfides along bedding-parallel layers interpreted as possible
sedimentary exhalative deposits, in gashes associated with folds and faults, and in
steep late-stage anastomosing ductile shear zones (Coller, 2004; Larsen et al., 2010;

Whitehead, 2010; Larsen et al., 2013).

The Fennoscandian Shield extends from at least Norway to Russia, and is likely to
be a continuation of the Paleoproterozoic successions in the eastern part of Greenland
(e.g. Bagas et al., 2013). Inliers of the shield are exposed in windows formed through
allochtonous nappes of Paleozoic Caledonian rocks and situated near the southern
margin of the Archaean component of the Precambrian Baltic Shield (Gaal and
Gorbatschev, 1987; Gorbatschev, 1985; Gustavson and Gjelle, 1991; Romer et al.,
1991; Myers and Kroner, 1994). The nappes are the products of collisional tectonics
during the Early to Mid-Paleozoic that was followed by extensional collapse during
ca. 400-350 Ma (e.g. Fossen, 2000). Four Caledonian nappes were thrust over the
Baltoscandian Platform in Norway mainly to the southeast (e.g. Gee & Sturt, 1985).
These structures are characterized by their flat lying nature as compared to the steeply
dipping foliation within the inliers (e.g. Birkeland, 1976). Erosional processes

gradually exposed the underlying tectonic inliers such as the RTW (Fig. 1).

RTW consists of a succession of metamorphosed volcanic and sedimentary rocks
that formed parts of the Paleoproterozoic (ca. 2000 — 1867 Ma) Bothnian Basin

located between central Sweden to the eastern part of Finland (Lindquist, 1987; Welin



et al., 1993; Korneliussen and Sawyer, 1989). Mafic dykes, granodiorite,
monzogranite and syenite, which are the predominant rock types in the inlier, intrude

these basement rocks (Gaal and Gorbatschev, 1987; Nironen, 1997; Fig. 2).

RTW is an important transition between the autochthonous northeast and eastern
part of the Fennoscandian Orogen and the exposed basement rocks located west of the
Caledonides, such as the West Troms Basement Complex (WTBC) and Mauken
Tectonic Window (Fig. 1). As yet, the relationship between the disparate windows in
the orogen and the nature of the Paleoproterozoic crustal architecture related to the

Svecofennian crustal scale shear zones are poorly understood.

Six narrow zones of north-trending amphibolite facies metasedimentary and
metavolcanic rocks, including metamorphosed greywacke, quartzite, graphitic shale
and carbonate, form linear rafts in granite in the RTW. The age of the rafts is not
known, but they are younger than the ca. 1951 Ma tonalites and older than ca. 1800
Ma granites (Skyseth and Reitan, 1990; Romer et al., 1991). In addition, regional
metamorphism took place in the tectonic windows during the ca. 1850-1800 Ma
Svecofennian Orogeny (e.g. Korsman et al. 1984; Nironen, 1997), which was
followed by greenschist-facies retrogression associated with folding and ductile

faulting between (Sawyer, 1986; Korneliussen et al., 1989).



Fig. 1.
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3. Tectonic geology

3.1.  Regional tectonics

Rocks in the Fennoscandian Shield have been deformed during the Svecofennian
Orogeny associated with the collision or accretion of at least two continents (Nironen,

1997; Korja et al., 2006; Lahtinen et al., 2008).

Hietanen (1975) was the first person to suggest that the Svecofennian Orogen had
an island-arc tectonic setting before the onset of collision. The orogen is still
interpreted as a collage of microcontinents and island arcs accreted on to the Karelian
microcontinent which itself was accreted onto the North Atlantic Craton (NAC)
during ca. 1.8 Ga (Nironen, 1997; Korja et al., 2006). The geometry of these
microcontinents is still unknown as the mappable continuity of the juxtaposing shear
zones and lithologically units are masked by the overlying Caledonian sequences.
Korja et al. (2006) proposed that the accretion of the microcontinents and island-arcs
evolved in the following stages: 1) microcontinent accretion between ca. 1920 and
1880 Ma; 2) large-scale extension of the accreted crust between ca. 1870 and 1840
Ma; 3) continent-continent collision during ca. 1870-1790 Ma); and 4) gravitational

collapse between ca. 1790 and 1770 Ma.

Nironen (1997) describes how convergent deformation associated with the
collision of continent and island-arc complexes during the Svecofennian Orogeny
resulted in partitioning of transpressional and ductile shear zones with the
development of several crustal scale ductile shear zones within the Bothian Basin.
The deformation events assigned to the orogeny have affected the basement and

intrusive rocks in varying degrees across the RTW and other inliers in Norway and
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Sweden (Fig. 1). On a shield scale, fabrics assigned to the deformation include early
regional, north-trending and steeply dipping, dextral oblique and strike-slip shear
zones (e.g. Lindh, 1987; Berthelsen and Marker, 1986; Nironen, 1997; Braathen and
Davidsen, 2000; Olesen and Sandstad, 1993; Henderson and Kendrick, 2003). These
shear zones have been locally sinistrally reactivated (Berthelsen and Marker, 1986;

Kaérki and Laajoki, 1995).

Bergh et al. (2010) provide the most comprehensive study of a complex set of
anastomosing Paleoproterozoic shear zones in the WTBC, which are interpreted as
part of a complex and multiphase Paleoproterozoic amalgamation of both Archaean
and Paleoproterozoic microcontinents to the west of the Caledonides. They describe
an initial orthogonal to oblique phase of NW-SE directed compression producing a
NW-verging fold and thrust belt, which was subsequently transposed by a
predominantly sinistral oblique set of steep ductile shear zones in a progressive
transpressional orogen. Various authors interpret similar evolutionary tectonic events
in the region (Braathen and Davidsen, 2000; Myhre et al., 2011, Henderson and Viola,

2013).

3.2 Local deformation in the Rombak Tectonic Window

Ductile shear zones in the RTW vary on a millimetre- to kilometre-scale and
extend >60 km in length disappearing beneath Caledonian thrusts to the north and
south (Fig. 2; Larsen et al., 2010, 2013). These structures have complex geometries
and are observed as narrow, high-strain zones made up of anastomosing steep,
northerly trending, oblique-slip ductile shear zones that segment and juxtapose zones
of low-strain. The zones contain remnants of tight, upright, east-verging fold and
thrust faults, which thicken and repeat the metasedimentary sequences. The high-

10



strain oblique-slip shear zones are localized along the margins of the metamorphosed

volcanic and sedimentary rocks and plutonic intrusions (Larsen et al., 2010; 2013).
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Fig. 2. Geology of the Rombak Tectonic Window (from Larsen et al., 2013 modified after Bargel et

al., 1995).
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The steeply dipping high-strain shear zones post-date and segment the earlier
phase of dip-slip movement. These high-strain shear zones display a complex range of
kinematics, including reverse dip-slip, dextral and sinistral oblique-slip, and ductile
kinematic indicators including sigma clasts, crenulations cleavages, brittle-ductile
tension gash fractures and asymmetric boudinaged that are suggestive of multiple
periods of movement with an overall dextral transpressional sense of movement.

From detailed kinematic studies, these structures are interpreted to represent a
protracted, east-directed oblique transpression during Paleoproterozoic accretionary

tectonics (Larsen et al., 2010).

A complex structural history of the accretionary system is interpreted to the
following progressive stages: (1) formation of an orthogonal, east-verging fold and
thrust belt with simple horizontal open, asymmetric F;folds, and accompanying gently
west-dipping thrusts; (2) coaxial refolding and formation of gently N-S plunging F,
folds; (3) F, folds are cut by steeply dipping, N-trending, sinistral anastomosing and
axial planar ductile oblique-slip shear zones; and (4) development of steeply dipping,
dextral northeast-trending ductile oblique-slip shear zones. These late shear zones are
associated with steep plunging F,4 folds and cut and complexly segmenting both the
earlier formed upright fold and thrust belt structures and the sinistral ductile shear

zones (Larsen et al., 2010; 2013).

Various granitic bodies intrude and are located close to the shear zones within this
complex structural evolution. The shear zones cut the fold-and-thrust structures and
some of the oblique-slip shear zones. Based on the structural and intrusive
relationships, the structures have been interpreted to be coeval with syn- to late-

orogenic intrusions (Larsen et al., 2013).
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Here we present geochemical data from the rocks and U-Pb age dating study of
these granitic bodies documenting a progressing tectonic evolution in the RTW during
the Paleoproterozoic. The granitic bodies crosscut the late and steep oblique shear
zones (D4), which gives a minimum age for the Rombaken Skjomen Shear Zone

(RSSZ) and a frame for understanding metallogenic processes in the region.

4, Methodology

4.1.  Whole-rock geochemistry

The Norges Geologiske Undersgkelise (NGU, Norwegian Geological Survey)
collected 46 samples of metasedimentary, metavolcanic and intrusive rocks from
Haugfjellet, Rombak, Norddalen Ruvvsott, Sgrdalen and Gautelisvann (Fig. 2; also
see Korneliussen et al., 1986; Korneliussen and Sawyer, 1989; Sawyer and
Korneliussen, 1989). The samples have been analysed by the NGU, Institute for

Energy Technology and Midland Earth Science Associates.

Major oxides concentrations were determined using a wavelength-dispersive XRF
on fused disks (after Norrish and Hutton, 1969). Trace elements Y, Zr, Nb, Rb, Ba, Sr
Pb, V, Cu, Zn, and Ni were determined by wavelength-dispersive XRF on a pressed
pellet (after Norrish and Chappell, 1997). Sc, Co, Cr, Cs, Hf, Ta, Th, U, La, Ce, Nd,
Sm, Eu, Th, Yb and Lu, were analysed by instrumental neutron activation analysis

(NAA).

The geochemical data for these rocks are presented in the Appendix. Despite
variable degrees of recrystallization, the mafic igneous rocks have consistent

concentrations of immobile elements such as La, Nb, Y, and Zr. However, relatively
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mobile elements show wide variations in their analyses attributed to alteration and
metamorphism, and interpretations based on elements such as Sr, Ba, Na, K, and Ca

have thus been avoided.

4.2, SHRIMP U-Pb zircon dating

Zircon crystals are handpicked from the heavy mineral separate with the aid of a
binocular microscope. In general, up to 200 representative crystals are selected from
igneous and sedimentary rocks. Crystals are mounted in 25 mm diameter Epofix

epoxy disks, and the mount surface polished to expose grain interiors.

Each mount contains zircons from three different samples, which are aligned in

rows, together with BR266 and OGC1 used as U-Pb calibration standard zircons.

Mount-making and backscattered electron and cathodoluminescence (CL)
imaging were completed at the Centre for Microscopy, Characterization and Analysis
at the University of Western Australia. Gold coating of mounts were performed at the

John de Laeter Centre, Curtin University in Western Australia.

Zircon grains were analysed using the SHRIMP-I11 facility housed within the John
de Laeter Centre for Mass Spectrometry at Curtin University of Technology.
Procedures for SHRIMP U-Pb isotopic analysis followed those described by
Compston et al. (1984),and Stern (2009). Targeted grains were sputtered using an Oy~
primary beam with a 30 pm-diameter spot, and six cycles of sequential measurements
of peaks in the secondary ion beam at mass stations 196 (*°Zr,0*), 204 (***Pb*), 204.1
(background), 206 (*°Pb*), 207 (**Pb*), 208 (*®®*pb*), 238 (***U™), 248 (**ThO") and

254 (>*®*U0") were made using an electron multiplier in pulse counting mode.
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The effect of Pb/U fractionation in measurements of the unknowns was corrected
by reference to interspersed analyses of the laboratory U-Pb standard zircon BR266
(U =909 ppm, “’Pb/*®Pb age = 559; Stern, 2001) and OGC1 (**’Pb/*®Pb age = 3465

Ma; Stern et al., 2009).

The measured ***Pb was used for common Pb correction. The data was compiled
using the ISOPLOT 3.0 and Squid 1.0 programs (Ludwig, 2003, 2009). Individual
analyses are reported with 2c uncertainties; weighted averages of age are also
reported at the confidence of 2c.

5. Results

5.1  Geochronology

Three samples (NO13, GL19 and HF1) of granite were collected from the RTW
for SHRIMP U-Pb zircon dating (Fig. 3). The aim of this exercise was to determine
whether they represent a Paleoproterozoic or Caledonian (ca. 490-390 Ma)

magmatism, and to help petrographically outline the tectonic events in the region.

Sample NO13 is a sample of monzogranite collected from Norddalen. Zircons
analyzed are euhedral, elongated or stubby, most show oscillating zoning typical of
magmatic zircons, and most have a homogeneous pool of ages with a weighted mean

of 1786 + 8 Ma (MSWD = 0.38, n = 16; Fig.3a).

Sample GL19 is from monzogranite collected from Gautelisvann. The zircons are
similar in shape and zonation to sample NO13 and the main population yields an
upper intercept age of 1789 + 4 Ma (MSWD = 1.2, n =24), and there is a scatter of

younger ages due to Pb loss (Fig. 3b).
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Sample HF1 is of a monzogranite from Haugfjellet. The zircons are stubby to
elongate (Fig. 4), and zircon analyses yield a weighted mean of 1790 = 8 Ma (MSWD
= 0.27, probability 0.99, n = 18; Fig. 3c). These three dates are the same within error

and indicate a significant magmatic event of ca. 1790 Ma.
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Fig. 3. U-Pb concordia diagrams for SHRIMP results and Weighted means for: (a) Sample NO13; (b)
Sample GL19; and (c) Sample HF1; n is the number of zircon ages in the calculated age. Error ellipses

represent 2 o uncertainties.

Fig. 4. Scanning electron microscopy cathodoluminescence (CL) image of zircons from Sample HF1

showing the location of spots with SHRIMP U-Pb analyses.
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5.2.  Geochemistry of greywacke and shale units

Sawyer and Korneliussen (1989) and the researchers of this study collected 18
samples of greenschist to amphibolite facies, siltstone, and fine- to medium-grained
lithic sandstone. The samples came from surface exposures in the Rombaksbotten (6),
Gautelisvann (4), Ruvssot (4) areas and were collected for geochemistry (Appendix
A-1). Despite variable degrees of recrystallization, the rocks show relatively limited

compositional variation.

It is assumed that rare earth element (REE) abundances and patterns in clastic
sedimentary rocks trace the chemical evolution or development of the upper
continental crust since Precambrian times. It is also that the average composition of
the upper crust is not significantly different from the average composition of the
Precambrian crust (e.g. Moorbath, 1977; Armstrong and Harmon, 1981; Taylor et al.,
1981). These two hypotheses assume: (a) the REE have not experienced relative
fractionation during weathering, erosion, deposition and diagenesis accompanying the
transformation of source rocks into sediment; (b) metamorphism has not altered the
whole-rock REE patterns of the samples; (c) the REESs in sedimentary rocks provide a
broad average of available source areas at the time of sedimentation; and (d) the

sampled units are representative of sediments deposited in the area.

Applying a geochemical classification plot (K.O/Na,O versus SiO,/Al,O3) of
Wimmenauer (1984), the Paleoproterozoic samples can be classified as greywackes,

arkoses, and pelitic greywackes (Fig. 5).
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Fig. 5. Metagreywacke and pelite samples from Rombaksbotten, Gautelisvann and Ruvssot in the

geochemical classification plot after Wimmenauer (1984).

The samples show a spectrum of chemical compositions resembling that of the
upper crust (Fig. 6a; Rudnick and Gao, 2004), and have geochemical compositions
that are free of anomalously high concentrations of Ti, Zr, Hf and Y (Fig. 6b and c).
These elements would be concentrated by hydraulic sorting of heavy minerals during
processes of transportation and deposition of detrital material obscuring relations to

the sources of such material (e.g. Cullers et al., 1987).

The normalised geochemical pattern for the Paleoproterozoic sedimentary rocks in
the study area broadly resemble the North American Shale Composite (NASC;
Gromet et al., 1984), except for the elevated Cr values, Mn depletion, and elevate Na
values (Fig. 6b and c). These characteristics suggest that there is a mafic or ultramafic
input in the provenance for the rocks, alteration has lead to depletion in Mn, and the
rocks might have been affected by saline solutions either as hydrothermal fluids or

during deposition.
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Fig. 6. Geochemical plots for sedimentary rocks in the Rombaksbotten, Gautelisvann and Ruvssot
areas: (a) Upper crust normalized (Rudnick and Gao, 2004); (b) Lower Crust normalized (Weaver and
Tarney, 1984) showing depletion in Sr and elevation in Th and Rb; and (c) North American Shale

Composite normalized (after Gromet et al., 1984) showing depletion in Mn and enrichment in Na.

5.3.  Geochemistry of mafic and ultramafic rocks

Basaltic magmatism is a feature of many geotectonic environments in modern
intra-oceanic and intracontinental settings as well as at convergent and divergent plate
margins (e.g. Wilson, 1989). Geochemical data for 12 mafic intrusive rocks from
Gautelisvann and Norddalen, and five komatiites from Ruvssot collected by

Korneliussen and Sawyer (1989) have been plotted on discrimination diagrams in an
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attempt to help determine what the tectonic environment was during their

emplacement.

The spread in the K0 verses MgO and Na,O verses MgO plots in Fig. 7
indicates that hypogene alteration (presumably due to either amphibolite facies
metamorphism or associated with hydrothermal events) has affected the more mobile
elements that might be used as tectonic discriminators. In addition, samples with LOI
values above 2% have been disgarded. In order to ascertain the geotectonic setting for
mafic units the geochemical data presented in Appendix A-2 are compared against
modern analogues of basaltic volcanic rocks using relatively immobile elements. The
assumption is that hydrothermal alteration processes in the area did not involve very
high fluid/rock ratios that lead to the mobility of where relatively immobile elements

(e.g. Lesher et al., 1986; Schandl et al., 1995).
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Fig. 7. Plots for mafic and ultramafic rocks from Gautelisvann and Ruvssot: (a) MgO verses Na,O;
and (b) MgO verses K,O. The spread in the plots suggests that alteration has affected the more mobile

elements.

From the Zr/TiO,—Nb/V classification plot of Winchester and Floyd (1977) shown

in Fig. 8, the mafic igneous rocks analysed from the study area predominantly have
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basaltic compositions.

@ Mafic intrusive ™ '-\ Phonolit
Komatiit N\, / onolite
® Komatiite \\Com.l’Fant \
Lo, ~
Rhyolite ™ | Trachyte
./
0.1 - // ~J
Rhyodacite/dacite Trachyande;i}g"""'----.
o} '
X — le
% Andesite T
N e ~
[ )
0011 Angesiteibasalt e ] Basanite
- _._.'./. Alkaline basalt | nephelinite
Subalkaline basalt

X T e
Nb/Y

Fig. 8. The Zr/TiO2-Nb/V classification plot (after Winchester and Floyd, 1977) for mafic and
ultramafic rocks analysed from the study area. These plots rely on relatively immobile elements under
a range of alteration and metamorphic conditions. Such plots are commonly used for the classification

of ancient or altered volcanic rocks.

On the AFM (Miyashiro 1974, Fig. 9a), FeO*/MgO versus SiO, (after Miyashiro,
1974; Fig. 9b), FeO*/MgO versus FeO* (after Miyashiro, 1974; Fig. 9d), and Zr
versus Y (after Barrett and MacLean, 1999;1 Fig. 9e) diagrams, the samples plot in the

tholeiitic field (except for the komatiite samples).
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Fig. 9. Plots for mafic and ultramafic volcanics: (a) AFM diagram (after Miyashiro, 1974), (b)
FeO*/MgO vs SiO,% diagram (after Miyashiro, 1974), (c) FeO*/MgO vs FeO* diagram (after
Miyashiro, 1974), and (d) Zr vs Y diagram showing that the bulk of the samples have a tholeiitic

geochemical affinity. The total Fe is presented as wt % FeO (FeO%).

5.4.  Geochemistry of the ca. 1790 Ma felsic igneous rocks in the Rombak Tectonic

Window

In general, the ca. 1790 Ma granitic rocks in the Gautelisvann and Norddalen
areas in the RTW range in composition from syenite to granodiorite and
monzogranite, although monzogranite predominates (Fig. 10a, b). The aluminium

saturation index of Barton and Young (2002) indicates that most of the granites have
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metaluminous to weakly peraluminous compositions (Fig. 10c). The samples have

K20 contents of 1.5-5.8% (with an average of 4.4%), with the data plotting in alkaline

and subalkaline fields in Fig. 10a, in the medium-K calcalkaline and shoshonite series

in the K,O versus SiO; classification diagram of Peccerillo and Taylor (1976) in Fig.

10d, and form calc-alkaline trends in the AFM diagram of Fig. 10e (Rollinson, 1996).

The rocks also have Al,O3 contents between 12.4 and 18.5% (with an average of

14.6%), and TiO, contents of 0.09-5.4% (with an average of 0.8%; Appendix A-3).
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Fig. 10. Classification diagrams for the ca. 1790 Ma granitic rocks from the Gautelisvann and
Norddalen areas of the Rombak Tectonic Window: (a) and (b) total alkali versus silica plutonic plot of
Cox et al. (1979) and R1 versus R2 plutonic chemical plot of de la Roche et al. (1980) showing that the
granites are predominantly monzogranites and granodiorites, with one syenite sample; (c) aluminia
saturation of Barton and Young (2002) showing that the samples are metaluminous to weakly
peraluminous; (d) K,O versus SiO, classification diagram of Peccerillo and Taylor (1976) showing that
the samples can be subdivided into medium-K alkaline series (predominantly from Gautelisvann) and
shoshonite series; and () AFM diagram of Rollinson (1993) using curves after Irvine and Baragar

(1971) and Kuno (1968) showing that the samples form calc-alkaline trend.

The samples also form a linear trend in the ternary diagram Al,0O; — CaO+Na,0 —
K0 of Nesbitt and Young (1989) in Fig. 11a. This linear trend indicates that: (i) there
is a gradual change in the ratio of CaO + Na,O to K,O from the Gautelisvann area to
the south to the Norddalen area to the north in the RTW; and (ii) weathering has had
minimal overall effect on the samples collected. The plots in Fig. 11b define broad
linear trends interpreted to reflect magmatic processes. The broad deviations from
linearity in the various Harker (1909) diagrams are considered to reflect variations in

initial bulk compositions and compositions of crystallizing phases (Fig. 11b).

The Harker plots in Fig. 11b indicate that: (i) the SiO, content varies between 60
and 77%, and the samples plot in the medium- to high-K and shoshonitic fields (also
see Fig. 10d); (ii) the granites are heterogeneous; and (iii) the overall patterns of
decreasing Ti, Fe, Mg, and Ca with increasing SiO;, is typical of fractionating granitic

systems (e.g. Drake and Weill, 1975; White and Chappell, 1983).
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Fig. 11. Diagrams for granites from the Rombak Tectonic Window of Norway: (a) Al,O3; — CaO+Na,O

— K,0 (modified from Nesbitt and Young, 1989); (b) Harker (1909) variation diagrams of the major

element oxides. The legend is the same for all the diagrams.
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Using the ACF diagram of Chappell and White (1974) and White and Chappell
(1983), the major element compositions and petrographic observations of the granites
noted are not consistent with S-type granites (i.e. of sedimentary origin; Fig. 12a).
However, this “S-type” classification is genetic (e.g. Frost et al., 2001), and implies
no magma mixing and no fractionation (Bonin, 2007). Furthermore, Fig. 12a assumes
that the granites are neither fractionated I-types nor anorogenic (A-type), but most of
the samples plot in the I-type granite field of Fig. 12b and the I-type and A-type fields

of Fig. 12c indicating that these granites are I-type granites and most are A-types.
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Fig. 12. Compositional diagrams for granites from Rombak Tectonic Window: (a) Al,05-Na,0-K,0 -
Ca0 - FeO+MgO plot of White and Chappell (1983); (b) A1,03 / (CaO+Na,O+ K,0) versus SiO,
plot of White and Chappell (1983); and (c) (K,O + Na,0)/CaO versus Zr + Nb + Ce + Y diagram after

Whalen et al. (1987) for fractionated granites (the legend is the same as in Fig. 10).

The granitic rocks have downward-sloping primitive mantle-normalized
‘spidergram’ profiles with large ion lithophile (LILE) enrichment, relative negative
Ba, Nb, Sr and Ti anomalies, and positive Th, U and Pb anomalies (Fig. 13a). On
MORB normalized plots, Rb, Th, and Ce are anomalous (Fig. 13b). Sr is present in K-
feldspar and plagioclase, and is relatively depleted in fractionating melts by the
removal of K-feldspar and plagioclase from the system. Rb, however, is commonly
present in K-feldspar, biotite and muscovite (McCarthy and Hasty, 1976). Ba is

hosted by biotite and K-feldspar, and early fractionation of K-feldspar will deplete the
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residual melt in Ba once saturation is reached (McCarthy and Hasty, 1976). Thus,
crystal fractionation involving feldspar leads to depletion of Ba and Sr, and
enrichment in Rb. The observed patterns suggest that at least some of the granites in
the RTW show evidence of fractionation of feldspar and, to a lesser extent, biotite (as

is shown by the decreasing Ba and Sr in Fig. 13).

MORB Norm (Bevins et al, 1984)

- (Missing: Ta, Nd, Tb, Yb, Eu)
0.01

Rb Ba Th Sr La Ce NbP,Og Hi Zr TO; Y N Cr

Primordial Mantle Norm (McDonough et al., 1992)

(Missing: Cs, Ta, Nd, Sm, Eu, Tb) "’

Rb Ba Th U Nb la Ce Pb Sr Hf Zr T Y

Fig. 13. REE and spider diagrams for granites from the Rombak Tectonic Window: (a) MORB
normalized values from Bevins et al. (1984), and (b) Spider diagram for primitive mantle normalized

values from McDonough et al. (1992). The legend is the same as in Fig. 10.
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6. Paleoproterozoic tectonic setting

6.1.  Tectonic setting for the turbiditic sandstone (greywacke) and shale units

Systematic variations in the geochemical compositions of greywackes have been
in different tectonic environments to help determine their tectonic setting during
deposition (e.g. Bhatia, 1983, 1985a, 1985b; Bhatia and Cook, 1986; Cullers et al.,
1987; McLennan et al., 1993). Using such analyses with the least mobile elements,
the samples from the Rombaksbotten, Gautelisvann and Ruvssot inliers plot in the
continental- to oceanic-arc tectonic setting (Fig. 14a). A similar result is obtained in
the general immobile elements Zr, Sc, Th, and La plots in Fig. 14b. These plots also
suggest that the samples have possibly been enriched in iron causing them to spread
further to the right in right in Fig. 14a, which is consistent with the presence of pyrite

in the samples (as observed in thin section).
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Fig. 14. Sedimentary samples from the Rombaksbotten, Gautelisvann and Ruvssot areas plotted on: (a)

selected published discrimination diagrams emphasizing major element chemical variations (after
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Bhatia, 1983); and (b) Sc-Th-Zr/10 discriminant plots (after Bhatia and Crook, 1986). These plots
suggest that the sandstone was deposited in a continental island arc to oceanic arc tectonic setting.

Symbol legend is the same as Fig. 9

A good tracer for mafic source components is the compatible element Sc,
particularly when compared with Th, which is incompatible and enriched in felsic
rocks. Both elements are generally immobile under surface conditions and therefore
preserve the characteristics of their source, making the Th/Sc ratio a robust
provenance indicator (Taylor and McLennan, 1985; McLennan et al., 1990). In
sandstone from the study area, the Th/Sc ratios increase from 0.08 for sample
ES131ac from Ruvssot to 0.92 for sample ES068.4R from RTW (Fig. 15a), whereas
the Th/Sc ratio for the average upper continental crust is 0.79 (McLennan, 2001). The
Th/Sc and Zr/Sc ratios can reveal compositional heterogeneity in provenances for the
sandstone, if the samples show Th/Sc and Zr/Sc values along the trend from mantle to
upper continental crust compositions (McLennan et al., 1993). The Zr/Sc ratio is
commonly used as a measure of the degree of sediment recycling leading to the
concentration of zircon in sedimentary rocks (McLennan, 1989; McLennan et al.,
1993). Such a trend is present in Fig. 15a, suggesting input from a less evolved

provenance.
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Fig. 15. Plot of turbiditic sandstone (greywacke) from the Rombakshotten, Gautelisvann and Ruvssot

areas on a Th/Sc versus Zr/Sc diagram (after McLennan et al., 1993), suggesting that the samples are

sourced from “primitive’ material.

6.2.  Tectonic setting for the mafic and ultramafic rocks

Most of the plots in Fig. 16 suggest mid-ocean ridge or arc affinities for the mafic and

ultramafic units, which is similar to the continental- to island-arc tectonic setting for

deposition of sandstone and shale units (discussed above). These similarities

strengthen the suggestion that both the sedimentary and igneous rocks were emplaced

during similar tectonic settings (~1900 Ma).
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Fig. 16. Discriminations diagrams for mafic and ultramafic units plotted on: (a) Ti-Zr-Y diagram of
Pearce and Cann (1973); (b) Ti—Zr diagram of Pearce (1982); (c) Nb—Zr-Y diagram of Meschede
(1986); (d) La—Y—Nb diagram after Cabanis and Lecolle (1989); and (e) Ti-V diagram of Shervais
(1982). These plots suggest that the mafic and ultramafic units have a mid-ocean ridge to volcanic arc

setting.

6.3.  Tectonic setting for the granitic rocks

On tectonic discriminant plots (Fig. 17), it is apparent that the granitic rocks in the
RTW do not show a clear affinity towards a single, clearly isolated tectonic
environment. Instead, they tend to overlap the boundaries of within plate and
volcanic-arc granites, with most of the granites from Gautelisvann having a volcanic-
arc affinity and most from Norddalen having a within-plate affinity (Fig. 17a, b). If
we consider the R2 versus R1 discrimination plot of Batchelor and Bowden (1985),

the granites can be interpreted predominantly as late orogenic granites (Fig. 17c).
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Fig. 17. Tectonic discrimination diagrams for of granites in the Rombak Tectonic Window: (a) Nb
versus Y of Pearce et al. (1984); (b) Th/Yb versus Ta/Yb plot (after Pearce, 1982); and (c) R2 versus
R1 of Batchelor and Bowden (1985; R1 =4Si — 11(Na + K) — 2(Fe + Ti) and R2 = 6Ca + 2Mg + Al).

Symbol legend same as in Fig. 10.

6.4.  Progressive tectonic setting

On the primitive mantle plots of McDonough et al. (1992), which are normalized to
the average greywacke composition in RTW (Fig. 18), the volcanic rocks,
greywackes, granites, felsic and mafic intrusive rocks in the inlier plot in similar
positions. In detail, the greywacke samples from Ruvsott and Rombaksbotten plot in
similar positions as the mafic intrusives and intermediate volcanic rocks. Greywacke
from Gautelisvann plots in a similar position as the tonalite and the felsic volcanic
rock plots close to that of the granite from Gautelisvann. These similarities of the
greywacke samples with the mafic and intermediate intrusions and volcanics suggest
that they have developed in a similar tectonic setting and that the mafic intrusions and
intermediate volcanic rocks are probable sources for the greywackes at Ruvsott and
Rombaksbotten. Similarly, the greywacke samples from Gautelisvann plot in
essentially the same positions as the underlying tonalite in Fig. 18, suggesting that the
tonalite is a possible provenance for the greywacke in that location. Also the likeness
of the felsic volcanic samples and the granite suggest that they may have developed

from the same magma chamber, which is in accordance to what was suggested by
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Korneliussen and Sawyer (1989). The mafic volcanic samples do not show
similarities to any of the rocks in the area and suggest that they are either different

magma chamber or not a source for the sedimentation of the studied rocks.
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Fig. 18. Primitive mantle plots normalized to the average greywackes in the Rombak Tectonic
Window (McDonough et al., 1992): a) the average of the metagreywacke from Rombaksbotten,
Ruvsott and Gautelisvann; b) a plot showing the difference between the mean value from the felsic
volcanic, intermediate volcanic and the mafic intrusions; c¢) the average of the felsic volcanic with high
similarities to the average plot of the granite intrusions (e); d) the mean value of felsic igneous rocks

and the tonalite rocks from Gautelisvann; e) the average of granite intrusion; and f) The average of the
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mafic volcanic from Ruvsott that are different to the plots of felsic and intermediate volcanics. The
diagrams are plotted based on the average of each category and shows the similarities between the

metasedimentary rocks to the volcanic rocks and granites in the area.

7. Discussion and conclusions

The ca. 2000 — 1867 Ma metamorphosed greywacke and shale from RTW show some
degree of variation from the east to the west, but in general, all samples plot within an

active continental margin or island arc settings on discrimination diagrams (Fig. 3).

When the data is plotted in discrimination diagrams for clastic sediments, the plots
for the sedimentary rocks vary with the sample location. For example, Fig. 3 (after
Bhatia et al., 1983) shows that the samples from Ruvsott plot in an ocean arc field.
The more westward located samples at Rombaksbotten and Gautelisvann plot on a
line from oceanic arc to a continental-arc setting (Fig. 3). Similarly, the chemical
variation diagram show that there are mafic and intermediate provenances for the
metasedimentary rocks and that the samples taken from the east have an increased
mafic (basaltic) provenance than those from the west, which appear to have an
andesite provenance. Furthermore, the plot in Fig. 15 indicates that the felsic volcanic

rocks are sourced largely from a primitive (mantle) source.

Therefore, based on the discrimination plots (Fig. 14), we suggest that the
metasedimentary rocks in the RTW were deposited in an island arc to active
continental margin setting, from a provenance dominated by mafic to intermediate
compositions. A possible source could be erosion of the ~1900 Ma mafic to felsic

volcanic rocks found in the study area.

The ca. 2000 — 1867 Ma mafic and ultramafic rocks in the RTW plot

predominantly in the continental to oceanic arc fields of Fig. 14. This is consistent

34



with the proposed island-arc to active continental margin setting for the sedimentary
units discussed above, which confirms that these settings are probably valid for both

the sedimentary and volcanic rocks in the RTW.

The ca. 1790 Ma felsic intrusive rocks can be classified as I-type or partially
fractionated A-type granites (Fig. 12). These rocks plot in the late-orogenic to
anorogenic fields associated with a volcanic-arc to within-plate tectonic setting (Figs.
12c¢ and 17), which is not too dissimilar from that for the ca. 1900 Ma
metasedimentary and volcanic units. This suggests that the granites intruded these
metamorphosed sedimentary and volcanic rocks during accretion associated with the

Svecofennian Orogeny.

The Na,0+K;0 enrichment of A-type granitic rocks was also taken as a
fundamental diagnostic parameter by Collins et al. (1982) and Whalen et al. (1987),
who stressed other characteristics of such rocks. Other factors include high contents
of Zr, Nb, W, Mo, REE, and the Ga:Al ratio. Pitcher (1983) and Brown et al. (1984)
consider A-type granites to be related to alkaline and peralkaline monzogranites,
granodiorites and syenites. Data presented by several researchers during the last
decades indicate that most of these rocks are formed in late- to post-collisional
settings (Harris et al., 1986; Sylvester, 1989; Bonin, 1990, 2007; Bitencourt and

Nardi, 2000).

Because of the similarities in the geochemical characteristics of the rocks in RTW,
we suggest these rocks developed in a progressive tectonic event starting with an
island-arc setting for the mafic intrusions and intermediate volcanic rocks deposited
over tonalite. The mafic and volcanic rocks were subsequently the provenance for the

turbidite units at Ruvsott and Rombaksbhotten, and the mafic intrusive, intermediate
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volcanics and tonalite are the provenance for the turbidite units at Gautelisvann. The
tectonic setting progressed into a continental-arc setting with deposition of felsic
volcanic units and the emplacement of granites during ca. 1820-1790 Ma. These
successions were then accreted on to the Baltic continent. The tectonic setting for the
Paleoproterozoic is here schematically summarized in Fig. 19, which covers a ~70

million year period.

~1950 Ma Mid-ocean ridge

~1867 Ma Subduction

~1820 - 1790 Ma Accretion

Astenosphere
[ Lithosphere I  Vafic/ultramafic volcanic and intrusive rocks
L ]

Sedimentary sucessions

) Predominantly felsic intrusive rocks
I oceanic crust (ca. 1790 Ma late- to post-orogenic granites)
| Continental crust

Relative location of the Rombak Tectonic Window

Fig. 19. Model for the tectonic setting during deposition of the ca. 2000 — 1867 Ma sedimentary and
volcanic rocks in the Rombak Tectonic Window.
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Appendix

A-1. Geochemistry of greywacke and shale units (Sawyer and Korneliussen, 1989).

Id SiO2 | Al203 | Fe203 | FeO | TiO2 | CaO | MgO | Na20 | K20 | MnO | P205 | V [(Sc(Co | Cr [ Ni |Cu [ Zn |Pb(Rb | Sr [Ba | Zr [ Y |[Nb[Cs|Th| U (Ta|Hf|La| Ce |Nd|Sm |[Eu|Tb |Yb Area
ES057.4G | 71,35 | 11,68 0,63 | 5,66 | 0,73 | 2,67 | 2,33 2,27 | 1,80 | 0,06 0,13 | 137 | 12 262 | 46| 84 | 111 75| 231|778 | 252 | 20 8| 2| 10 3 1| 6|36| 74| 25 5 1 1 2 | Gautelisvann
ES058.4G | 70,48 | 12,56 058 | 521 | 065|277 | 241 2,49 | 1,86 | 0,06 0,13 | 118 | 12 187 | 54| 51111 77 | 246 | 622 | 167 | 18 9( 3 8 3 1| 4| 25| 52| 22 4 1 1 2 | Gautelisvann
ES060.4G | 57,84 | 16,78 0,93 | 832 093|278 4,27 3,23 | 3,45 | 0,09 0,12 | 223 | 18 229 | 116 190 133|285 | 959 | 143 | 26 | 12 32| 39 Gautelisvann
ES061.4G | 54,62 | 17,69 1,03 | 9,22 | 1,00 | 2,85 | 4,64 3,59 | 3,89 | 0,09 0,12 | 279 | 25 266 | 135 6 | 144 126|291 (981|130 (24| 14| 4| 10 41 1| 3(22| 50| 19 4 1 1 3 | Gautelisvann
ES067.4R | 66,46 | 14,13 0,70 | 6,28 | 0,75 | 1,45 | 3,28 3,01 | 271 | 0,06 0,13 | 144 | 15 245 75 6 | 103 110 | 149 | 704 | 173 | 24| 12 52| 91 Rombaksbotten
ES068.4R | 68,98 | 13,14 0,62 | 559 | 0,70 | 1,06 | 2,99 3,48 | 2,42 | 0,05 0,12 | 131 | 12 301 72| 11| 82 88 | 173|873 (201 |25 11| 5| 11| 283 1| 5|33 77| 28 5 1 1 2 | Rombaksbotten
ES072.4R | 68,80 | 13,62 0,57 | 513 | 062|230 | 2,77 3,08 | 2,26 | 0,05 0,11 | 112 | 14 215 | 67| 59| 86 105 | 247 | 697 | 147 | 15 8| 7 8 3 1| 3|28| 59| 23 4 1 - 2 | Rombaksbotten
ES073.4R | 68,09 | 12,72 0,70 | 6,31 | 0,88 | 1,84 | 3,06 2,89 | 2,58 | 0,07 0,15 | 155 | 13 387 63| 35| 91 102 | 168 | 775|297 [ 30 | 11 61 | 109 Rombaksbotten
ES069.4R | 53,44 | 18,15 1,05| 9,40 | 0,84 | 2,41 | 5,35 3,41 | 4,19 | 0,08 0,13 | 198 | 23 212 | 124 | 109 | 147 205|227 [ 598 | 106 | 18 | 17 | 14| 11 3 1| 2|29 62| 24 5 1 1 2 | Rombaksbotten
ES070.4R | 60,73 | 16,22 081 | 7,24 0,76 | 1,07 | 4,24 3,63 | 3,76 | 0,07 0,11 | 158 | 18 210 82| 18| 23 151 | 155 (876 | 134 [ 22| 11| 12| 10 3 1| 3|16 37| 10 3 1 1 2 | Rombaksbotten
ES131AC | 51,96 | 13,42 1,29 | 11,56 | 1,27 | 6,01 | 8,69 2,98 | 1,80 | 0,13 0,12 | 254 | 37 | 43| 503 | 211 | 84| 132 | 13| 66 | 157 | 785 | 103 | 28 9 6| 3 1 - 211 26| 12 3 1 1 2 | Ruvssot
ES132AC | 56,31 | 14,04 1,12 | 10,03 | 0,85 | 1,59 | 6,78 2,56 | 5,30 | 0,09 0,15 141 | 20| 35332 | 139 | 67| 62 9190 | 118 | 660 | 112 | 19 7| 8] 10 2 1| 3|24 51| 19 4 1 1 1 | Ruvssot
ES133C 58,45 | 14,54 0,96 | 8,66 | 090 | 1,99 | 5,65 3,57 | 4,36 | 0,08 0,13 | 128 21| 30| 279|109 | 76| 47| 10| 161 | 153 | 429 | 114 | 16 9 5 4| 0| 50 Ruvssot
ES134AC | 58,55 | 14,66 0,98 | 879 | 088|287 | 4,62 2,72 | 4,80 | 0,09 013|132 | 20| 28| 228 | 98| 12| 48| 12| 191|112 | 726 | 125 | 18 8| 8] 10 2 1| 3|27| 58| 24 4 1 1 2 | Ruvssot




A-2. Geochemistry of mafic and ultramafic rocks (Korneliussen and Sawyer, 1989)

Id SiO2 | Al203 | Fe203 | TiO2 | CaO | MgO | Na20 | K20 | MnO | P205 | V | Sc | Co Cr Ni Cu| Zn |Pb | Rb | Sr Ba Zr | Y [Nb|Cs|Th Ta|Hf |La| Ce |Nd [Sm [ Eu | Tb | Yb Area
G2.4GB 48,12 | 13,41 15,31 | 2,19 | 8,97 | 5,37 2,30 | 1,35 | 0,22 | 0,77 | 365 | 36 | 42 48 45 59 | 160 | 15 | 36 | 382 | 846 | 128 [ 38 | 8 27 | 54 Gautelisvann
G4.4GB 47,60 | 15,99 12,59 | 1,23 | 9,81 | 7,55 19 | 1,05 ( 0,18 | 0,34 [234 |28 | 62 | 103 121 65 | 127 [ 13 | 39 [ 392 | 433 | 65 (20| 6 13| 19 Gautelisvann
G5.4GB 48,41 | 13,81 14,58 | 2,12 | 9,56 | 5,75 2,80 | 1,03 | 0,22 | 0,84 | 335 |36 | 52 | 101 49 48 | 167 | 17 | 28 | 422 | 617 [ 119 | 34 27 | 51 Gautelisvann
G6.4GB 48,75 | 12,51 16,12 | 2,38 | 8,74 | 4,84 2,60 | 1,53 | 0,23 | 0,95 | 387 | 33| 41 18 30 49 | 222 | 14 | 43 | 371 | 872 (137 |38 | 7 40 | 72 Gautelisvann
G7.4GB 48,49 | 13,48 15,39 | 2,42 | 9,65 | 5,28 2,70 | 0,96 | 0,24 | 0,95 | 391 |39 | 41 28 32 22 | 189 | 15 | 24 | 427 | 649 | 143 (40| 6 35| 73 Gautelisvann
K133.4G 48,38 | 16,32 12,36 | 1,34 | 9,67 | 6,22 2,30 | 1,20 | 0,17 | 0,40 | 247 | 29 | 43 79 7 66 | 133 | 11 | 39 [ 455 | 580 | 78 (21| 5 2|1 - 2 19|39 |14 | 4 1 1 2 | Gautelisvann
K071.85S 59,82 | 15,24 6,52 1,11 | 425 | 3,38 394 | 457|011 ( 0,31 | 108 | 14| 16 | 136 31 34 | 71 | 18 | 145 | 480 | 1220 | 309 | 25 | 20 18 5 |46 | 99 Norddalen
K132A.4 53,28 | 15,63 12,73 | 2,21 | 4,16 | 4,39 1,10 | 3,37 ( 0,13 | 0,43 | 401 |27 | 38 45 38 152 | 137 151|207 | 715 | 192 | 37 | 10 40 | 68 Norddalen
K152.3GK2 | 47,79 | 13,53 14,71 | 2,10 | 9,21 | 5,58 2,70 | 1,37 | 0,20 | 0,83 | 326 | 34 | 38 | 103 55 23 | 120 | 15 | 55 [ 397 | 574 | 112 | 34 32| 65 | 37 9 2 1 2 | Norddalen
K268.3N 50,50 | 14,94 12,19 | 1,49 | 8,88 | 6,25 250 | 145 | 0,18 | 0,35 | 208 [ 31| 42 | 134 31 15 (142 | 16 | 64 | 387 | 483 | 116 | 26 2|2 - 3 [25(52 |21 5 1 1 2 | Norddalen
K273.3N 55,27 | 14,29 10,83 | 1,65 | 6,15 | 4,26 2,70 | 3,04 | 0,15 | 0,62 | 169 | 20 | 34 91 24 13 [ 131 | 20 | 144 | 378 | 938 | 186 | 40 | 13 44| 88 (44 | 10 | 2 1 3 | Norddalen
K274.3N 57,46 | 13,80 11,17 | 2,01 | 5,09 | 2,26 3,40 | 298| 0,15 | 0,89 | 130 | 18 | 22 6 10 [ 143 | 16 | 86 | 332 | 1300 | 306 | 49 | 16 52 | 116 Norddalen
RO01.3RT | 48,57 | 9,88 13,04 | 1,30 | 6,86 | 7,75 | 4,10 [ 0,17 | 0,09 | 0,12 [213 |21 | 36 | 277 90 11 | 38 107 | 56 93 |13 | 6 14| 25 | 16 3 1 - 1 | Ruvssot
R0O04.3RT | 48,81 | 9,63 10,05 | 0,92 | 6,20 | 21,04 | 2,50 | 0,12 | 0,13 | 0,10 | 268 | 24 | 74 | 550 234 16 | 43 107 | 80 |132 21| 8 6 1|3 |16(23 |18 | 4 1 1 2 | Ruvssot
R0O16.3RT | 47,40 | 6,92 8,74 0,20 | 6,70 | 28,76 | 0,01 | 0,01 | 0,18 | 0,02 | 154 | 27 | 55 | 3000 | 1400 | 45 | 46 42 21 - - 0 - - 1 | Ruvssot
R022.3RT | 45,55 | 7,49 10,63 | 0,25 | 8,85 | 20,56 | 0,50 | 0,03 | 0,16 | 0,02 | 168 | 26 | 89 | 2200 ( 1000 | 8 98 9 25 25 | 8 - - - 1 - - - 1 | Ruvssot
R023.3RT | 44,03 | 4,80 8,76 0,16 | 5,05 | 28,77 | 0,01 | 0,01 | 0,17 | 0,01 | 131 | 20 | 111 | 2600 | 1600 5 55 15 48 18 1 1 1 | Ruvssot




Table A-3. Geochemistry of the ca. 1790 Ma felsic igneous rocks in the Rombak Tectonic Window (Korneliussen and Sawyer, 1989).

Id SiO2 | Al203 | Fe203 | TiO2 | CaO | MgO | Na20 | K20 | MnO | P205 V Sc Co Cr Ni Cu Zn Pb Rb Sr Ba Zr Y Nb Th u Hf La Ce Eu Area

K142.85 60,55 | 18,49 4,49 [ 0,67 2,03 | 219 8,54 | 1,53 0,05 0,19 | 63,00 | 9,00 | 7,00 | 22,00 | 15,00 | 3,00 | 43,00 | 16,00 | 47,00 | 353,00 | 361,00 | 206,00 | 22,00 | 18,00 | 13,00 | 2,33 | 2,00 | 43,00 [ 79,00 | 0,50 | Gautelisvann

ESO83GR | 66,04 | 15,26 487 064 | 225| 0,96 3,40 553 | 0,06 0,18 | 43,00 | 8,00 | 11,00 | 13,00 6,00 | 8,00 | 81,00 | 20,00 | 197,00 | 234,00 | 1200,00 | 367,00 | 46,00 | 19,00 | 24,00 | 4,30 | 0,50 [ 96,00 | 204,00 | 0,50 | Norddalen

K063.85S | 66,13 | 13,99 0,78 | 5,40 2,76 | 181 351 | 436 0,09 0,28 | 58,00 | 11,00 | 10,00 | 37,00 | 14,00 | 12,00 | 75,00 | 26,00 | 193,00 | 212,00 | 895,00 | 248,00 | 33,00 | 18,00 | 16,00 | 2,87 | 8,00 | 58,00 | 124,00 [ 0,50 | Norddalen

ESO81GR | 66,40 | 15,83 382 | 051 2,04 | 059 4,10 5,45 | 0,06 0,13 | 23,00 | 5,00| 7,00| 2,00 1,00 | 43,00 | 25,00 | 133,00 | 229,00 | 1300,00 | 352,00 | 43,00 | 18,00 | 28,00 | 6,00 | 9,00 | 127,00 | 233,00 | 2,00 | Norddalen

K152.85 67,00 | 14,73 4,19 [ 0,62 193 | 0,76 4,00 5,75 | 0,08 0,18 | 31,00 | 10,00 | 6,00 | 8,00 6,00 | 28,00 | 58,00 | 28,00 | 197,00 | 178,00 | 1008,00 | 270,00 | 47,00 [ 20,00 | 15,00 | 2,69 | 3,00 [ 65,00 | 132,00 | 0,50 | Gautelisvann

K140.85 67,29 | 14,91 447 054 | 360| 1,54 4,50 2,12 | 0,05 0,13 | 56,00 | 8,00 | 6,00 | 9,00 7,00 | 11,00 | 36,00 | 12,00 | 55,00 | 377,00 | 967,00 | 180,00 | 16,00 | 12,00 | 8,00 1,00 | 5,00 | 30,60 | 62,90 | 1,00 | Gautelisvann

K144.85 69,25 | 14,95 3,13 | 044 | 321| 1,01 4,92 194 | 0,06 0,12 | 34,00 | 800 | 3,00| 7,00 800 | 200| 31,00 | 12,00 | 54,00 [ 692,00 | 722,00 | 219,00 | 18,00 | 19,00 | 19,00 | 3,41 | 2,00 | 45,00 [ 89,00 | 0,50 | Gautelisvann

K275.3N | 69,37 | 13,44 4,74 | 0,59 1,70 | 054 2,90 533 | 0,06 0,15 | 30,00 | 8,00 | 7,00| 6,00 6,00 | 6,00 | 90,00 | 25,00 | 239,00 | 120,00 | 760,00 | 398,00 | 63,00 | 24,00 | 28,00 | 5,02 91,00 | 187,00 | 0,50 | Norddalen

K072.855 | 70,69 | 14,98 0,29 1,93 148 | 0,64 453 | 480 | 0,04 0,07 | 32,00 | 3,00 | 3,00| 6,00 800| 5,00 21,00 | 14,00 | 138,00 | 372,00 | 983,00 | 174,00 | 15,00 | 15,00 | 19,00 | 3,41 | 2,00 | 33,00 | 65,00 [ 0,50 | Norddalen

K143.85 7194 | 15,27 131| 017 1,74 | 0,42 6,59 152 | 0,04 0,05 | 15,00 | 4,00 | 3,00 | 2,00 1,00 | 4,00 | 17,00 | 11,00 | 34,00 | 490,00 | 719,00 | 112,00 | 11,00 [ 9,00 | 12,00 | 2,00 | 3,00 | 43,50 | 84,40 | 1,00 | Gautelisvann

K145.85 72,55 | 14,53 13| 0,18 | 0,76 | 0,32 4,13 564 | 0,03 0,05 | 19,00 | 4,00 1,00 | 2,00 2,00 | 2,00 | 34,00 | 14,00 | 106,00 | 229,00 | 1101,00 | 107,00 | 10,00 | 8,00 | 7,00 1,26 1,00 | 18,00 | 25,00 | 0,50 | Gautelisvann

ES022GR | 72,97 | 13,85 2,48 | 0,26 121| 0,23 3,10 576 | 0,04 0,03 | 10,00 1,00 | 7,00 | 8,00 7,00 | 1,00 | 70,00 | 27,00 | 246,00 | 103,00 | 599,00 | 309,00 | 57,00 [ 19,00 | 30,00 | 5,38 | 0,50 [ 97,00 | 204,00 | 0,50 | Norddalen

ESO33GR | 75,32 | 13,70 148 | 020 | 097 0,19 3,20 556 | 0,03 0,02 | 10,00 1,00 | 6,00 | 2,00 1,00 | 1,00 | 14,00 | 22,00 | 230,00 | 118,00 | 500,00 | 199,00 | 26,00 | 16,00 | 52,00 | 11,00 | 5,00 [ 73,90 | 154,00 | 1,00 | Norddalen

K272.3N | 76,65 | 12,48 135| 009 | 0,74 0,07 3,30 529 | 0,01 0,01 5,00 1,00 | 6,00 | 2,00 1,00 | 9,00 | 38,00 [ 63,00 | 391,00 | 24,00 80,00 | 168,00 | 142,00 | 17,00 | 52,00 | 9,33 | 0,50 | 106,00 | 170,00 | 2,00 | Norddalen

ES024GR | 76,91 | 12,44 1,70 | 0,14 | 0,78 0,15 3,10 543 | 0,02 0,01 5,00 1,00 1,00 | 2,00 1,00 | 1,00 | 45,00 | 30,00 | 319,00 | 46,00 | 214,00 | 214,00 | 76,00 | 15,00 | 43,00 | 7,71 | 0,50 | 80,00 | 168,00 | 0,50 | Norddalen
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Abstract

The Rombaken Tectonic Window (RTW) is a Paleoproterozoic inlier within the Caledonian
nappes of northern Norway. The bedrock consists of Svecofennian granites intruded into
metasedimentary and metavolcanic rocks, which appear as N-S trending parallel belts widening
and thickening along strike. Sulphide mineralisations in the RTW, including As-Au, Cu and Pb-
Zn, have long been explored for gold in the area and the need for a better understanding of the
geological evolution of the area has increased. Recent tectonic and structural models have
verified a large scale Svecofennian Rombaken-Skjomen shear zone (RSSZ), which can be traced
across the whole window and into Sweden. The model consists of four deformation events that
includes two N-S striking, east verging fold-thrust (D;-D;) and two oblique-slip events with
steep ductile N-S striking (D3) and NE-SW (D) striking shear zones. Several known sulphide
mineralisations are found along, within and near this regional shear zone. In the present study we
have studied several of these for their genesis, timing and spatial relationship to the RSSZ. We
found at least four stages of mineralisation including; 1) syngenetic bedding parallel Zn-Pb
SEDEX deposits (Dg), 2) syntectonic metasomatic As-Au-Fe deposit (D3-D4) and 3) orogenic
gold, both along the regional shear zone, including remobilisation of the SEDEX mineralisations
(D3-Dy) and as 4) Cu-Au in late Svecofennian quartz veins (Ds-D,). The formation of most of the
sulphide mineralisations in RTW is very complex with several stages of remobilisation and

deformation, that are spatially and temporally linked to the development of RSSZ

Keywords: Rombaken Tectonic Window, Orogenic gold, SEDEX, Metasomatic, sulphides,

Rombaken-Skjomen Shear zone.



1.0 Introduction

The Fennoscandian Shield is dissected by a network of major shear zones containing associated
economic important deposits of gold and/or base metals (Eilu et al., 2003; Sundblad, 2003;
Martinsson, 2004). In the northern part of the shield these regional fault structures developed and
were reactivated during several tectonothermal events in conjunction with the Paleoproterozoic
Svecofennian orogeny (1920-1790 Ma; Lahtinen et al., 2012). Recently, an additional member of
this network has been defined in the Rombaken Tectonic Window (RTW) where the N-S
trending Rombaken-Skjomen Shear Zone (RSSZ) intersects Paleoproterozoic basement rocks
overthrusted during the Ordovician to early Devonian by Caledonian nappe complexes close to
the eastern margin of the Caledonian orogen (Fig.1). The RTW is endowed with partly auriferous

polymetallic sulphide mineralisations which are the theme of the present paper.

The RSSZ developed during the Svecofennian orogeny and is situated close to the boundary
between the Karelian Craton with Archean-Paleoproterozoic granite-greenstone terrains (e.g.
Rutland et al., 2001) and the Svecofennian arc-related volcano sedimentary sequences to the
west and south. The boundary between these terrains is largely obliterated by the emplacement
of granitic plutons comprising possibly the eastern margin of northern extension of the
Transscandinavian Igneous Belt (TI1B; Gorbatschev 2004). Thus the RSSZ may represent an
important suture zone between crustal segments in the Fennoscandian shield. Several sulphide
mineralisations have been known in this area for more than a century (Foslie, 1916; Korneliussen
& Sawyer, 1986; Coller, 2004; Blomlie, 2011). However, the knowledge of their genesis has not
been well understood. The importance of the present study is to show how the sulphide
mineralisation in the Paleoproterozoic supracrustals in the RTW and along RSSZ may be part of
a complex story involving several genetic types. The understanding of the metallogeny of the
RSSZ is largely based on field and structural relationship as well as microscopic studies and
geochemical analysis of the host rocks and the hydrothermal alteration associated with the
mineralisations. The ultimate aim of the present paper is to place the development of the sulphide

mineralisations in time and space within the geotectonic framework of the RSSZ.



2.0 Geological setting

The RTW consists mainly of Paleoproterozoic rocks exposed as an inlier surrounded by
Caledonian thrust sheets of Phanerozoic rocks, and is a result of deep erosion and removal of the
overlying Caledonian nappes. The geology of the area has previously been described by
Gustavson et al. (1974), Priesemann (1984 a, b), Skonseng (1985), Korneliussen & Sawyer
(1986) and Bargel (1995).

The RTW consists of plutonic rocks, comprising intrusions of granites and subordinate gabbros
and several N-S trending belts of metasupracrustal rocks (Fig. 1). The oldest dated rock in the
area is represented by a tonalitic basement rock found in the Sjangeli area (Sweden). It yields a
U-Pb age of 2709 Ma and occurs as xenoliths in the Sjangeli granite (Romer et al., 1992) (Fig.
1). The metasupracrustal rocks in the Sjangeli area are dominated by mafic to ultramafic
volcanic and volcano sedimentary units intercalated with metasedimentary rocks. The
metasupracrustal rocks in the Sjangeli and Kopperasen areas are assumed to have a depositional
age of 2300-2000 Ma (Romer & Boundy, 1988; Romer, 1989), but is uncertain. They have
previously been correlated to the Gautelis supracrustal belts in the southern part of the studied
area (Fig. 1) (Romer, 1987). The metasedimentary rocks in Gautelis are assumed to be of
younger age. The tonalite in the Gautelis area is the lowermost basement rock and is overlain by
sedimentary breccias and conglomerates containing pebbles of the underlying tonalitic basement.
Romer et al., (1992) dated a Paleoproterozoic tonalite, yielding an age of 1949+26 Ma (U-Pb).
The basal conglomeratic sequence is overlain by marbles and metagreywacke with an assumed
age of 1900-1880 Ma (Korneliussen & Sawyer, 1989). These metasedimentary rocks are thought
to be deposited in a basin in an Andean-type setting and show large similarities to the
supracrustal belts in the Haugfjellet-Sildvika and Norddalen areas (Fig.1.) (Korneliussen &
Sawyer, 1989). The rocks in the RTW have undergone several stages of metamorphism. Peak
metamorphism reached amphibolite-grade at 6kb and 575°C, and is dated to ca. 1800 Ma (Sm-
Nd) (Sawyer, 1986; Romer, 1989). Another metamorphic event was detected by U-Pb dating of
zircons from a granite to the east of Gautelis giving an age of 1769.6+9.7Ma correlating with the
Svecofennian orogeny (Romer et al, 1992). Uranitite, associated with Cu-Fe sulphides in
Kopparasen, have been dated and also associated to this age and metamorphic event (1780 Ma;

Romer & Boundy, 1988). In the Sjangeli area (Fig. 1) the epigenetic Cu-Fe vein mineralisation is



thought to be related to Proterozoic metamorphism with remobilsation of stratiform Fe-Zn
sulphides during the Caledonian metamorphism (Romer, 1989). It has been furthermore
documented that retrogression to greenschist facies metamorphism occurred in the Norddalen
area (Fig. 1). Structure related gold occurrences have been documented locally from Haugfjellet
(Fig. 1. Coller, 2004). The age of this event has both been interpreted as Proterozoic
(Korneliussen & Sawyer, 1986) and as Caledonian (Romer, 1993). Korneliussen & Sawyer
(1986) suggested that the retrogradation was linked to steep N-S trending shear zone and fold
structures in Norddalen, whereas Romer (1993) argued that the presence of upright folds in
combination with Pb-Pb isotope data suggested a Caledonian tectonothermal event. However,
recent investigations show that the structures are Paleoproterozoic with approximately the same
age as the Rombak granites in the Haugfjellet and Gautelis area (1786 + 8 — 1790 + 8 Ma;
Angvik et al., 2014 included manuscript). They are found both to be segmented by and also
crosscut the shear zone (Larsen et al., 2013). The shear zone cuts through variably deformed
gabbros and metasupracrustal rocks, and it is interpreted as a dynamic and continuous
transpressional event with strain partitioning (Larsen et al, 2013). The strain was first dominated
by two events of N-S striking, upright and east verging folding and thrusting (D1-D2 which
progressively turned into thrust parallel, sub vertical, N-S orientated, mainly sinistral and slightly
dextral oblique-slip shear zones (D3) which were later drag folded and cut by a NE-SW dextral
oblique-slip shear zone (D,). The greenschist facies retrogression is strongly related to the
transpressive RSSZ structures carrying associated sulphide mineralisation (Larsen et al., 2010;
Larsen et al., 2013). Nevertheless, Caledonian reactivation cannot be entirely excluded (Larsen et
al., 2013).

3.0 Sulphide mineralisation

Several sulphide deposits have been known in this area for more than a century (Foslie, 1917;
Korneliussen & Sawyer, 1986; Skyseth, 1995; Coller, 2004; Blomlie, 2011). The genetic aspects
of the deposits have not been treated in any detail including their relation to the RSSZ. The
sulphide occurrences along the shear zone include a variety of polymetallic deposits. The
supracrustal belts are generally very rusty in appearance as an indication of their contents of Fe-

sulphides. There are several areas of interest in regard to auriferous sulphide deposits (Fig. 1),



and two of these, the Haugfjellet-Sildvika and Gautelis areas have been emphasised in the

present study (Fig. 1).

3.1 Haugfjellet-Sildvika area

The Haugfjellet-Sildvika area is located in the northern part of the RTW where the bedrock
consists of granites with two large belts of metasedimentary rocks (Fig. 1). The bedrock in
Sildvika is similar to Haugfjellet and consist of metagreywacke, marble, metatuffite,
metasiltstone, graphitic schist and quartzitic rock (Fig. 2). The eastern part of the
metasupracrustal belt at Haugfjellet is dominated by siltstones interbedded with metagreywacke,
sandstones, volcanites and graphitic schists whereas the western part is mainly composed of
metatuffite interbedded with metagreywackes, quartzites and graphitic schists (Bargel, et al.
1995; Coller, 2004). There are also some marble beds forming thin lens-shaped units elongated
parallel to and within oblique-slip shear zones (Fig. 2). In the western part of Haugfjellet, some
lenses of marble and metagreywacke are even found within a shear zone in the coarse-grained
Rombak granite (Fig. 2). The Sildvika metasupracrustal belt is located SW of Haugfjellet (Fig. 1)
and comprises the same type of lithologies as in the western part of the Haugfjellet belt. The
rocks are less deformed than at Haugfjellet, and primary structures are commonly observed. The
Haugfjellet metasupracrustal belt show more deformation with a pronounced N-S striking
cleavage dipping steeply to the west (D3). The surrounding Rombak granites are more or less
undeformed with a slight foliation developed except along localised shear zones. The
metasedimentary rocks at Haugfjellet are affected dominantly by steep to subvertical folds (Ds),
plunging both to NNW and SSE (Larsen et al., 2013).The folds are bounded by steep ductile
shear zones where low angle thrust planes being refolded (D;-D;), have only been identified by
microscopy (Larsen et al., 2013). Several sub vertical N-S, NE-SW and NW-SE orientated (Ds-
D,) oblique-slip ductile shear zones cut and drag fold the primary sedimentary bedding. The
shear zones are mm to several meters wide and seem to spread out and slightly bend of towards
the NNW (Fig. 2). They show both dextral and sinistral shear senses as well as a pronounced
moderate dipping lineation towards NW (Larsen et al., 2013). The structures of the Haugfjellet
belt have been interpreted to be part of a pure-shear-dominated domain in a transpressive orogen
with ductile strain partitioning developing from a fold-thrust belt (D;-D,) into steep oblique-slip
(D3.D4) shear zones (Larsen et al., 2010).



Sulphide-rich metasedimentary rocks with a reddish brown, rusty colour appear frequently in the
Haugfjellet supracrustal belt. Since the rocks in this area have been strongly deformed and
segmented, the distribution of the sulphide mineralisation appears very irregular and complex.
There is a visual difference between the eastern part of Haugfjellet, dominated by metasiltstones
and the western part composed of oxidised red-coloured metatuffite and metagreywacke with
more Fe sulphides (Fig. 2). There are several old showings in the Haugfjellet-Sildvika area from
earlier exploration. Three main types of mineralisation can be differentiated: 1) Bedding parallel
Fe and Zn-Pb sulphide mineralisations (D), 2) Shear-zone-hosted Cu-Au-As mineralisation,
including remobilisation of Zn-Pb (Ds-D,), and 3) quartz-vein-hosted Cu-Au mineralisation (Ds-
D.).

3.1.1 Bedding parallel Fe and Zn-Pb sulphide mineralisations

Sulphide mineralisations along primary sedimentary beds have been observed in the supracrustal
belts at Haugfjellet, Jernvann and Sildvika (Fig. 1-2). The sulphides are found in a few
centimeters thick beds, either as single or multiple, parallel beds that can be followed up to
hundreds of meters (Fig. 3A). They are either cut by steep oblique-slip (D3.D,) shear zones, thin
out or the sulphide content gradually decreases. Both on Haugfjellet and Jernvann occur beds
with a high content of sulphides (Fig. 3) in areas where the rocks are weakly deformed and
frequently contain primary sedimentary structures such as cross-bedding and graded bedding
(Fig. 3B and D). The sulphides are commonly found along distinct beds of the darker, fine-
grained silty beds with high quartz and mica content. The sulphide mineralisation comprises
three different types, dominated by disseminated to semi-massive 1) pyrrhotite (Fig. 3C, 2),
pyrite (Fig. 3E) and 3) sphalerite and galena (Fig. 3D).

The types 1 and 2 are very similar in appearance and can sometimes coexist as separate
pyrrhotite- and pyrite-dominated beds in the same outcrop. These two types are mainly found in
the oxidised red-coloured metatuffite and metagreywacke units in the western part of Haugfjellet
and Jernvann. Pyrite beds are more commonly encountered in the metatuffites, whereas the
pyrrhotite is more evenly distributed in all the metasedimentary units especially along

metagreywackes.



Type 1 is the most common and occurs as dissemination of very fine-grained (10-150 pm)
pyrrhotite in silty beds. Locally the dissemination grades into semi-massive pyrrhotite bands.
Pyrrhotite is also intergrown with minor amounts of chalcopyrite, sphalerite and pyrite, which
appear to have copercipitated with the pyrrhotite (Fig. 3C). The metagreywacke host-rocks
consist mainly of quartz and K-feldspar together with some biotite and chlorite. In beds with
alternating high chlorite and biotite content, the sulphide is more abundant in the chlorite
dominated beds. The type 2, pyrite mineralisation (Fig. 3D) occurs commonly as the only
sulphide in the metatuffite (Fig. 3E), although minor pyrrhotite is locally observed. Pyrite has a
grain size in the range 10-150 um and commonly occurs as minor segregations and thin (5-10
mm) semi-massive bands together with quartz. The gangue is dominated by biotite, chlorite,

larger but fewer quartz grains than type 1 (10-500 um) and with epidote aggregates (100-150
pum).

Type 3 consists of bedding parallel sphalerite and galena mineralisation (Fig 3F). It is found
along undeformed greywacke beds in the Sildvika area and partly at Haugfjellet, where the
mineralised rocks frequently retain their primary sedimentary structures and occur adjacent to
areas affected by strong shear deformation. The sulphide mineralisation is found in the finer
grained silty beds with large amounts of quartz and biotite and less of plagioclase. The sulphide
minerals occur as dissemination locally grading into massive bands and lenses (1-50m long, 1-
20cm thick) in the outcrops. The sulphide minerals coexist with coarse chlorite (50-1500 pum),
calcite (50-500 um) and quartz grains (10-1000 um) which define weak foliation or hairline
veining. Mineralisation of Sphalerite dominates and has grain sizes of 10-500 um with small

pyrite inclusions (<50 um) (Fig 3F).

3.1.2 Shear-zone-hosted Cu-As-Au with remobilised Pb-Zn mineralisation

Several of the old showings in the Haugfjellet area show a complex development of shear zone-
hosted sulphide mineralisation (Fig. 2). The sulphides are mixed and are slightly anomalous with
uncommon metal association such as Pb-Zn together with As. The sulphide minerals of this

category consists of pyrrhotite, sphalerite, galena and chalcopyrite, and locally minor



arsenopyrite (Fig. 4) which have been interpreted to be of two different genetic types with typical

metal assemblages 1) Cu-As-Au and 2) remobilised Pb-Zn.

The sulphide mineralisation at locality HF-235, in the western part of Haugfjellet, occurs in a
metagreywacke sequence sandwiched between the tuffite-dominated and siltstone-dominated
units (Fig. 2). At this locality there are two exploration pits worked on a 1.5 m wide, ductile
dextral shear zone (Fig. 4A), which has been intersected by two core holes. This steep dipping
shear zone (Ds3), with a red, purple and black coloured oxidised surface, can be traced for
hundreds of meters along strike and have been observed to join or spread into several shear zones
along strike in an anastomosing pattern (Fig. 6B). The different segments of the shear zone cut
and fold the surrounding sedimentary beds with different frequency and intensity. The weakly
deformed host rocks outside the shear zone consist of approximately 10-20 cm thick folded beds
of upwards fining metagreywackes. The primary bedding of the greywacke has been totally
erased in the shear zone and appears as steep, foliated, dark silty schist. The shear foliation is
steep with a NW-SE strike direction. The fine-grained schistose tectonites within the shear zone
contain up to 30 cm thick massive sulphide layers. Quartz-filled micro-fractures mainly occur
along the shear foliation, but may locally form small clusters of non-directional veins or quartz-
cemented breccias filling the shear zone (6C). The mineralised and sheared metagreywacke is
characterised by large amounts of biotite and quartz which occur intergrown with epidote,
muscovite and plagioclase. The minerals do not show any strong planar orientation and may be
recrystallised. Biotite is partly to fully chloritised and occurs abundantly along quartz filled
micro-fractures enveloped by fine-grained biotite aggregates dimishing in abundance away from
the fractures. Chlorite is commonly intergrown with the sulphides which comprise pyrrhotite,
galena, sphalerite and chalcopyrite, and minor arsenopyrite (Fig. 4D,F,G). The pyrrhotite appears
as disseminated grains, whereas galena, sphalerite and chalcopyrite are confined to
microfractures or to the shear zones (Fig. 4E). The latter sulphides appear locally to replace

grains of pyrrhotite, but do also form aggregates together with pyrrhotite.

Geochemical data on three samples from pit 1 (Fig. 4A and C) show that they are enriched in Zn,
Pb and Cu along the zones of high strain when compared with data for one sample from the
unmineralised and weakly deformed layered metagreywacke host rock (Fig. 4). When the
analytical values of the samples are normalised to the average value of unmineralised and weakly
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deformed metagreywacke in the Haugfjellet area they confirm that the mineralisation is enriched
in a number of metallic elements and especially Pb, Zn, Cu and Hg (Fig. 4B). The gold contents
of the shear zone are generally low, but higher than in the weakly deformed surrounding
metagreywacke where no gold was detected.

Comparable observations were also done by logging the cores from a 140 m long drill hole, BH-
1 (Figs. 4-5). The drill hole crosscuts several shear bands and high-strain zones, as well as
weakly deformed to undeformed metagreywackes (Fig. 5). The core confirms the observations
found in the prospects at the surface. The sulphides occur strongly associated with zones
showing strong ductile deformation (Fig. 5). Pyrrhotite is the most abundant sulphide throughout
the length of the cores and occurs both in areas of low and high strain. Abundant sphalerite and
galena (Fig. 5) are found both in ductile shear bands and along the bedding of the weakly
deformed metagreywacke. Arsenopyrite is only observed in zones showing strong ductile
shearing, where it occurs along hairline thin quartz veinlets cutting the shear foliation (Fig. 5).
These veinlets show both sinistral and dextral displacements of the metagreywacke bedding and
the ductile shear bands that locally show tendencies of developing quartz breccias, similar to
what is seen in Fig. 6C. In the log of BH-1 (Fig. 5), the Zn-Pb mineralisation show strong similar
enrichment patterns relatable to the ductile shear zones, whereas Cu and As shows a different

enrichment pattern though still confined to zones of ductile shearing with hairline veinlets.

Locality HF-232 is located near HF-235 (Fig 2) within metagreywacke and also within a similar
shear zone enriched in sulphide minerals. The sulphides in this locality are dominated by
pyrrhotite, sphalerite and arsenopyrite. Pyrrhotite and sphalerite occur in micro shear zones filled
with quartz as micro veins and lesser amounts of arsenopyrite. The arsenopyrite is intergrown
with sericite and epidote. The normalised values of the analytical data for the samples from this
locality (Fig. 6D,E) also confirm the general enrichment of most of the heavy metals when
normalised to the weakly deformed and unmineralised metagreywacke wall rock, and especially
Zn, Pb, As, Ag, Hg, Sb, and Mo.

The Varden locality is situated in the middle of a highly structurally segmented area in the
metatuffite near the contact to metasiltstone (Fig. 2.). The sulphide mineralisation is found in a

2x1 meter blasted pit and is similar to the two other localities described above. The
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mineralisation occurs in metagreywacke and is located along a one meter wide ductile shear zone
(D3) that can be followed for at least tens of meters, and contains arsenopyrite, sphalerite, galena
and minor chalcopyrite. Similar to the drill core at locality HF-235, the mineralisation contains
clusters of non-directional quartz veins crosscutting and brecciating the shear zone (Fig. 6C).
The geochemical data of these veins are marked with a green line, and the normalised values for
the samples from the shear zone show that the mineralisation is enriched in W, Bi, Ag, Cd, Pb,

Zn and to a less extent also Au (Figs. 6F, G).

3.1.3 Quartz-vein hosted Cu-Fe-Au mineralisation

Sulphide mineralisations are also found in quartz veins in the Haugfjellet area. The sulphide
mineralised brittle-ductile quartz veins consist mainly of quartz (80%) some carbonate (2%) and
5-10% sulphides (Fig 7A). Only some veins contain sulphides. The veins are 1mm-1m thick and
10cm-5m long and occur widespread and occasionally in swarms (Fig 8). The brittle-ductile
subvertical veins strike NW to NNE (Fig. 8) which suggests a NE-SW compression. They are
found within the supracrustal rocks and in less extent within the coarse grained Rombak granite.
Some quartz veins appear as an array of tension gashes which again have been sheared by the
oblique-slip shear zones and some veins are also sheared along the boundary to the host rocks,
which show that they are a late stage (Ds-D4) of the development of the RSSZ (Fig.7; Larsen et
al., 2010).

The sulphides are mainly comprised of chalcopyrite and pyrite (Fig. 7C) with minor arsenopyrite
and accessory galena. Some veins contain epidote, chlorite and Mg-rich biotite (Fig 7B and 7D)
which occur most abundantly along the walls of the veins and may even form separate veins of
biotite and epidote. The geochemical data, normalised to the average host rock in the Haugfjellet
area, shows that the quartz veins are enriched in Cu, Au, Bi, Ag and W (Fig. 7G; appendix 1).
The gold content in the samples from the mineralized veins is up to 10ppm, but no gold grains

have been observed in the microscopic studies and are probably refractory grains.

12



3.2 Gautelis area

The Gautelis area is located in the southernmost part of the RTW (Fig. 1). The metasediments
rocks comprise metagreywacke, sedimentary breccia/conglomerate and dolomitic marble which
are truncated by sub-parallel bodies of sub-volcanic metadolerite, as well as coarse- and fine-
grained granites (e.g. Korneliussen & Sawyer, 1986) (Figs. 1 and 9). The metasupracrustal rocks
are deposited on a tonalitic basement dated to 1940 Ma (Romer et al. 1992). Korneliussen &
Sawyer (1989) and Korneliussen et al. (1986) have previously described this granite/tonalite as
part of the Gautelis Tonalite Complex. The supracrustals have been intruded by metadolerite and
granites (Korneliussen & Sawyer, 1986). The basal metasedimentary breccias and conglomerates
comprise the lowermost unit. The rock fines upwards from coarse grained breccias with
fragments of the underlying tonalite to metaconglomerates and metasandstones. The basal
succession is about 5-8m thick and varies laterally. Locally the basal breccia/conglomerate is
missing, and metasandstone, green bedded metatuffite or marble lie directly on top of the
tonalitic complex. The basal marble is locally strongly deformed with thinning and thickening
and occurs especially in areas with detachment folds. It may indicate the existence of a former
thin continuous marble unit that has thinned out caused by a detachment horizon at the base. The
metabreccia/conglomerate/sandstone sequence is overlain by another marble succession (Fig. 9)
that varies from a few cm to several 100m thick. The marble is strongly deformed with formation
of tight, isoclinal folds which lead to increased thickness of the unit. In areas with low
deformation, and primary bedding have been preserved, the marble is about 2-3m thick.
Korneliussen et al. (1986) describes two different types of marble from this area. The
stratigraphically lower member comprises impure, brownish dolomitic marble that is overlain by
an upper member of pure white calcitic marble (Korneliussen et al., 1986). The dolomitic marble
contains widespread bands and veins of pale green tremolite which decrease in abundance as
moving upwards through the stratigraphy. Metagreywacke comprises the uppermost unit in the
metasedimentary belt and consists of an upwards fining metaturbidite sequence with bedding in
2-20 cm scale (Korneliussen & Sawyer, 1986; Korneliussen et al., 1986; Sawyer &
Korneliussen, 1989). The metagreywacke sequence at Gautelis is very similar in composition to
that occurring further north at Haugfjellet and the sediments are assumed to be derived from the
mafic to intermediate metavolcanites rocks occurring in the Ruvsott and Sjangeli area of the
RTW (Korneliussen et al., 1986; Sawyer & Korneliussen, 1989).
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The metasedimentary sequence and its tonalitic basement are intruded by granites and gabbroic
dolerite. The granites comprise two major bodies of coarse-grained S-type Rombak granites
(Korneliussen et al., 1986). The granite along the eastern margin of the tonalites (Fig. 9) has been
dated to 1769 Ma (Romer et al., 1992). The porphyritic, high-K granite dominating the area to
the north (Fig. 9) of the tonalite and the supracrustal rocks, is medium- to coarse-grained
(Korneliussen et al., 1986). This granite, which cuts across the supracrustal belt and the ductile
shear zones, yields U-Pb isotope ages in the range 1.786-1.790 Ga (Larsen et al., 2010; Larsen et
al., 2013). This slightly older granite can be followed from the main body developing into dykes
parallel to the shear zones, i.e. comparable to observations at Haugfjellet (Fig. 2 and 10). These
dykes are a few cm to several meters thick and are partly affected by shear deformation. The
major granite massif, crosscutting the ductile shear zone in the northern part of Gautelis, appears
very little deformed with only weak foliation. The gabbroic intrusions are dominated by coarse-
grained metadolerites intruding the supracrustals parallel to the ductile shear zones. They are 0.2-
1m thick and 2-50m long, sub vertical dykes which intersect the tonalite, supracrustals and also
the younger coarse-grained granite in the east part of the area. However, in some localities the
metadolerites are also intruded by the same coarse grained Rombak granite, which makes the
granite, shear zones and metadolerite to be more or less of the same age. The conflicting contact
relationships between the granite and metadolerites is possibly caused by the presence of several

generations of dykes as suggested by Korneliussen et al. (1986).

The approximately 4 km wide belt of individual shear zones cutting the tonalite complex and the
overlying supracrustal rocks developed during several tectonic events giving rise to shear zones
with different shear senses and strain regimes in the wall rocks. Thus the general NE-SW
trending foliation and bedding of the wall rocks is on a local scale variably orientated and the
foliation in the rocks is somewhat dependent on lithology. The micaceous metagreywacke is
commonly penetratively foliated, and the marble is highly internal deformed with development
of flow-banding with associated multi-directional plunging folds. The strongest deformation is
found associated with the mylonite zone along the eastern part of the Gautelis supracrustal belt
(Fig. 9) where the zone is approximately 800m wide and comprising a mélange of variably
mylonitised sedimentary and intrusive rocks (Fig. 10). A characteristic feature for all the
lithologies is that they form elongated lens shaped bodies bordered by high strain zones (Figs. 9
and 10).
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The Gautelis area comprises two different structural styles, which include one with remnants of
an early fold-thrust belt and another characterised by several oblique-slip ductile shear zones
segmenting the fold-thrust belt (Fig.9; Larsen et al., 2013). The rocks of the fold-thrust domain
are affected by upright folds with low angle thrust structures. The folds are usual open SE
verging and plunging at a low angle towards the NNE and SSW. These folds can be found at
several levels in the stratigraphy from the basal conglomerate resting on lower marble
detachment horizon on top of the tonalitic basement, and to higher levels where the upper marble
and metagreywacke sequences show bedding repetitions in conjunction with folds above low
angle thrusts. The SSE-striking thrusts are parallel to the hanging wall beds which show
moderate dips towards the NW. These fold-and-thrust belts are typically found in areas of weak
deformation and are bound by steep oblique-slip ductile shear zones (Priesemann, 1984b; Larsen,
2010). The oblique-slip shear zones are cutting and segmenting the sedimentary beds and are
therefore good indicators of displacement and movement directions. The main foliation
developed during the ductile oblique-slip shearing is N-S to NE-SW (Fig. 9) and forms an
anastomosing pattern with zones of higher and lower strain including the supracrustals and the
mylonite zone. The high strain zones comprise lens-shaped rocks of metagreywacke,
conglomerate, marble and igneous dykes separated by mylonites. The rocks in the low strain
zones still retain their original sedimentary structures and textures (Larsen et al., 2013). The
oblique-slip shear sense is mainly reverse dextral, but in some outcrops both reverse sinistral and
dextral shear sense can be observed (Larsen et al., 2010). The orientation of the oblique-slip
shear zones can be separated into N-S striking (D3), moderate to sub vertical, equal sinistral, and
dextral shear zones, dipping towards the west and are found most frequently within the tonalite
complex, or NE-SW striking (D), steep to sub vertical, predominantly dextral shear zones. The
latter type of shear zones are the dominating regional structures in Fig. 1 and are oriented parallel
to the main foliation of the area, especially along the major mylonite zone (Larsen et al., 2010).
They are also closely related to the dolerite that follows the shear zones and to the sulphide
mineralisation mainly observed in the localities of this set. The shear zone lineation is similarly
orientated in both directions of shear zones where the lineation plunges moderately to steeply
NNW to NW in a reverse oblique slip manner. Within the mylonite zones, the folds comprise
tight to isoclinal asymmetric drag folds with hinge thickening and limb thinning and

multidirectional plunge. In the low-strain domains of the shear belt, the folds are open to tight
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similar folds with slight limb thinning and steep plunge. The belt of oblique-slip shear zones
extends into Sweden in the south, whereas to the north they are abruptly cut by the coarse-
grained granite with the exception of the eastern mylonite zone which appears to continue
northeastwards along the eastern margin of the northern granite towards the Swedish border
(Fig.2; Skonseng 1985; Larsen et al., 2010).

Two main types of sulphide mineralisations are found within the two sets of structures and are
either hosted or related to the steep oblique-slip shear zones (D3-D4): 1) Shear zone hosted Au-

As mineralisation and 2) Metasomatic As-Au-Fe mineralisation.

3.2.1 Shear zone-hosted Au-As mineralisation

Numerous up to 2 meter wide and hundreds of meters long rusty sulphidic bands occur along a
number of the individual high strain zones among the large anastomosing system of shear zones
(D3-Dy) in the Gautelis belt. These rust bands are strongly developed in the greywacke, but
similar bands can also be found in the marble and the granite dykes (Fig. 11A). The rusty bands
commonly represent mylonite zones, characterised as Ds;-D, by Angvik et al. (included
manuscript 1), in the greywacke or occasionally in the granite lenses. The sulphides are
especially enriched in areas where dilation has occurred within the individual shear zones (Fig.
11B). For example in zones where the shear zones bifurcate in duplex structures (Fig. 9A) and
along shear bands following the boundary of two lithologies like metagreywacke/metadolerite or
metagreywacke/granite. The mylonite bands in the metagreywacke follow the finer grained silty
beds when the orientation of the bedding is parallel to the shear zone, these beds tend to be
enriched in sulphides. The mineralisation occurs mainly as semi massive thin (0.2-1cm) bands

and lenses, or dissemination along wider deformation bands (10-20cm)

One of these rusty bands found in the middle of the metagreywacke sequence (Fig. 9A) was
chosen for detailed investigations of mineralisation. An approximately one meter thick dextral
oblique-slip shear zone, characterised as Ds-D4 by Angvik et al. (included manuscript 1), striking
NE-SW can be followed for hundreds of meter with several bifurcations of other shear zones
along strike. It follows the contacts around a 4 meters wide and 60 meters long metadolerite. The
sulphide-bearing metagreywacke is strongly ductily deformed with a pronounced micaceous

foliation (Fig 11B and C). It is composed dominantly of quartz forming a very fine-grained
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matrix (1-20um) together with subordinate plagioclase, epidote and biotite. The Ds-D4 shear
foliation is defined by epidote stringers and parallel orientated aggregates and crystals (1-60um)
of chlorite, biotite and/or muscovite which locally fill pressure shadows (Fig. 11 C). The
sulphides which occur disseminated in the fine-grained matrix comprise arsenopyrite and
chalcopyrite, as well as minor pyrrhotite, sphalerite and accessory galena and native gold. The
arsenopyrite occurs as cataclastic crystals intergrown with chlorite and epidote. It contains
abundant micro-fractures filled with chalcopyrite and/or quartz as well as occasional
micrometer-sized grains of galena and native gold (Fig. 11 D and E). Some of the cataclastic
arsenopyrite grains appear as rotated sigmaclasts with pressure shadows filled with biotite and
chlorite. The orientation of these indicate both sinistral and dextral shear senses on micro-scale

with chlorite and biotite aligned along the shear band (Fig. 11C).

Eight samples were collected for chemical analyses across the rusty sulphide-bearing shear zones
in the metagreywacke. They were taken from lithologies showing different degrees of strain, i.e.
from fine-grained weakly strained medium-grained metagreywackes to fine-grained highly
strained greywacke and dark mylonitic grey schists. The normalised metal distribution shows
that the high-strain zones contain more sulphides and metals than the zones of lower strain (Fig.
11G). The shear zone is mainly enriched in Au, As, Bi, Sh, Cu and Pb (+ Se, Te, Co, Ag, Cd and

Zn) compared to a sample of the weakly deformed, layered and unmineralised greywacke.

The metamorphic grade in the shear zones and around the metasomatic deposit is interpreted to
be of greenschist facies based on the mineral assemblages associated with the D3-D4
metadolerite: chlorite- actinolite (Fig.14G), Metagreywacke: quartz- K-felspar-albite-chlorite,
chloritized biotite-muscovite-scapolite (14C) Marble: calcite- tremolite- quartz- muscovite (Fig
14B)

3.2.2 Metasomatic As-Au-Fe deposit

In the early 1900’es, the Gautelis As-Au-Fe deposit was subject to test mining for gold and
arsenic (Foslie, 1917; Blomlie, 2011). Since then, a series of companies have explored the area
for gold and base metals (e.g. Pedersen, 1984; Flood, 1985; Tollefsrud, 1986). The mine appears
today as a several meter deep water-filled inclined adit measuring 1.5m x 2.0m horizontally (Fig
12).
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The mined ore zone occurs at the segmented, and strongly sheared and folded contact zone
between the upper calcitic marble, a sub-vertical metadolerite and overlying layered
metagreywacke. The metasedimentary units are less affected by the shear deformation away
from the metadolerite. The mineralisation is mainly hosted by the high-strain zones in the
metagreywacke and some in the marble. A mélange at the transition from greywacke to marble
consist of the metagreywacke enclosing tectonic lenses of the marble (mix zone in Fig. 12A and
13A). The foliation is parallel to the NE-SW trending shear zone and is sub vertically dipping
towards the west. A sub vertical metadolerite dyke has intruded along the mix zone parallel to
the marble contact and represents one of several dykes that are parallel to the main NE-SW shear
foliation in the Gautelis belt (Larsen et al., 2013). The dyke at the mine is approximately 15m
long and 1.5m thick, is more competent and show little deformation. The metadolerite shows a
typical magmatic texture and the contact to the surrounding rocks are sharp and strongly sheared.
It is composed of plagioclase and actinolite, as well as aggregates of quartz, sericite and epidote

related to retrogression (Fig. 14G).

The main ore zone occurs in the metagreywacke close to the metadolerite dyke (Zone 2 and 3;
Fig. 12A and 13). It is recognised by its supergene alteration giving rusty to dark bluish surface
coatings (Fig. 12A). The rusty colour is very extensive in this area and can be followed for tens
of meters northwards and several meters east as a thick lens shaped body parallel to the shear
zone, and are bounded by the marble in the south. The sulphide mineralisation is composed of
pyrrhotite, sphalerite, arsenopyrite, chalcopyrite, pyrite and locally magnetite which occur as
dissemination to massive zones. Eight zones have been identified with different proportions and
types of gangue minerals, sulphides and magnetite (Fig. 12, 13, 14 and 15). The main sulphide
zones are found in metagreywacke and the mixed zones on each side and close to the
metadolerite dyke (Fig. 13A). Zone 1 of the mineralisation comprises scattered grains of
pyrrhotite occurring in penetratively foliated metagreywacke in the eastern periphery of the mine
area (Fig. 12, 13 and 14A). The metagreywacke is medium- to fine-grained and is composed of
quartz, feldspar, muscovite, biotite and variably chloritised biotite. The minerals comprise bands
with granoblastic texture (Fig. 14A) separated by foliation planes defined by aggregates of
chlorite and mica. The quartz frequently forms micro-veinlets parallel to the foliation. Fine-
grained pyrrhotite, chalcopyrite and arsenopyrite occur as disseminated grains and aggregates

constituting about 5 volume % of the rock. The sulphide content increases in Zone 2 (up to 40
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volume %) (Fig. 14C and 14D). The sulphides appear as semi-massive to massive, irregular
segregations of pyrrhotite which occurs intergrown with some irregular grains and segregations
of chalcopyrite and disseminated arsenopyrite (Fig. 14D). These sulphides occur intergrown with
tremolite, quartz, scapolite, epidote and sericite (Fig 14C). The arsenopyrite is anhedral to
euhedral and intergrown with tremolite which shows that the minerals have been deposited
synchronous. The epidote and sericite occur as irregular aggregates along the foliation and quartz
micro-veins. Zone 3 occurs immediately adjacent to the eastern contact of the metadolerite dyke
(Fig. 13A). The zone comprises disseminated to massive sulphides composed of arsenopyrite and
minor irregular grains of pyrrhotite, chalcopyrite and sphalerite (Fig. 14E and F). The zone is
approximately one meter thick and probably tens of meters long. The sulphides occur as bands
parallel to the micaceous foliation which are intersected by quartz veins and tremolite veinlets.
The arsenopyrite which occasionally occurs along quartz veins is often found as strongly
fractured cataclastic crystals in the fine-grained matrix of the metagreywacke where it occurs
intergrown with pyrrhotite, chalcopyrite and tremolite (Fig.14E). The three latter minerals also
occur as separate aggregates containing sphalerite. Zone 4 comprises the metadolerite (Fig. 12
and 13), and the sulphide mineralisation is weak and comprises fine-grained dissemination of
irregular minor pyrrhotite and accessory grains of arsenopyrite (Fig. 14G,H). Along the
boundary of the dyke and the marble, clinopyroxen have been identified together with large
aggregates of quartz which may indicate a higher temperature caused by the dyke. The
mineralisation in Zone 5 is comparable with semi-massive ores in Zone 3 on the opposite side of
the metadolerite. (Fig. 13 and 15A). The sulphides occur as semi-massive to massive irregular
aggregates and bands. They consist mainly of cataclastic arsenopyrite with strongly ductily
deformed pyrrhotite and chalcopyrite intergrown with tremolite, quartz, calcite, muscovite and
feldspar (Fig. 15B). Chalcopyrite and gold can be found along micro-fractures in cataclastic
grains of arsenopyrite (Fig. 15B). Sericite and epidote has overgrown the other minerals. Zone 6
is located in folded calcitic marble west of the strongly deformed mix zone (Fig. 12A and 13A)
and are composed of disseminated to semi-massive magnetite intergrown with tremolite and
calcite, as well as minor epidote (Fig. 15C). Magnetite occurs as irregular aggregates and bands
that have been folded. The magnetite mineralisation coexists with scattered grains of
chalcopyrite pyrite and quartz. The weak pyrrhotite chalcopyrite and arsenopyrite dissemination

in Zone 7 is hosted by a weakly deformed calcite marble carrying parallel orientated stringers of
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sericite-epidote, tremolite- and/or quartz defining the foliation (Fig. 15E and 15F). Zone 8
represents the non-mineralised marble close to the top of the underlying weakly deformed
conglomerate beds (Fig. 12). The marble is part of the lower dolomitic marble member and
consists mainly of dolomite/calcite with some quartz veins and aggregates of tremolite, chlorite,

muscovite and epidote along the foliation (Fig. 14B).

Similar metasomatic occurrences can be found scattered elsewhere in the Gautelis area and show
typical skarn occurrences with magnetite and pyrrhotite together with garnet, diopside and
epidote along contacts of marble and greywacke (Fig. 15G). In this setting no intrusion can be
found in direct contact to the marble, but metadolerites occurs nearby, within <100m.

4.0 Discussion

4.1 Genesis of the sulphide deposits in RTW

Based on field work mapping and sampling we suggest that the studied mineralisations along the
Rombaken-Skjomen Shear Zone (RSSZ) can be divided into 1) pre-orogenic SEDEX deposits
along distinct metasedimentary beds, locally remobilised during tectonic events, 2) syn-orogenic
metasomatic deposit affected by shear zones and parallel dolerites and 3) late orogenic gold
deposits following the deformation zones. The RSSZ is a progressive result of a Svecofennian
orogenic transpressive event incorporating Paleoproterozoic volcanic and sedimentary rocks
(Larsen et al., 2013), that we strongly connect to the mineralisations with distribution and

genesis.
4.1.1 Haugfjellet SEDEX deposits

The stratiform Zn-Pb and pyrite or pyrrhotite mineralisations occurring in undeformed
metagreywacke in Sildvika, Jernvann and Haugfjellet areas mineralisation are interpreted to
represent low-grade sedimentary exhalative type deposits (SEDEX). These deposits are believed
to form by hydrothermal fluids in extensional sedimentary basins, resulting in precipitation of
stratiform mineralisation. It is commonly referred to as laminated, bedding-parallel, Pb-Zn rich
siltstones appearing as a series of stacked mineralised lenses interbedded with pyritic and

carbonaceous siltstones. These sulphides are hosted of fine grained, organic bearing, dolomitic
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siliciclastic siltstones and shales, and the mineralisation is located close to major basin-scale
faults acting as fluid channels (Gustafson & Williams, 1981; Solomon & Groves, 2000; Large et
al., 2005). SEDEX deposits are thought to be a Paleoproterozoic worldwide event and to be
caused by the global ocean chemistry at the time (Lyons et al., 2006).

SEDEX type of deposits on Haugfjellet have been mentioned by several authors (Flood, 1984;
Flood 1985; Korneliussen & Sawyer, 1986; Coller, 2004) although Flood (1984, 1985)
considered the Pb-Zn to be associated with the As and Au mineralisation. Coller (2004)
suggested a SEDEX type deposit, however, he did not include the Pb-Zn, but the enrichment of
pyrite and pyrrhotite. Because of the nature of these sulphides following distinct beds, we
suggest that the SEDEX mineralisation consist of Pb-Zn and also the pyrite and pyrrhotite
mineralisation which have been deposited syn-sedimentary during the opening of the basin and
the transition to the island arc setting, which is in accordance to the tectonic setting of the
greywackes (Sawyer et al., 1989). The Fe sulphides could represent a more distal facies to the

Pb-Zn mineralisation.

A syngenetic deposition of the Pb-Zn mineralisation is supported by ore lead systematics, with a
population of 206Pb/204Pb isotopes that have been found at Sildvika and Haugfjellet to have a
Svecofennian signature (Larsen et al., 2013). They found local changes with less and less
radiogenic lead from west (Sildvika) to east (Haugfjellet), suggesting that the galena either have
deposited in a further distance from the mantle source, caused by the progressive change from
mantle derived (mafic) magmatism to more continental derived (felsic) magmatism. Similarly
may also different stratigraphic levels explain the change where the more radiogenic values are
higher in the stratigraphy when the island arc (mafic and radiogenic) has developed into a more
continental system (felsic and less radiogenic). They further showed how the values from RTW
was similar to the Proterozoic Pb/Pb signatures values from Tjamotis-Skuppe area, and that they
fit on a line and show the relative distance (either by stratigraphy or tectonic progression). This
tectonic model is supported by the study of Korneliussen & Sawyer (1989) and Sawyer &
Korneliussen (1989), which suggested a similar development. Similarly did Larsen et al., (2013)
present a structural based tectonic model which confirm the structural development of the

sedimentary layers and that the sedimentation is of Paleoproterozoic age.
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We suggest that these deposits have been overridden by fold-thrust belts and steep ductile shear
zones which have caused remobilisation of the Fe and Pb-Zn mineralisations as discussed in

section 4.1.3.
4.1.2 Gautelis metasomatic deposit

In this study there was recognised several metasomatic deposits in the Gautelis area with a
zonation, where one was studied in detail. Metasomatic deposits have been described from
numerous authors (e.g. Einaudi et al., 1981; Burt, 1982), and are referred to as either contact or
regional metamorphic processes with calc-silicate minerals metasomatic replacing of carbonate
rocks (Robb, 2005). In addition, the zonation replacement pattern are typical for skarns (e.g.
Einaudi & Bart, 1982).

Eight different zones were identified (Fig. 12, 13) and the ore in the Gautelis mine is interpreted
to be an As-Au metasomatic deposit related to the sub-vertical metadolerite crosscutting the
folded marble and greywacke. The deposit show complexities because of the syn-genetic
relationship between the metadolerite and the late orogen sub-vertical shear zones. The
metadolerite has intruded parallel to the weakness zones. It has therefore been interpreted to be
syn- or late tectonic with strong relation to these shear zones, with a weakly overprinting by late
shear zones that may have caused remobilisation of minerals. This metasomatic deposit probably

has formed by fluids transported in the shear zone.

Similar minor skarn occurrences in the Gautelis area have been described by Korneliussen et al.
(1986) as irregular, fine grained aggregates or lenses/boudins occurring up to a few meters wide
with chalk silicates with sulphides and magnetite. The lenses show a small zoning with a rim of
diopside/tremolite and a core of grossular and epidote and the skarn occurrences are strongly
deformed and folded which is consistent with the present study (op cit.). Similar observations
have also been done by other authors, but interpreted the genesis differently. Bugge & Foslie
(1922) characterised the deposit as a vein-type, formed by metasomatic processes. They describe
the mineralisation as a metasomathic deposit between hornblende schist (here described as
metadolerite) and the marble. Arsenopyrite occurs in quartz veins together with biotite and
pyroxene, and pyrrhotite and chalcopyrite are locally/occasionally observed in the marble (op

cit.). They also describe the deposit to be thickened and folded, but do not direct link the deposit
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to the structures. Priesemann (1984b) interpreted the mineralisation to be related to a volcanic
explosive hydrothermal vent because of the brecciation of the arsenopyrite and the boudinaged
and laminated bands. Boudinage structures are common in ductile deformation (e.g. Davis &
Reynolds; 1996) and we have therefore interpreted the deposits to be related to the shear zone

development.

Skyseth & Reitan (1995) showed in their study of fluid inclusions that the deposit is derived
from high saline fluids and suggested that the fluids got trapped along the barrier between low
and high competency rocks. They interpreted the structures to be of Caledonian age, while
Larsen et al. (2013) have demonstrated that the structures are Paleoproterozoic. The high saline
fluids may have its source from the syn tectonic Rombak granite (Larsen et al., 2013) The role of
the metadolerite is not fully understood and may have co-acted as a local heating or fluid source

when crosscutting the marble changing the pH and releasing fluids.

Because the syn orogenic metadolerite in the Gautelis deposits are closely related to the
sulphides, it is therefore reasonable to believe that the metadolerite may have had an important
role in the process. Metasomatic deposits associated with metadolerites are not as well
understood as connected to felsic intrusions. However, similar metasomatic deposits to Gautelis
have been described. A gold skarn deposit from British Columbia (Dawson, 1981) is associated
with metadolerites and show several stages of overprinting deformation and that they acted as
fluid conduits. Spooner (1993) showed how metadolerite intrusives in Archean terrain could be a

gold-skarn target caused by their high volatile content before sulphide loss.

The formation of the metasomatic Gautelis deposits is assumed to be associated to the intrusion
of dolerite along regional shear zones, with contemporaneous granites as probable fluid source.
The combination of a dolerite heat source, a regional shear zone structure and a possible change
in pH when crosscutting the marble, are contributing to this type of metasomatic deposit.

4.1.3 Rombaken-Skjomen orogen deposits

Several classifications of orogenic gold deposits exist (e.g. Groves et al.,1998; McCuaig and
Kerrich 1998 ). Groves et al.(1998) suggested a classification scheme including late Archean to
Phanerozoic rocks on a deformed continental margin with structural highs in late stage of

deformation, mafic volcanics, intrusive or greywacke rocks mainly in greenschist facies
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metamorphism, associated with intrusions of felsic to lamprophyre dykes or continental
batholits, variable and late tectonic mineralisation style with structurally complexity, strong
overprinting in larger deposits, Au-Ag + As £ B + Bi £ Sb + Te + W metal association, cryptic
lateral and vertical zoning, low salinity with P: 0.5-4.5 kbars and T: 220°-600°C, metal sources
are thought to be from subducted crust, supracrustal rocks or granitoids and heat source from
granitoids. Based on these parameters compared to the geological evolution of the RTW, we
propose an orogenic gold ore-genesis for deposits occurring within the RSSZ. The
Paleoproterozoic age range (Larsen et al., 2013), the Andean type accretion tectonic setting with
greywacke and marble as the host rock (Sawyer & Korneliussen, 1989) and the steep
anastomosing transpressional structural setting with a syn orogenic granite intrusion as the heat

source (Larsen et al., 2010) of the RTW, all correspond to what Groves et al. (1998) suggested.

The metamorphic grade in the host rock has earlier been discussed from the RTW (Korneliussen
et al., 1986; Sawyer, 1986; Skyseth & Reitan, 1995). We have shown that the rocks within the
shear zone are of greenschist facies. The main metamorphism in the RTW is thought to be
amphibolite facies (Sawyer, 1986), but Korneliussen et al. (1986) also found that the N-S going
shear zones (Ds) in Norddalen (Fig. 2) show evidence of retrogradation from amphibolite facies
to greenschist facies metamorphism. He explained this change to be caused by fluids transported
along the Paleoproterozoic shear zones. Similarly, Skyseth & Reitan (1995) documented a
retrogradation to greenschist facies metamorphism in the Gautelis area. However, they linked the
metamorphism and gold deposition to the Caledonian orogeny. We suggest that this retrogressive
of the metamorphic event is linked to the Paleoproterozoic development of the regional shear
zone (D3-D4) running from Gautelis, through Norddalen and Sjangeli, and covered by the
Caledonian nappes to the east (Larsen et al., 2013). The N-S trending shear zone at Haugfjellet
shows a similar retrogression where the chlorite is present within the quartz veins occurring as a

late event of deformation.

The mineralisation styles for orogenic gold deposits may occur in a large variety (Groves et al.,
2003). However, strong overprinting and veining are typical for orogenic gold. In the RTW are
the structural overprint of earlier-formed deposits are extensive, where shear zones cut through
SEDEX deposits and metasomatic deposits that can be seen with sericite overprinting other

mineral assemblages and deposit together with As and Au in particular. In addition, the quartz
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veins are thought to be a late stage of the orogen (D3-D,) as they cut the fold structures and shear
zones, but are slightly sheared themselves (Larsen et al., 2013). Similarly, Coller (2004)
suggested that the gold values were related to the quartz-veins and silica alteration in the
Haugfjellet area and that the shear zone were responsible for transporting the silica. The Au, Cu,
Bi, Ag, Pb mineralisations are therefore believed to be the latest stage of sulphide mineralisation

in the orogenic deposits.

Orogenic gold deposits are believed to be characterised by low saline fluid (Groves et al.. 1998;
2000; 2003). However, in a fluid inclusion study carried out by Skyseth & Reitan (1995) nearby
the metasomatic As-Au deposits at the Gautelis mine, they found that the mineralising fluids
where highly saline. High saline fluids have been reported from several gold provinces classified
as orogenic gold (e.g. Tyler & Tyler, 1996; Khin et al., 1994; Rowins et al., 1997; Eilu et al,
2007). The high saline fluids can be explained with rocks developing in a basinal setting, the
pore water may stay within the original rock until melting occurs (Yardley, 1997). However, the
fluid inclusion study does not show if the fluids are connected directly to the metasomatic

deposit or to the shear zones (D3-Dy).

The suggested ore-genesis of orogenic gold, defined by Groves et al. (1998; 2000; 2003). is
supported by work of Larsen et al., (2013) that related RTW and the gold line in central Sweden,
to the north coast of Norway. The RSSZ is linked to major Paleoproterozoic shear zone systems
across the whole of the Fennoscandian shield (Bergh et al., 2013; Larsen et al., 2013). This large
system is known for its gold deposits in Northern Norway, Finland and Sweden (e.g. Eilu &
Weihed, 2005) which now can be extended underneath the Caledonian nappe complex to include
the RTW, (Larsen et al., 2013).

4.2 Timing and spatial relationship of the sulphide deposits along the RSSZ

Several stages of sulphide mineralisation have been found and can be either pre-dated or
structurally linked to the RSSZ. In this paper we are able to put the investigated mineralisation
into four stages of mineralisation (Fig. 16); 1) pre-orogen SEDEX deposits (Do), 2) syn-orogenic
metasomatic deposit, 3) Syn-orogenic shear zone overprinting metasomatic deposit and with a
signatures of orogen- type Au-As deposits (Ds-D4) and 4) late, syn-orogenic quartz veins (Ds-
Da).
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It is well known from the Fennoscandian shield that in the early Paleoproterozoic, the continent
was characterised by extension, breakup and basin development (e.g. Gorbatschev &
Bogdanova, 1993; Nironen, 1997). In the RTW, the basin gradually changed into an Andean type
setting (Korneliussen & Sawyer, 1989) with development of the Sjangeli island arc (Romer et
al., 1992). Greywacke sediment infill continued in the RTW (Sawyer & Korneliussen, 1989)

before closure, accretion and intrusion of granite plutons.

We have identified SEDEX occurrences in the lower deformation zones and within the same
rocks that Sawyer & Korneliussen (1989) suggested to be turbiditic greywacke sequences
deposited in an Andean-type setting which again put the SEDEX deposit in a setting developing
from an extensional basin regime into an island arc system (Fig. 16). The SEDEX deposits are
mainly found along beds with low deformation and are remobilised in areas of high deformation.
Cu-Fe sulphides from island arc rocks in Sjangeli are similarly found to be stratabound and
syngenetic with the deposition of the tuffs (Romer, 1989).

The metasomatic deposits in Gautelis are interpreted to have developed within a shear zone (Ds-
D,) in association with metadolerites. Metadolerites in an accretionary regime are thought to
develop from an early stage of subduction where the magma is derived from the mantle and have
not been contaminated by melting of the continental crust (e.g. Hall & Hughes, 1993). This is
also according to Korneliussen & Sawyer (1989) which interpreted the igneous rocks in RTW as
a continuous change from ultramafic/mafic to felsic magma series through the Paleoproterozoic.
Because of the metadolerite dykes that crosscut the already folded strata and stratigraphy, and
that they have intruded along steep dipping weakness zones or shear zones. We suggest an early
Ds-D4 syn-orogenic metasomatic development is found where marbles, large ductile oblique-slip

shear zones and dolerite s are present (Fig. 16).

Larsen et al. (2013) presented a model of two folding (D1-D;) and two oblique-slip syn-orogenic
(D3-Dy4) events; one sinistral (D3) overprinted by a dextral event (D4). They furthermore
suggested that all four events were a result from progressive syn-orogenic transpressive strain
partitioning. The interpreted orogenic gold is found in deformation zones either within ductile
oblique-slip deformation zones or with brittle-ductile fractures (Ds-D,), both within the shear
zone. The orogenic gold found within the shear zone is only found within the steep ductile

oblique-slip shear zones and not in the fold-thrust belt (D;-D>). The brittle ductile fractures (Ds-
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D,) cuts these shear zones and represent the last event of gold formation. The D;-D,4 shear zones
in RTW are believed to be part of a large regional scale tectonic event (e.g. Nironen, 1997,
Larsen et al., 2013) and are interpreted to be directly linked to Sjangeli, Kopparasen, Tjamotis,
the Bothnian basin and the southern part Skellefte district in Sweden (Fig. 16) and to the western
Precambrian provinces in North Norway (Larsen et al.,, 2013). For example are Cu-U
mineralisations found along large deformation zones at Kopperasen, dated to 1.780 Ma
(Adamek, 1975; Romer, 1988). Orogenic gold is actively mined from the gold line, in similar
aged and type of greywacke rocks, in the southern part of the Skellefte district (Bark & Weihed,
2007). Svecofennian shear zones described from Finland and Russia have shown to be carriers of
large amounts of orogenic gold (e.g. Sundblad & Ihlen, 1995; Sundblad, 2003; Goldfarb et al.,
2001; Ojala, 2007).We hereby suggest that the RTW is part of this large regional juvenile event
during the Svecofennian orogeny and orogenic gold is likely to be found along the late stage

shear zone structures (D3-D,) as found in quartz veins, microstructures and weakness zones.

5.0 Conclusions
- Three genetic types of principally sulphide mineralisations have been identified within
the rocks and structures of Rombaken Tectonic Window; 1) Syn-sedimentary Pb-Zn and
Fe-sulphide SEDEX deposit (Do), 2) Syn-orogenic intrusion related metasomatic As-Au-
Cu deposit (D3-D4) and 3) Orogenic gold deposits with Au-As enrichments along shear
zones (Ds-D4) and 4) late orogenic Cu-Au quartz veins (D3-Dy).

- The SEDEX deposits vary between pyrite, pyrrhotite and galena-sphalerite dominated

layers within the greywacke sequence.

- The metasomatic Au-As-Cu deposit is related to metadolerites crosscutting the folded
beds of marble and greywacke. The metadolerites are probably an important heat source.
They are also syn-orogenic and might be a source for fluids, and together with the shear
zones that may have acted as carriers of the fluids.

- The orogenic gold deposits are related to regional structures, continuing into Northern
Norway, Finland and Sweden, that indicate mineral potential in large areas. The RSSZ

crosscuts several of the pre orogenic localised zones of sulphide deposits which makes
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the orogen deposits differ slightly from the definition by Groves et al., (1998) with

atypical mineralisation caused by remobilisation.

We propose a regional model developing through time (Do-D4) which incorporates
several mineralisation events. They are developing from a syngenetic stage of sediment
deposition and basin development (Do), to volcanic rocks and deposits related to an active
margin turning into a stage of orogeny (D1-D-) and all deposits are accreted into the large

regional scale orogeny (Ds-Dj)

The spatial relationship between the sulphide deposits and the large structures are closely
related. The SEDEX are syngenetic (Dg) found along undeformed greywacke beds in low
deformation zones, but also redistributed along ductile shear zones Ds-D4. The
metasomatic deposits are found in locations where metadolerites, marbles and steep
ductile shear zones exist (D3-D4). The orogenic gold and their related sulphides are found
in dilatational structures and weakness zones along the large scale shear zones including

quartz veins and steep ductile oblique-slip structures (D3-Da).
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|:| Caledonian nappe rocks

|:| Gabbro, diorite, anorthosite, ultramafic rock and metamorphic equivalents (c. 1.90-1.70 Ga)
[:] Granite, granodiorite, syenite, monzonite and metamorphic equivalents (c. 1.95-1.70 Ga)
|:| Mafic metavolcanic rock, banded silicate-carbonate rock, serpentinite (c. 1.90 Ga)

- Quartzite, metagreywacke, mica schist, minor mafic metavolcanic rock (c. 2.00 Ga)

—+—4— Caledonian thrust

- - Palaeoproterozoic shearzone structures
‘X‘ Documented sulphide deposits

O Localities in the present article

Fig. 1. Geological and structural map over the Rombaken Tectonic Window with sulphide deposits marked along
the Rombaken-Skjomen Shear Zone.
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Fig. 2. Geological and structural map of the Haugfjellet area showing the localities of samples and drill hole. The

marble is only found as narrow bands or lenses smeared out along the shear zones.
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Fig. 3. Undeformed and layerparalell mineralisations at Haugfjellet and Sildvika. A) Layer parallel pyrrhotite along
greywacke beds at the Jernvann locality (Fig. 2). B) Primary structures with trough cross-bedding found in the
greywacke sequences at Sildvika implying very little deformation. C) Type 1: Photomicrograph of disseminated
pyrrhotite accompanied by chalcopyrite (reflected light). D) Typical bedding parallel pyrite within Haugfjellet drill
core (Photo: Jan Sverre Sandstad). E) Type 2: Photomicrograph of semi-massive pyrite bands in metatuffite from
Haugfjellet (reflected light). F) Type 3: Photomicrograph of semi-massive sphalerite in the undeformed
metagreywacke in the Sildvika locality (reflected light). Abbreviations: Po - pyrrhotite, Ccp - chalcopyrite, Sp -
sphalerite
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Fig. 4. A) Sketch of locality HF-235 found as an old working at Haugfjellet (Fig. 2). The old working is located
along a dextral shear zone in metagreywacke and consist of two blasted holes (1 and 2) and two drill holes (Fig. 6)
B) Spider plot of geochemical data of samples from locality HF-235 (colouring of samples as in Figure A). The
analytical data are normalised to the average composition of unmineralised and undeformed metagreywacke
sampled in different localities at Haugfjellet. C) Geochemical data of samples from locality HF-235 in a spider plot
seen in Figure A with the same colours. The data are normalised to the host rock in the undeformed and
unmineralised area seen as the yellow plots. D) Photomicrograph of a massive sulphide with unusual mineral
assemblages, mainly sphalerite and galena together with minor amount of chalcopyrite, pyrrhotite and arsenopyrite
(HF-14-10) from locality HF-235 (reflected light). E) Photomicrograph of sulphide accumulation along veins and
fractures (HF-13-10) (cross-polarised, transmitted light). Abbreviations: LSZ - Low strain zone, HSZ - High strain
zone. F) Photomicrograph of section HF-13-10 (cross-polarised, transmitted light) that shows intergrown chlorite
and sulphide minerals G) As F, showing sphalerite, galena, chalcopyrite and pyrrhotite together, intergrown with
chlorite (reflected light). Abbreviations: Gn - galena, Sp - sphalerite, Po - pyrrhotite, Apy - arsenopyrite, Ccp -
chalcopyrite, Chl - chlorite.
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Fig. 5. BH-1 is an old drill core from an earlier prospect (Laundrum, 1995) in the Haugfjellet area. The result of the
blue bar demonstrates the optical grain size through the core. The finer grained beds are more frequent deformed.
The grey bar indicates where the rocks are deformed. However, the small details of the deformation cutting through
the finer grained beds within coarser grained domains cannot be seen in the figure as the scale is too large. The
orange graph represents the contents of As, Pb, Zn and Cu in % measured by portable XRF (Niton XL3t 900 Gold).

The results are calculated average of three measurements for every second centimeter.
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Fig. 6. Shear-zone-hosted/related Cu-As-Au and remobilised Pb-Zn mineralisation from Haugfjellet area. A) A
photo of a drill core (BH-1) with both ductily deformation metagreywacke with pyrrhotite and non deformed layer
parallel sphalerite. B) Rusty coloured shear zone (locality HF-235) that can be followed for hundreds of meters to
the right of the knob. C) Quartz vein brecciation at VVarden locality often found together with Pb-Zn mineralisation.
D) Geochemical data of samples from locality HF-232 in a spider plot. The data are normalised to the host rock in
the undeformed and unmineralised area next to the shear zone. E) Geochemical data of samples from locality HF-
232 in a spider plot. The data are normalised to the average of undeformed metagreywacke rocks found in
Haugfjellet. The beige colour is the undeformed sample at the locality F) Geochemical data of samples from the
Varden locality in a spider plot. The data are normalised to the host rock in the undeformed and unmineralised area
next to the shear zone. G) Geochemical data of samples from the Varden locality in a spider plot. The data are
normalised to the average of undeformed greywacke sediments found at different areas in Haugfjellet. The beige

colour is the undeformed sample.
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Fig. 7. Brittle-ductile quartz veins in the Haugfjellet area. A) En echelon quartz vein ductily deformed into
sigmoidal quartz veins defining a dextral shear sense. There are also thin non-directional veins occurring close to
those veins B) Chalcopyrite and pyrite rich quartz vein with minor chlorite and biotite. C) Photomicrograph with
reflected light of chalcopyrite and pyrite in quartz vein shown in Fig. 7B D) Photomicrograph with (cross-polarised,
transmitted light) of quartz, chlorite, biotite and a minor calcite in quartz vein as Fig. C. E) A major quartz vein
found in the middle of a 2 meter wide mylonite zone. The quartz vein is filling most of the gully, ca two meters
wide. F) Photomicrograph with the sheared contact along a quartz vein seen at the bottom of the photo. The shear
zones are also parallel to and together with minor micro quartz veins. A large chlorite grain is seen as a sinistral
sigmaclasts. (cross-polarised, transmitted light). G) Geochemical data of quartz vein samples in a spider diagram
which are normalised to the average greywacke values. Note the high Bi, Cu and Au content. Abbreviations: Sp -

sphalerite, Py - pyrite, Ccp - chalcopyrite, Chl - chlorite, Bt - biotite, Qtz - quartz, Cb - carbonate.
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Fig. 8. Geologic and structural map of the Haugfjellet as Fig. 2 showing the orientation of the studied brittle-ductile
quartz veins that are commonly found with Cu-Au sulphides. The map is the same as in Figure 2 but shows the

measured brittle ductile quartz veins. The stereo plot shows the orientation of the veins.

50



Shear zone hosted
Au-As mineralization

Elevation C Gaulelis Mylonite zone

[ Marble Il Veta-dolerite dyke eef | Dextral I wyonie

Oblique-slip shezone |
[] Meta-greywacke [[] Coarse grained granite intrusion s } Sinistral
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Fig. 9. Geologic and structural map of the oblique-slip dominated Gautelisvann area. A) Geological overview map
of the Gautelis area. Location of cross-section profile (Fig. 9C; line C-C"), structural log (Fig. 10; line S'-S) and
frame of Figure 11B are marked. Radiometric ages are from Romer et al. (1992). B) Schematic stratigraphic column

of the Gautelis area. C) Interpreted cross section of the main ductile shear zone of the Gautelis domain.

51



Meters
500

] ——

400 -

e )} Yeo2ms

300

200

NP PM
e e e e '!0"

OM 'v233/64
UM
oM

100 R ”

| HOFREORNEQO

Meta-greywacke
Marble

Green meta-conglomerate

Green mafic intusive rock,
often with green or pink fenocrystals

Meta dolerite

Granite, fine grained

Granite, fine grained and metadoelrite
interfingering.

Granite, coarse grained

Granite, coarse grained and metadolerite
interfingering

Ultramylonite (UM), orthomylonite (OM) and
protomylonite (PM)

52



Fig. 10. Detailed structural log across the ca. 600 m thick D, mylonite shear zone in Gautelis (location line is shown
in fig. 9A). Note the rapid variation in rock types across this anastomosing shear zone pattern suggesting high strain
segmentation and formation of lens shaped units of the host rocks (modified from Larsen et al., structural

manuscript).
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S0pm Electron Image 1

AuS Cr Sn W As Bi Hg Sb Se Te Ag Cd Co Cu Mo Ni Pb Zn

Fig. 11. Photos and diagram illustrating shear zone hosted sulfide and gold occurrences in the Gautelis area. A)
Typical sulphides parallel to the mylonite in the Gautelis shear zone. Photo is taken on the eastern side of

Gautelisfjell towards the south. B) Photomicrograph of a thin section from the shear zone hosted As-Au
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mineralisation near the Gautelisvann showing the clear relationship between the mineralisation and deformation
zones on micro scale. The sulphides have deposited in areas of dilation. C) Photomicrograph of a thin section from a
ductile shear zone close to the Gautelis mine area that demonstrate that the arsenopyrite act cataclastic as a
sigmaclast rotating creating pressure shadows filled with chlorite and biotite. D) Free gold found in fractures of the
arsenopyrite together with quartz and galena. The section is from same area is in B. E) Photomicrograph of
chalcopyrite are commonly found as fracture fill in the cataclastic deformed arsenopyrite. The sample is from same
area as B. F), same location as B. Geochemical data of eight samples collected are across a shear zone hosted As-Au
mineralisation plotted in a spider diagram normalised to the host rock samples which has no deformation and visible
bedding. The LSZ (Low strain zone) and HSZ (High strain zone) fields have been subdivided based on their

deformation observed in field.
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Fig. 12. The Gautelis metasomatic As-Au deposit. A) A photo of the mine area with the contacts between the
different units/zones marked. B) A geological map of the mine area showing where the samples and the different
zones are located. The scale of the metadolerite is exaggerated to make the dykes more visible in the figure. The real

thickness of the dykes is approximately one meter.
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Fig. 13 Sulphide mineralisation zones at the Gautelis metasomatic deposit and their relation to deformation and their
mineral assemblages. A) Shows the eight differentiated zones of mineralisation with the rock types, deformation
style and intensity, sulphides and their gangue minerals. B) A diagram that shows the mineralisation of each zones.

The thickness indicate the amount (three levels) and the colour indicates the type of sulphide or oxide minerals and

the approximately percentage amount of the total sulphide bar.
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Fig. 14 Photomicrographs of zone 1-4 and 8 from the metasomatic sulphide deposit at Gautelis. A) Zone 1, weakly
deformed metagreywacke with mica defining the foliation together with quartz, plagioclase and with scattered grains
of pyrrhotite (cross-polarised, transmitted light). B) Zone 8, Weakly deformed and non-mineralised marble consist
mainly of dolomite/calcite with some quartz veins and aggregates of tremolite, chlorite, muscovite and epidote along
the foliation. (cross-polarised, transmitted light). C) Zone 2: Metagreywacke with semi-massive to massive
pyrrhotite, intergrown with non-directional tremolite, quartz, scapolite, epidote and sericite. (cross-polarised,
transmitted light). D) Zone 2: Strongly deformed, irregular segregations of pyrrhotite which occurs intergrown with
some irregular grains and segregations of chalcopyrite and disseminated euhedral arsenopyrite. (reflected light) E)
Zone 3: Metagreywacke found next to the eastern contact of the meta-dolerite dyke. The sulphides are intersected by
recrystallised quartz veins and tremolite veinlets. (cross-polarised, transmitted light). F) Zone 3, disseminated to
semi-massive arsenopyrite. (reflected light) G) Zone 4: the meta-dolerite dyke have a magmatic texture and weak
deformation. The photomicrograph show plagioclase, actinolite and epidote minerals. (cross-polarised, transmitted
light) H) Zone 4: The sulphide mineralisation comprises fine-grained dissemination of irregular minor pyrrhotite and
accessory grains of arsenopyrite. (reflected light). Abbreviations: Scp - scapolite, Tr - Tremolite, Pl - plagioclase,

Act - actinolite, Apy - arsenopyrite, Ccp - chalcopyrite, Po - pyrrhotite.
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Fig. 15. Photomicrographs of zone 5-7from the metasomatic sulphide deposit at Gautelis and from a similar
metasomatic occurrence nearby A) Zone 5, Sulphide minerals are intergrown with tremolite, quartz, calcite,
muscovite and feldspar (cross-polarised, transmitted light). B) Zone 5, The sulphides occur as semi-massive to
massive irregular aggregates and bands. They consist mainly of cataclastic arsenopyrite with strongly deformed
pyrrhotite and chalcopyrite intergrown. Chalcopyrite and gold can be found along micro-fractures in cataclastic
grains of arsenopyrite. (reflected light) C) Zone 6, calcitic marble with high content of tremolite and minor epidote
intergrown with magnetite and pyrite. (cross-polarised, transmitted light). D) Zone 6, disseminated to semi massive
magnetite and pyrite found in the strong deformed marble. E) Zone 7, calcite marble carrying stringers of sericite-
epidote, tremolite, quartz and weak pyrrhotite dissemination. (cross-polarised, transmitted light). F) Zone 7,
disseminated pyrrhotite with minor chalcopyrite and arsenopyrite. (reflected light). G) Diopside and garnet from a
metasomatic deposit to the north in Gautelis. (cross-polarised, transmitted light). H) Magnetite and pyrrhotite from
same location as G. (reflected light). Abbreviations: Tr - Tremolite, Qtz - Quartz, Ms - muscovite, Apy -

arsenopyrite, Ccp - chalcopyrite, Bi - biotite, Di - diopside, Grt - garnet, Po - pyrrhotite, Au - Gold, Mag - magnetite.
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Fig. 16. Tectonic model of the Svecofennian orogeny with timing and spatial relationship to the sulphide and gold
deposits in RTW and nearby in Sweden. The model demonstrates the different stages of a progressive development
from basin on an active margin to the accretion and orogeny.
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Abstract

The northern part of the Fennoscandian shield comprises several domains of Archean to
Paleoproterozoic age. These domains include the Kola province in Russia, the Kola-Lapland
and Kittila provinces farther west, and the Norrbotten province in northern Sweden. The
evolution of these domains was extremely complex and involved continental break ups,
development of micro continents, island arcs and later closing of oceans (Kola ocean)
accompanied by subduction, accretion and continent-continent collision. The Archean and
Paleoproterozoic crust is commonly juvenile and the Fennoscandian shield has a high
potential for mineral and ore deposits.

Archean and Paleoproterozoic basement rocks are also present as inliers and outliers beneath
and west of the Scandinavian Caledonides, and these provinces in general, have not been
included in previous regional studies of the Fennoscandian Shield. Because of new knowledge
of the stratigraphy, composition, age, structural relationship, and widespread sulphide
mineralisation in the Rombak Tectonic Window and the similarities of these rocks with
provinces farther north (inliers) and east, we consider them to be directly correlated with the
basement rocks in northern Sweden, Norway and Finland. These provinces all show evidence
of the same break-up activity in the Archean (2.5-1.9 Ga) that formed one or several micro
continents filled in with Paleoproterozoic basin sediments and the development of island arcs
and back arc basins and volcano-sedimentary deposits, terminating with the Svecofennian
orogeny (1.92-1.79 Ga) which produced fold-thrust belts and regional ductile shear zones.
One such shear zone is outlined by the Archean and Paleoproterozoic boundary, termed the
Lulea-Jokkmokk zone, and can be traced beneath the Caledonian nappes in a bend to link up
with the RTW and farther north to join the Senja shear zone west of the Caledonides.

Correspondingly, the volcano-sedimentary deposits of the Bothnian basin, including a variety
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of basins, can be traced all the way north to the Rombak Tectonic Window (RTW). These
shear zones, and inter-related volcano-sedimentary belts, define portions of the Svecofennian
Orogenic belt in northern Sweden and Finland. In the RTW the Svecofennian structures
include early-formed fold-thrust structures that were later overprinted by steep strike-slip
and/or oblique-slip ductile shear zones. These shear zones follow an overall NW-SE trend, but
bend and merge into more N-S trending shear zones when approaching the Caledonides in the
north. In addition, several steep NE-SW striking shear zones crosscut both the earlier-formed
fold-thrust belt and the N-S trending shear zones, developing during the final stage of the
Svecofennian, orogeny. The bend of the orogeny suggest an secondary orocline. This orocline
geometry of the shear zone system and associated basement gneisses, volcano-sedimentary
belts and intrusive and magmatic components, had a major and complex impact on the
juvenile Fennoscandian crust and was responsible for remobilisation of several ore deposits.
By comparing and correlating different domains with respect to tectono-magmatic evolution
in the northern Fennoscandian Shield, we may be able to better understand the processes of
ore genesis and tectonic remobilisation, as well as to locate regions with a high potential for

economic valuable ore bodies.

Keywords: Rombak Tectonic Window, Svecofennian orogeny, srocline, Structural

architecture, correlation, shear zone.

1) Introduction

Mineral occurrences may be structurally controlled when they are carried with fluids or
magma and become remobilized along shear zones and/or crustal weakness zones (e.g.
Goldfarb et al., 2001; Groves et al. 2003). However, mineral deposits can be part of a
complex geological history involving sedimentation, volcanism, magma intrusion and
multiple generations of tectono-metamorphic development (e.g. Groves et al 2003; Eilu,
2012: Larsen et al., 2013), and thus, the mineral deposits may be of a varied character and
genesis. Attempts to regionally correlate tectono-magmatic events and their relation to ore
genesis and known mineral occurrences within the Svecofennian domains of the
Fennoscandian shield, including the basement tectonic inliers of the Caledonides to the west,
has not yet been done. However, in recent years tectono-magmatic similarities have been
pointed out across the borders and a new regional tectonic understanding has been developed
(e.g. Nironen, 1997; Bergh et al. 2012, 2014).



The Paleoproterozoic Svecofennian domain of the Fennoscandian shield (Fig. 1) is defined as
a wide irregular belt running from southern Finland/ Russia, through central and northern
Sweden and into Norway (e.g. Gaal & Gorbatschev, 1987; Korsman et al., 1997; Cagnard et
al., 2007; Lahtinen et al. 2008). The domain is thought to be the result of protracted
extension/rifting and formation of the Kola ocean (2.5-2.1 Ga), followed by arc-magmatism
(2.1-1.79 Ga), island-arc accretion and subduction (1.95-1.86) and continent-continent
collision (1.94-1.79 Ga) (e.g. Gaal & Gorbatschev 1987; Nironen 1997; Korsman et al. 1997;
Cagnard et al.2007; Lahtinen et al. 2008). The Svecofennian orogen (1.92-1.79 Ga) is
characterised by a complex network of interacting ductile thrusts and oblique strike-slip shear
zones (Fig. 1) that formed when the Kola ocean closed and formed large volumes of
Paleoproterozoic crust (Lahtinen et al. 2005, 2008; Daly et al. 2006). The regional extent of
the orogen, varied composition (e.g. metallogenic potential), structural architecture in
different regions, and the nature of crustal growth during the Svecofennian orogen are still
issues of great controversy (Skidld & Rutland 2006; Hogdahl et al. 2007; Hermansson et al.
2007).

The Rombak Tectonic Window (RTW) is located within the Caledonides of NW Scandinavia
(Fig. 1). This basement province is composed of Paleoproterozoic meta-volcanic and
sedimentary rocks (<2.3 Ga) intruded by mafic to intermediate 1.9-1.7 Ga granitic batholiths,
and affected by ductile shear zone deformation and related metallogenesis (Korneliussen et al.
1986; Romer 1987, Korneliussen & Sawyer 1989; Bargel et al. 1995; Larsen et al. 2010,
2013). Because the RTW is an inlier, largely unaffected by Caledonian reworking (Larsen et
al., 2013), and the excellent exposure of Paleoproterozoic rocks and tectonic structures, this
province provides an important link for understanding such controversies as cratonic-marginal
structural architecture and regional correlation (cf. Romer 1987; Cashman 1990; Bergh et al.
2010; Larsen et al., 2013).

This paper reviews the current knowledge of Paleoproterozoic metavolcano-sedimentary belts
and Svecofennian structures in the RTW and discusses and compare the evolution in relation
to other basement tectonic inliers and outliers in the Caledonides (e.g. Corfu 2003; Armitage
& Bergh 2005; Bergh et al. 2010; Myhre et al. , 2011, Henderson & Viola, 2013), and within
the autochthonous Fennoscandian shield of northern Sweden and Finland (e.g. Bergmann
Weihed, 2001; Bark & Weihed, 2007). We will focus on the complex shear zone network of
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the RTW which resembles a regional-scale orocline structure (Carey 1958) or curved
orogeny, and discuss how it may correspond and/or differ geometrically from similar shear
zone networks in Norway, Sweden and Finland. In addition we will discuss the nature of the
structural evolution and geometries and their relevance for metallogenic occurrences. The
study focuses on meta-volcanic and sedimentary sequences (2.5-1.87 Ga), fold-thrust belt
structures, regional oblique-slip shear zones (Larsen et al. 2010, 2013) and arc-related plutons
(2.0-1.75 Ga) formed during the Svecofennian orogeny (1.92-1.79 Ga; e.g. Romer 1988), and
attempts to unravel the processes of formation of metallogenic deposits in the main
Paleoproterozoic rifting events and later reworking (e.g. Romer, 1988; Korneliussen &
Sawyer, 1989; Larsen et al., 2013).

2) Regional setting of the Svecofennian domain

The Fennoscandian shield can be subdivided into three main crustal domains (Fig. 1): (i)
Archean crustal provinces in the northeast, (ii) Paleoproterozoic cover units farther south,
including the Karelian domain of Finland and the Svecofennian domain in the central part,
and (iii) Mesoproterozoic rocks with the Gothian and Sveconorwegian orogenic belts in the
southwest (Gaal & Gorbatschev 1987; Gorbatschev & Bogdanova 1993; Korsman et al. 1997;
Cagnard et al. 2007).

The Svecofennian domain is composed of sedimentary and volcanic sequences, and
magmatic-intrusive rocks that are formed in the Paleoproterozoic time span (2.5-2.1 Ga),
whereas the Svecofennian deformation (orogen) is confined to the compressional deformation
from1.92-1.79 Ga (Lahtinen et al. 2008). The extent, boundary conditions, and tectono-
magmatic and metamorphic signature of the complex and multi-phase Svecofennian
deformation that affected these older Archean components in the Fennoscandian shield, are
still relatively unresolved issues. It is possible that the Svecofennian domain contains older
Archean micro continents, volcano-sedimentary belts and accretionary terrains from intra-
oceanic, arc-related or subduction zone settings of the rifted Archean craton (i.e. the Kola
Ocean, Berthelsen & Marker, 1986; Zhao et al., 2002; Daly et al., 2006). In this context the
Svecofennian domain is determined from rocks that formed as a result of long-term break-up
of the Archean cratonic margin by rifting and formation of the Kola Ocean from 2.5-2.1 Ga
(e.g. Gaal & Gorbatschev 1987; Nironen et al. 1997). Most of these rift-related rocks are

usually referred to as Paleoproterozoic greenstone belts that include meta-volcanic, meta-



sedimentary and some intrusive rocks that formed in separate basins, and with the overlying
sedimentary units deposited on a stable platform (Lindquist, 1987; Martinsson, 1997; Hanski
et al., 2001; Bergh et al., 2007). Initial break-up of the Archean supercontinent (2.5-2.4 Ga) is
thought to have involved smaller continents with sedimentation of marine and deltaic
sediments along their margins (e.g. Martinsson, 1997; Strachan & Holstworth, 2000). In
southern Finland, the Archean continental break-up occurred later, between 1.91-1.87 Ga
(Nironen 1997).

The main rifting event produced one or more large basins along a traverse from central
Sweden into the Finnmark area of northern Norway (Fig. 1; Koistinen et al., 2001). These
basins (Fig. 1) can be inferred from the presence of metasedimentary units (or greenstone
belts) in the autochthonous shield areas as well as in tectonic inliers of the Caledonides (Figs.
1 and 3). These units include those of the Rombaken Tectonic Window (RTW) (Korneliussen
et al., 1986), the Mauken Tectonic Window (Vognsen, 2010), West Troms Basement
Complex (WTBC) and the Lofoten-Vesteralen province (Corfu et al. 2007; Bergh et al. 2010,
2012), the Alta-Kautokeino-Kittila, Komagfjord-Repparfjord and Karasjok greenstone belts
of central and eastern Finnmark (e.g. Pharaoh & Pearce 1984), the Tjamotis and Lycksele-
Storuman districts of northern Sweden (Odman, 1957) and the Bothnian Basin in the central
part of the Fennoscandian shield (Lindquist, 1987).

The magmatic and metasedimentary units of all these regions were variably deformed during
the Svecofennian Orogeny (Korja et al., 2006; Bark & Weihed, 2007; Lahtinen et al., 2008),
and several of these regions suffered only limited reworking during the Caledonian orogenic
event (Corfu et al. 2003; Viola et al 2008; Bergh et al. 2010; Larsen et al. 2010). Thus, they
provide a good framework for regional correlation. The Svecofennian Orogeny initiated with
formation of island-arcs and arc-magmatism (2.1-1.79 Ga), and was followed by island-arc
accretion, local subduction (1.95-1.86) and/or continent-continent collision (1.94-1.79 Ga)
(e.g. Gaal & Gorbatschev 1987; Nironen 1997; Korsman et al. 1997; Cagnard et al.2007;
Lahtinen et al. 2008). Hietanen (1975) was the first to present an island-arc plate tectonic
interpretation of the Svecofennian orogeny, in which micro-continents and island arcs were
accreted onto the Karelian micro-continent adjacent to the Archean craton in the east, and
onto Laurentia on the Greenland side of the margin. This model has been largely verified by a
number of workers (Nironen, 1997; Zhao et al, 2002; Korja et al. 2006). Notably important,

island-arc plate tectonics is known to carry a high potential for mineral deposits, for example
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the Kuruku type volcanic massive sulphide (VMS) deposits described from the Skellefte
district in Sweden (Allen et al. 1996).

However, the transition from the Archean craton to Paleoproterozoic crust in the
Svecofennian domain is not well constrained. In northern Sweden there is no definite
boundary or boundary zones, but the Luled-Jokkmokk zone (Fig. 3; Nironen, 1997), is a
tentatively boundary proposed from a gradual shift and inter-fingering relationships between

Archean and Paleoproterozoic components.

Structurally, the Svecofennian orogen in Fennoscandia delimits a network of N-S and NE-SW
trending mylonitic shear zones, including fold-thrust zones and steep oblique- and strike-slip
shear zones (Fig. 1) that formed when the Kola ocean closed (e.g. Berthelsen & Marker 1986;
Nironen, 1997; Lahtinen et al. 2005, 2008; Daly et al. 2006). This closure event involved both
lower and upper crust accretion and locally, high P/low T metamorphism (Gaal &
Gorbatschev 1987; Weihed et al. 1992; Weihed et al. 2002). The metamorphic grade seldom
exceeded upper amphibolite facies in the metasedimentary units (Allen et al. 1996; Lundstrom
et al.,1998; Bark 2005), and the pressure conditions averaged 5 +1-2 kbar (Nironen, 1997).
Metallogenic and ore deposits in the supracrustal units and contacts between arc-magmatic
complexes were highly reworked and mobilized during these tectono-metamorphic events
(e.g. Weihed et al., 2005). In addition, the meta-supracrustal units were intruded by mafic
dykes and granitoid plutons during and late in the Svecofennian Orogeny throughout the
Fennoscandian shield (Gadl & Gorbatschev 1987; Nironen 1997; Korneliussen & Sawyer
1989; Larsen et al. 2013).

In order to propose valid correlations of Svecofennian domains and delimiting structures
(shear zones) in the northern Fennoscandian shield we will focus on the composition, internal
structural architecture, metallogenic deposits and magmatic-metamorphic evolution in
different provinces in the northern part of the Fennoscandian shield (Fig. 3), using the RTW

(Fig 4) as a framework for regional correlations (Table 1).



3) Structural architecture and evolution of the Rombak Tectonic

Window

The RTW is an inlier within the middle allochthon of the Caledonian nappes (Fig. 1) and
consists of several N-S trending meta-sedimentary and volcanic belts surrounded by
dominantly Paleoproterozoic granitic rocks (Fig. 4; Korneliussen & Sawyer, 1989; Sawyer &
Korneliussen, 1989). These belts consist of conglomerates, greywacke, sandstone, marble,
biotite schist and graphite schist (Birkeland, 1976; Korneliussen et al., 1986; Korneliussen &
Sawyer, 1989; Sawyer Korneliussen, 1989), and these rocks were interpreted to be deposited
on an active margin (Sawyer & Korneliussen, 1989). The most easterly sedimentary rocks
within the RTW have a intra-oceanic signature whereas the sedimentary belts in the central
and western parts of the window display an Andean-type setting (Sawyer & Korneliussen,
1989). The volcanic rocks consist of three main suites; Mg-rich basalts, potassium-rich mafic
to felsic volcanites showing calc - alkaline relation, and a low-potassium, calc - alkaline felsic
volcanites (Korneliussen & Sawyer, op.cit.). In addition, Romer (1988) described more mafic
to ultramafic volcanites at Sjangeli in the easternmost parts of the RTW within Sweden (Fig.
4). Granitic rocks dominate the RTW and consist mainly of monzogranites of Svecofennian
age (Gunner, 1981; Romer et al, 1992; Larsen et al., 2013). However, younger 1.71 Ga
granites are found in the Norddalen area. The geochemical signature shows that the 1.8 Ga
granites are orogenic with magmatic arc affinity and the 1.7 Ga is post-orogenic of within
plate affinity from an eastward dipping subduction zone (Romer et al., 1992). A tonalitic
complex located in the southern extremity of the RTW (Korneliussen & Sawyer, 1989, Romer
et al., 1992) gives an age of 1.95 Ga. This is thought to be the basement for the overlying

meta-sedimentary units in the southern part of the RTW at Gautelis.

Ductile shear zones and mylonite zones have been reported from several localities in the
RTW (Priesemann, 1984; Skonseng, 1985; Korneliussen et al., 1986; Naruk, 1987; Coller,
2004). However, until recently, systematic structural studies have not been carried out.
Larsen et al. (2010, 2012) identified a N-S striking, crustal scale shear zone extending the
complete length of the RTW, nucleating on one of the N-S striking metasedimentary
packages. This was termed the Rombaken-Skjomen Shear Zone (RSSZ) (Fig. 4). A complex
model of Svecofennian transpression was proposed including an early phase of east-directed,
N-S trending fold-thrust belt formation (D;-D,), followed by a phase of sub-vertical ductile
sinistral shearing along steep fold limbs which attenuated and segmented the fold-thrust belt



(D3). Finally, a phase of steep, NE-SW dextral ductile shearing, diagonally dissected the
meta-sedimentary belt into a mega-scale transtensional duplex geometry (D,4). These
structures further segmented and attenuated the fold-thrust belt resulting in a highly complex

multiphase ductile deformation zone (Figs. 4 and 5).

Metamorphic conditions were interpreted to be at amphibolite facies in most of the RTW
(Korneliussen at al., 1986; Romer, 1989). However, Korneliussen et al., (1986) described
early-stage amphibolite facies metamorphism in the N-S trending ductile shear zone in the
Norddalen area (Fig. 4) followed by greenschist facies retrogression. Furthermore, he
described a major shear zone at Gautelis (Fig. 4), composed of ultramylonites, locally
displaying high-strain deformation with amphibolites facies metamorphism. Larsen et al.
(2013) demonstrated that the entire portion of the RSSZ displayed a high-strain phase with

peak amphibolite facies metamorphic conditions followed by greenschist facies retrogression.

Sulphide and gold deposits have been variably documented in the RTW (e.g. Korneliussen et
al., 1986; Flood, 1984; Coller, 2004; Korneliussen & Nilsson, 2008). The most important
mineralisation includes numerous small Pb-Zn deposits (Lindahl, 1979; Romer, 1989; Coller
et al; 2004), in addition to the Gautelis Au-As deposit (Korneliussen & Sawyer, 1986) and the
Haugfjellet Pb-Zn-Cu-Au deposit (Coller, 2004). Larsen et al., (2012) constructed a spatial
and temporal metallogenetic model to explain the tectonic setting and ore genetic processes
and of syn-sedimentary pyrite, pyrrhotite or lead-galena as predominatly SEDEX, a syn-
tectonic As-Au-Fe metasomatic deposit and Au-As-Cu orogenic type deposits associated with
the RSSZ (Fig. 6; Pb-Pb isotope studies from the SEDEX deposit (Larsen, et al. 2013)),
confirmed a syn-sedimentary genesis. Romer (1989) also demonstrated that Cu-Fe-Zn
mineralisation within volcanoclastic rocks in the Sjangeli area in Sweden (Fig. 4) are syn-
sedimentary. Romer (op.cit.) also described two contamination events from Pb-Pb isotope
studies suggesting remobilisation during both the Svecofennian orogeny (Romer, 1989:
Svekokarelian) and the Caledonian Orogeny. Larsen et al.(2013) also documented Pb-Pb
signatures with a Caledonian influence in the eastern part of the RTW, close to the base of the

Caledonian nappes.

Sjangeli and Kopparasen are the two easternmost supracrustal belts in the RTW and outcrop

in Sweden (Fig. 4).They differ slightly to the main part of the RTW but are strongly
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correlative with respect to similar meta-arkosic sedimentary rock types, orientation/trend and
sulphide ore deposits. The rocks in Sjangeli and Kopparasen consist of meta-sedimentary
rocks intruded by Svecofennian granites, however they are thought to be slightly older (2.3-
2.0 Ga) and comprise in addition mafic to ultramafic meta-volcanic rocks (Romer & Boundy,
1988; Romer, 1989). Kopparasen consists of greywacke, meta-tuff, biotite- and graphitic
schist, carbonate rocks, breccia, quartzite and conglomerate and mafic lava flows that are
believed to be c. 2.3 Ga (Adamek 1975) intruded by a 1.7Ga Lina-type granite (Gunner, 1981,
Adamek 1975). In the Sjangeli area the rocks are dominated by Paleoproterozoic volcano-
sedimentary rocks intercalated with mafic and ultramafic volcanic rocks. The contact between
these two lithologies is commonly mylonitized. The sedimentary rocks resemble those in the
Gautelis area (Fig. 4) consisting of mafic tuffs, silicate-banded carbonates and meta-pelites
(Romer, 1987).The volcanic units consist of lava flows, high magnesium mafic to ultramafic
volcanic rocks and mafic pillow lavas (Romer, 1987). These meta-sedimentary and volcanic
units were intruded by a 1.8 Ga granite (Romer et al., 1992). Tonalitic gneisses occur as
xenoliths and crustal remnants of Archean TTG (tonalite-trondhjemite—granodiorite) gneisses
(2.7 Ga) within the 1.8 Ga granite and have the same composition as the Gautelis tonalite
(1.95Ga). Both are assumed to have formed close to a destructive plate margin but at slightly
different times (Romer et al., 1992).

Previous descriptions of structures in the Kopperasen area are sparse. However, faults and
mylonite zones are documented along strike with steeply dipping N-S striking sedimentary
layers (Adamek, 1973; Romer & Boundy, 1988). Strata of the Sjangeli area have been more
strongly metamorphosed and deformed with bedding-parallel ductile shear zones, mylonites
and isoclinal folds (Romer 1987). The marbles show bed thickening caused by a major NE-
SW dextral ductile shear zone (Romer 1987). Also sinistral post granite but pre-Caledonian
mylonitic ENE-WSW trending sinistral shear zones have also been documented. The
RSSZ(Fig 4) is interpreted to continue into the Sjangeli area and possibly continues below the

Caledonian nappes as far north as the Kuokkel tectonic window (Larsen et al., 2013).

The metamorphic grade in the meta-supracrustal units of the Kopperasen and Sjangeli areas is
upper greenschist facies to lower amphibolite facies, the peak metamorphism likely associated
with the Svecofennian Orogenic event. Romer (1987) interpreted the Greenschist facies

retrogression as being of Caledonian age (Romer, 1987).
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The mineralisation in both the Kopparasen and Sjangeli areas has been a target for mineral
exploration for many years, and the ore-hosting rocks have been sporadically mined for
copper in the past (e.g. Hallberg et al.,, 2012). The mineralisation in the Kopparasen area
occurs in volcano-sedimentary rocks and consist of elongated narrow zones of uraninite,
magnetite, pyrite, pyrrhotite, chalcopyrite, bornite, galena, sphalerite, gersdoffite, arsenopyrite
and molybdenite along bedding (Adamek, 1975). By contrast, Cu-Fe-sulfide mineralisation is
found in mylonitic shear zones within mafic meta-tuffaceous rocks and graphite-bearing mica
schists. Sulphide mineralisation is believed to be syn-depositional, however, the genesis of the
uranium mineralisation may be, in part, hydrothermal, transported by metamorphic fluids
along permeable zones during the Svecofennian orogeny (1.78 Ga; Romer & Boundy, 1988).
Mineralisation in the Sjangeli area is comprised of mainly bornite, chalcopyrite and chalcocite
present as bedding-parallel veins along the strike of the host rocks (Romer, 1987). The bornite
is stratiform in bands and lenses along the mafic meta-tuffites together with some chalcopyrite
and magnetite. Bornite is also present within quartz veins enriched with magnetite and
lamellas of chalcocite. Chalcopyrite occurs as small strata-bound veins in actinolite-rich
amphibolites. The mineralisation is interpreted to be of syn-genetic origin, with some

potential Caledonian reactivation (Romer, 1987).

4) Structural architecture of other basement inliers within the

northernmost Scandinavian Caledonides

4.1) West Troms basement complex

The West Troms Basement Complex (WTBC) is located in the coastal region of western
Troms, North Norway, extending from Lofoten-Vesteralen through the island of Senja in the
southwest to Vanngya in the northeast (Fig. 3). This basement province is separated from the
Caledonian nappes by thrust faults (locally) and regional-scale Mesozoic normal faults.
Therefore it is difficult to directly link this province to the autochthonous Fennoscandian
shield (Bergh et al. 2012), although a correlation is previously inferred from gravity and
magnetic data (Henkel, 1991; Olesen et al. 1997).

The dominant rock types in the WTBC consist of Neoarchean TTG-gneisses (2.9-2.6 Ga) and
some intercalations of meta-volcanic and sedimentary units (Ringvassgya greenstone belt)
dated at ca. 2.68 Ga (Bergh et al. 2010; Myhre et al. 2011). These Neoarchean rocks were
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deformed and metamorphosed prior to the intrusion of a major mafic dyke swarm (2.4 Ga:
Kullerud et al. 2006) and overlain by Paleoproterozoic volcanic and sedimentary rocks (2.4 —
1.9 Ga), now present in NW-SE trending linear belts (Bergh et al. 2007, 2010, 2012). These
belts and the remains of Neoarchean rocks were then intruded by proposed arc-related large
felsic/granitic and locally, mafic plutons, at ca. 1.79 Ga (Bergh et al. 2010). They were
subsequently deformed and metamorphosed during the Svecofennian orogeny at c. 1.78-1.67
Ga (Corfu et al. 2003; Bergh et al. 2010).

The Svecofennian high-strain deformation zones are crustal scale shear zones enveloping
segments of Neoarchean mega-blocks surrounded by metasedimentary belts and
anastomosing ductile shear zones confined to the boundaries between metasedimentary rocks
and the TTG gneisses, e.g. the Svanfjellet shear zone (Zwaan 1995; Henderson & Kendrick
2003), Astridal shear zone (Pedersen 1997), Torsnes belt (Zwaan et al. 1992; Nyheim et al.
1994) and Mjelde-Skorelvvatn belt (Armitage, 2004; Armitage & Bergh 2005), and the
Ringvassgya greenstone belt and the Vanna group in the north (Zwaan 1989; Bergh et al.
2007). The Svecofennian deformation in the WTBC was multi-phased and involved shear
zone evolution throughout the region in the time span between 1.78 and 1.67 Ga (Fig. 7;
Bergh et al. 2010). The Svanfjellet shear zone in the WTBC (Fig. 3 ) continues SE below the
Caledonian nappes to link up with the Bothnian-Senja shear zone (Fig. 3: Henkel, 1991,
Olesen et al. 1997), and this shear zone provides a basis for regional comparison with the
Fennoscandian shield (see below). This crustal-scale shear zone displays dominantly sinistral
shear sense (Armitage 2001; Henderson & Kendrick, 2003; Armitage 2004; Bergh et al.
2010). Svecofennian deformation in the WTBC is characterised by a strong NNW-SSE
trending mylonitic fabric, isoclinal folds, and subsequent upright large-scale folds, associated
with top to the NE thrusts formed in the earliest stages of the deformation. These structures
were subsequently segmented and overprinted by oblique and orogen-parallel ductile strike-
slip shear zones, mainly sinistral but some with a component of dextral shear and additional
SE-directed thrusts (Fig. 7). The SE-directed thrust structures are better preserved in the north
of the WTBC (for example on Ringvassgya and Vanna) where the effect of the later strike-
slip segmentation of the orogen was minimal. Bergh et al. (2010) interpreted all these
structures to have formed as a result of NE-SW contraction, with the strike-slip shear zones

representing an increased strain partitioning and oblique transpression.
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Metamorphism during the Svecofennian tectono-magmatic event in the south-western part of
the WTBC mostly occurred at amphibolite facies conditions, with locally upper-amphibolite
grade in the Svanfjellet shear zone belt (Zwaan 1990, 1992; Zwaan 1995), whereas
greenschist facies conditions prevailed in the metasedimentary units in the north-eastern
domains (i.e. Vanna) and the late-Svecofennian shear zones throughout the region (Bergh et
al. 2007, 2010).

A number of workers have addressed the potential for Cu, Zn, Au deposits in the WTBC. In
particular, gold occurrences are documented in the Ringvassgya greenstone belt (Sandstad &
Nilsson 1998). In addition, stratiform ore bodies and also possibly VMS-deposits may be
linked to iron-enriched meta-sedimentary rocks and in quartz-veins associated with the shear
zones, intrusive bodies and felsic volcanic units (lhlen & Furuhaug 2000; Henderson &
Kendrick 2003). Notably, in the Ringvassgya greenstone belt, stratiform sulphide and gold
quartz deposits have been remobilized and enriched along the youngest Svecofennian-aged,
low-angle thrusts and steep strike-slip shear zones (Bergh et al. 2010). Gold has been found to
positively correlate to Cu and Ag in quartz veins within volcanic rocks in the contact zone
between the TTG-gneisses and the greenstone belt or in relation to quartz diorite intrusions.
The quartz veins are commonly boudinaged. Enrichment of Au, Ag and Zn also found within

a volcanoclastic schist horizon (Sandstad & Nilsson, 1998).

4.2) Mauken tectonic window

The Mauken Tectonic Window (MTW) to the north of the RTW is a small, elongated tectonic
window surrounded by Caledonian thrust nappes (Fig. 3). Previous work from this area
describes a geographically limited (10km wide and ca 50km long), WNW-ESE striking,
strongly deformed greenstone belt, dominated by greenschist facies metamorphosed basalts,
amphibolites, schist and meta-psammites intruded by 1.8-1.7 Ga granodiorites (Vognsen,
2010). Recent prospecting activity within the meta-supracrustal unit shows that gold is
enriched within a NW-SE trending, steep ductile strike-slip shear zone that trends parallel to
the strike of the MTW. However, no further kinematics or structural data allow comparison
with the RTW (Vognsen 2010). This shear zone is thought to be linked with the regional-scale
NW-SE trending Bothnian - Senja fault zone (Fig. 1, 3) Regional comparison of the MTW
deposits with similar gold deposits along the same structural trend as this shear zone suggests
that they are structurally controlled (Almas 2013).
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4.3) Alta-Kvaenangen, Altenes and Komagfjord-Repparfjord tectonic windows

The Alta-Kvanangen, Altenes and Komagfjord-Repparfjord tectonic windows are located in
the Finnmark region in Northern Norway, and consist of various meta-volcanic and
sedimentary rocks (greenstone belts). These apparently similar greenstone belts are part of a
chain of basement culminations within the Kalak Nappe Complex of the Finnmark
Caledonides (Fig. 3), and are thought to be the northwards continuation of the Kautokeino
greenstone belt exposed to the east of the Caledonian thrust nappes (e.g. Pharaoh & Pearce
1984).

In the Alta-Kvanangen area, the greenstone belt consists of low-grade tholeiitic volcanics,
carbonates/dolomites and clastic sedimentary rocks of the Raipas Group (Gautier, 1975;
Zwaan & Gautier 1980; Vik 1985; Bergh & Torske 1988) dated as Paleoproterozoic (Krill et
al. 1985; Sandstad et al., 2012) and interpreted to have formed in a rift basin correlated with
the Kautokeino greenstone belt (Bergh & Torske, 1988). The rocks are then intruded by
mafic, ultramafic and felsic rocks and overlain by a thin Neoproterozoic cover (Pharaoh &
Pearce 1984; Gautier et al., 1986). The lower Raipas Group consists of the Kvenvik and
Storviknes Formations and can be correlated to both the Repparfjord and Altenes Windows
(Jensen, 1996). In the Altenes area, the windows consist of two internal volcano-sedimentary
sequences, the oldest Brattholmen Group of calk-alkaline composition and the youngest of
meta-tholeiitic composition. These are overlain by clastic conglomerates, shales and
carbonates of the Sagelv Group. The volcanites are thought to be part of an arc-derived
volcanic-sedimentary sequence that resembles the Kiruna and the Skellefte district (Jensen
1996). Similarly, the Komangfjord-Repparfjord window consists of the Holmvatn- Saltvatn ,
Nussir and Porsa Group metavolcanic and metasedimentary rocks of Paleoproterozoic age,
overlain by Neoproterozoic sedimentary rocks intruded by mafic, ultramafic and felsic
intrusive rocks (e.g. Jensen, 1996; Nilsen & Nilsson, 1996; Pharaoh et al., 1983). Specific
horizons of meta-arenites, conglomerates, dolomites and siltstones (Ulveryggen, Djupelv and
Stangvatn Formations) comprise the extensive copper deposits of the Nussir mine (Pharaoh et
al. 1983).

The Alta-Kvanangen, Altenes and Komagfjord-Repparfjord Tectonic Windows are largely
similar with respect to lithology, stratigraphy, age, composition and metamorphic grade of the
rocks. However, the structural trends (Fig. 8) differ and show a lack of continuation (e.g.

Gautier, 1975; Pratt, 1989;). In the Alta-Kveenangen area, N-S trending open asymmetric,
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upright folds affected the Raipas Group rocks (Zwaan & Gautier 1980). In the Altenes area,
there are imbricated fold-thrust structures that show a NE-SW trend similar to the
Komangfjord-Repparfjord window (e.g. Pratt, 1989; Jensen 1996; Rodinov et al., 2012),
which is believed to be the northern continuation of the Altenes Window where the Alta-
Kvaenangen window is thrusted on top of the Altenes window (e.g. Pratt, 1989). The overall
structure is a regional-scale ENE-WSW trending upright fold system where the lowermost
Holmvatn Group occurs in the core of an antiform (Viola et al., 2008; Ofstad et al., 2013).
Three different Precambrian folding events have been defined (Viola et al., 2008), including
early ENE-WSW trending upright and open to tight folds ( D,) affecting only the Saltvatn
Group, then SW-NE trending, upright to inclined, tight to isoclinal folds with a moderate
plunge with axial surfaces dipping to the NW (D), and finally open folds trending SSW-NNE
and plunging moderately to the NE (Ds). The Ds-folds are of kilometric scale and are linked
to NE-SW trending strike-slip shear zones with a dextral shear sense. These folds also largely
affected the upper Saltvatn and Nussir Groups (Viola et al., 2008; Torgersen et al., 2013).
Viola et al (2008) interpreted D;-D3 to represent a regional transpressive event involving
strain partitioning due to overall NW-SE shortening, as supported by the study of (Torgersen

et al. 2013). There are no age constraints for these structures.

The metamorphic grade of the meta-volcanic/sedimentary rocks is generally low and of lower
to upper greenschist facies. Primary structures are well preserved in the Alta Window
(Gautier, 1975; Gautier et al., 1979; Zwaan & Gautier, 1980; Jensen, 1996; Torgersen et al.,
2013). The metamorphic grade in the Komagfjord-Repparfjord Window increases southwards
to amphibolite grade in the Altenes Window, where the Svecofennian deformation is more
pervasive (Bergh & Torske, 1988; Jensen, 1996).

All of these windows are characterised by Gold-Copper deposits and have been a frequent
target for mineral exploration and mining since the early 1800s (Sandstad et al., 2012).
Mineral deposits are hosted by metasedimentary and volcanic rocks, both of a epigenetic and
syngenetic origin (e.g. Bjarlykke et al., 1985; Sandstad, 1986). The Alta-Kvaenangen window
hosts two significant Cu deposits; the Kafjord and Raipas deposits. The Kafjord deposit is
found in quartz-carbonate veins in brecciated metagabbro and basalts in the Kvenvik
Formation of the lower Raipas Group. The deposit has been interpreted to be epigenetic with
respect to a sub-horizontal shear zone (Mgark, 1970). The Raipas deposit is mainly located in

the matrix of karst breccias of dolomite above the Kvenvik Formation and is related to red-
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bed copper or karst-related lead-zinc deposits (Vik, 1985). In the Komangfjord-Repparfjord
Tectonic Window there are several copper deposits with a high potential for new discoveries.
At least five deposits are significant including the Repparfjord, Nussir, Porsa, Bache and
Vesterdalen deposits (Sandstad et al., 2012). The Repparfjord copper deposit is found in
sandstones and conglomerates of the Ulveryggen Formation in the Saltvatten group and
consists mainly of ENE-WSW trending and stratiform lens-shaped bodies. The Nussir copper
deposit is also found in schist, sandstone and dolomite of the Saltvatten group and the
mineralisation is localised along a ENE-trending lens with a steep to moderate dip (Sandstad
et al., 2012). The Porscha copper deposit is hosted by two parallel carbonate-quartz veins
within greenstones of the Svartfjell Formation in the Nussir Group. The veins are steeply-
dipping, E-W trending and located within a larger semi-ductile shear zone trending NE-SW
(Viola et al., 2008). The Bachke copper deposit is similar to the Porcha deposit, but is found
in steeply-dipping carbonate veins in greenstones trending NW-SE (Sandstad et al., 2012).
The Vesterdalen gold-copper deposit is not well understood (Sandstad et al., 2012) but is
defined by veinlets, aggregates and disseminations of mineralisation hosted by sandstone and

impure dolomite and is overlying the Nussir Group.

5) Structural architecture of Svecofennian provinces in autochthonous

parts of northern Sweden and Finland

Meta-supracrustal units located to the east of the Caledonian thrust front in northern Norway,
Sweden and Finland have been regarded as autochthonous as they were generally deposited
directly onto the underlying Archean basement in Paleoproterozoic sedimentary basins (e.g.
Melezhik & Sturt 1994; Torske & Bergh, 2004).

5.1.) Karasjok greenstone belt

The Karasjok Greenstone Belt (KjGB) is located in the north-eastern part of Finnmark, and is
bounded by the Caledonian thrust front (Fig 3). It is a N-S trending belt that can be traced
southward to link up with the Kittil& greenstone belt of central Finland (e.g. Patison, 2007)
(Fig. 3). The KjGB (Marker, 1985; Braathen & Davidsen, 2000) is assumed to be of
Paleoproterozoic age and consists mainly of meta-basalts, meta-sedimentary rocks, komatites
and gneisses with intrusions of meta-gabbros (Siedlecka & Roberts, 1996). The contact to the
assumed Archean basement is unconformable and tectonically bounded by a thrust (Braathen
& Davidsen, 2000).
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The northern part of the KjGB is an inlier termed the Karasjok-Levajok tectonic belt, and is
an east dipping tectonic wedge with several, repeated fold- and thrust nappes juxtaposed with
the surrounding basement provinces to the east and composed of granulite facies gneisses and
migmatites (Siedlecka et al. 1985) (Fig. 9). Braathen & Davidsen (2000) suggested a four
stage structural evolution with initial west-directed thrusting (D;) (Fig. 8), followed by SSE-
verging folding and thrusting associated with NNE-SSW shortening and generation of dextral
and oblique thrust-related strike-slip faults (D). These structures were later refolded into N-S
trending upright folds as a result of E-W shortening (Ds). All these thrusts were cut by dextral
NW-SE and NE-SW striking subvertical, strike-slip semi-brittle faults which are thought to be
post-Svecofennian (D,4), but older than the Caledonian deformation (Braathen & Davidsen,
2000).

The KjGB underwent regional amphibolite facies metamorphism during the Svecofennian
fold-thrusting events (Sandstad et al., 2012). However, remnants of Archean tectono-thermal
events have been inferred from the presence of granulite facies metamorphic assemblages
(Marker, 1985).

The greenstone belt hosts several important deposits, including placer gold, komatites and
associated BIF in the volcano-sedimentary rocks and Ni-Cu-PGE deposits in ultramafic and
mafic intrusions (Sandstad et al., 2012). Placer gold has been extensively explored and is
found mainly in superficial river sediments and basal till deposits. However, the bed rock
source of the gold is yet unknown (Often, 1985; Sandstad et al., 2012). Several low grade
metamorphosed gold-hosted lithologies with associated copper deposits, have been detected
along the basal thrust zone to the west. These have been suggested to have formed both as
stratiform, syngenetic and/or epigenetic relative to the Svecofennian fold-thrust event (Often,
1985; Bjerlykke et al., 1985; Sandstad et al., 2012).

5.2) The Kautokeino greenstone belt

The Kautokeino greenstone belt (KkGB) is located west of the KjGB and can be traced from
the Caledonian nappe front in Finnmark southward across the border into Northern Finland.
The KKkGB is linked with the Central Lapland greenstone belt, which is well known for its
orogenic gold ore deposits (e.g. Harkonen et al., 1999; Eilu et al., 2003; Hanski & Huma,
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2005 Patison, 2007) (Fig. 1). The KkGB is also assumed to be the southwards continuation of
the Alta-Kveaenangen Tectonic Window underneath the Caledonian nappes. The lithologies in
the KkGB consist of Paleoproterozoic volcano-sedimentary rocks comprising the Caskejas,
overlain by the Bickkacakka and Caravarri Formations (e.g. Siedlecka et al., 1985; Torske &
Bergh 2004). These Formations overly the Archean Raisadno Gneiss Complex which is
thought to be the basement even though no sedimentary contact has been documented. The
Kautokeino greenstone belt has traditionally been interpreted as an early Paleoproterozoic rift
basin containing shallow marine sediments and volcanics formed during crustal extension
subsequently subjected to crustal collision associated with the Svecofennian orogeny (1.92-
1.79 Ga; Siedlecka et al., 1985; Olesen & Sandstad, 1993; Lahtinen et al., 2012).

Despite extensive bedrock mapping during the 1980's (Seidlecka et al., 1985) the structural
geology and tectonic development of the KkGB has remained enigmatic, mainly due to a
paucity of data in an area with very limited outcrop. Reprocessing of high resolution
aeromagnetic data allowed Henderson & Viola (2013) to propose a structural model for the
KKGB, including an early phase of top-to-the west thrusting and folding with subsequent
ductile sinistral NNW-SSE trending strike-slip shearing along the Bothnian-Kvanangen Fault
Complex (Olesen & Sandstad, 1993).

The metamorphic grade of the KkGB is generally low, from upper greenschist to lower
amphibolite facies increasing towards the outer boundaries of the greenstone belt (Sandstad,
1983; Olesen & Sandstad, 1993). The gold and copper mineralisation in the KkGB is thought
to be associated with the latest phase of post peak metamorphism accompanying
Svecofennian strike-slip deformation (Henderson & Viola 2013; Ettner et al., 1993; Ettner et
al., 1996; Sandstad et al., 2012). However, the tectonic and metallogenic relationship of the
KKGB, to the adjacent KjGB and also to the Central Lapland greenstone belt and Alta-
Kveaenangen Tectonic window is still poorly understood. The Bidjovagge gold-copper deposit
located in the NW of the KKkGB, is the only exploited deposit and operated between 1952-
1991. The ore bodies are found within altered volcanic rocks (albite felsites) interbedded with
graphitic schist and dolerite in the lowermost Caskejas Formation (Nilsen & Bjarlykke,
1991). Three mineralisation types were recognized, comprising copper and sulphide rich
carbonate veins, gold in sheared and brecciated albite felsites as disseminations and in quartz
veins, and gold in tellurides in brecciated albite felsites (Ekberg & Sotka, 1991). The ore

deposits are lens shaped and found within shear zones cutting the limbs of an upright antiform
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(Bjarlykke et al., 1993), and are classified as orogenic gold with atypical metal associations
(Sandstad et al., 2012).

5.3.) Tjamotis district

The Tjamotis District, occur south of the RTW and east of the Caledonian nappes, and is a N-
S trending meta-sedimentary belt extending southward from beneath the frontal part of the
Caledonian nappes (Fig. 3). The meta-sedimentary belt consist of two main groups termed the
Arvidsjaur Group and Snavva-Sjofalls Group (1.9-1.8 Ga; Odman, 1957; Quesada & Niva,
1981; Carlon, 1984 Bergstrom, 2001; Kathol et al., 2011; Kathol et al., 2012). The Arvidsjaur
Group is the stratigraphic lowermost part and consists of basaltic to rhyolitic volcanoclastic
rocks and sandstones interpreted to have formed in back-arc related and/or mature craton-
marginal basins (e.g. Allen et al. 1996). It is thought to be partly equivalent to the Vargfors
Group found in the Skellefte district (Bergman & Weihed, 2001). The Snavva-Sjofalls Group
was mainly deposited to the west of the Arvidsjaur group and consists of meta-arkoses,
quartzite, siltstone, mudstone, micaschist and greywacke (Odman, 1957). The meta-
sedimentary rocks are intruded by the younger coarse grained Lina granite of monzonitic
composition (Quesada & Niva, 1981; Carlon, 1984), and is thought to be of early
Svecofennian in age (or Svekokarelian; c. 1.8 Ga) (e.g. Carlon, 1984; Kathol et al., 2011). The
meta-sedimentary rocks are surrounded by felsic volcanics to the east and west which are
andesitic and dacitic. These were recently dated to 1.88-1.86 Ga age (Perdahl & Einarsson,
1994; Kathol et al., 2008; Kathol et al., 2011).

The large-scale structure of the Tjamotis metasedimentary belt is poorly understood. The
main foliation trends NNE-SSW, parallel to the margins of the belt, with a varying dip from
20-90° (Quesada & Niva, 1981; Carlon, 1984; Kathol et al., 2012). Foliation-parallel
mylonitic shear zones are observed in alternation with partly folded primary units. Three
groups of folds were described (Carlon, 1984); early macro-and mesocale synformal and
antiformal isoclinal folding, with horizontal fold axes and steep east dipping axial surfaces
(F1), were followed by sub vertical folding around steep NE-SW plunging axes (F). Finally
an event of open folding and/or doming related to granite intrusions (F3). Sets of NW-SE and
NE-SW trending, semi-brittle lineaments crosscut all of the fold structures. NNE-SSW
trending lineaments were interpreted from aeromagnetic investigations (Quesada & Niva,
1981), and considered to be older than the NW-SE and NE-SW lineament sets (Nylund &
Nisca, 1981). Major lineaments on aeromagnetic surveys in the Arvidsjaur area (fig. 10), were
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interpreted as an array of late ductile shear zones trending NNE-SSW (Rutland et al., 2001).
The metamorphic grade during these deformation events reached locally, amphibolite facies
conditions (Carlon 1984).

Several mineralisation occurrences are described in the Tjamotis area. For example, Mo-W
minerals are present in relation to deformed acidic volcanic rocks in skarn deposits at the
border between meta-volcanics and the Snavva-Sjofalls Group (Theolin & Wikstrom 1979;
Holmaquist et al., 1982). Theolin & Wikstrom (1979) described a As-Zn occurrence in skarn
marbles of the Snavva-Sjofalls Group, Cu-Pb-Zn deposits in rusty granites, and Ti enriched in
mafic rocks. In addition, chalcopyrite, bornite, pyrite, sphalerite, galena, chalcocite, magnetite
and gold occur in quartz- biotite- and amphibole-bearing meta-sediments of the Snavva-
Sjofalls Group, the felsic volcanics of Arvidsjaur Group and feldspar-biotite gneisses (Kathol
et al., 2012; Billstrom et al., 1997). Billstrom et al., (1997) demonstrated that Pb-isotopes in
galena from the Tjamotis area differed from the Svecofennian arc terrains to the south-east
and display a pre-Svecofennian age signature of 2.0 Ga or earlier. This confirmed the work of
Sundblad (1986) and Sundblad (1991) from Pb-Pb isotope data that demonstrated two
mineralisation events, one related to the Paleoproterozoic basin development and the second

related to the volcanic arc-forming event.

5.4.) Skellefte district

The Skellefte district in northern Sweden lies to the north of the Bothnian basin and southwest
of the Archean- Proterozoic boundary (Fig. 3). The boundaries of the metasedimentary units
is poorly exposed, but it is assumed to be close to the city of Skellefted and traceable
westwards.

The rocks in the Skellefte district consist of two sequences; the underlying Skellefte group
composed of subaqueous volcanic rocks that have been associated with an extensive
Paleoproterozoic rifting event (Vivallo and Claesson, 1987), overlain by the Vargfors group
which consists of 1.875Ga (Billstrom & Weihed, 1996), shallow-water meta-sedimentary,
greywacke and volcanic rocks with a MORB tholeiitic composition (Bergman & Weihed,
2001; Bergstrom, 2001). These were intruded by several generations of granitic plutons; the
1.89-1.88 Ga Jorn granite (Wilson et al., 1987; Weihed & Schonberg, 1991), 1.88 Ga Siktréask
granite (Weihed et al., 2002) and 1.81-1.77Ga Revsund Granite (Claesson & Lunquist, 1995;
Billstrom & Weihed, 1996; Weihed et al., 2002). The metasedimentary rocks in the Skellefte
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district are interpreted to have been formed in a volcanic arc-setting that marked the onset of
later Svecofennian accretion (Weihed et al. 2002; Juhlin et al. 2002).

Three deformation structures are described from the Skellefte district; as a main sub
horizontal foliation (D) that is later overprinted by tight to isoclinal folds (D), and followed
by more open folds and subsequent steep ductile shear zones (D3). The two latter deformation
features are an integrated part of a major ductile shear zone, the Skellefte Shear Zone
(Bergmann & Weihed, 2001; Malehmir et al., 2007). The isoclinal folds display gentle N-
dipping, axial surfaces, present in the eastern and western part of the Skellefte district,
whereas in the central part, the foliation is more NW-SE striking (Bergmann & Weihed,
2001). The D3 deformation is characterised by steep approximately N-S striking ductile strike-
slip shear zones which cross-cut and displaced the older foliation and isoclinal D,-fold
structures both dextrally and sinistrally. These structures are associated with more open folds
with steep axial surfaces striking N-NE and with associated oblique-slip shear zones. The D,
fabric was the result of NW-SE directed crustal shortening and foliation-parallel thrusting
with top-to-the south movement (D,; Bergmann & Weihed, 2001). This is in contrast to
Malehmir et al (2007) who introduced the Skellefte shear zone to include two major WNW-
ESE striking and N-dipping thrust faults, with associated hanging wall anticline structures,
and in which the Skellefte volcanic rocks were thrusted over the rocks in the Bothnian basin.
This model was confirmed by Rodriguez-Tablante et al. (2007) and Hubert et al. (2009).

D3 was interpreted to be a result of E-W convergence with possible transpression (Bergmann
Weihed, 2001; Weihed et al., 2002). The timing of D, is interpreted to be older than the 1.81-
1.77 Ga Revsund Granite (Claesson & Lunquist, 1995; Billstrom & Weihed, 1996; Weihed et
al., 2002) but younger than the Siktrask granite age of 1.88 Ga (Weihed et al., 2002). The D3
event is interpreted to be syn- to post intrusion of the Revsund granite, as the granite is
partially affected by D3 shear zones (Bergmann & Weihed, 2001; Rutland et al., 2001;
Weihed, 2003).

The Skellefte district suffered greenschist to lower amphibolite facies metamorphism, with
increasing grade southwards towards the Bothnian basin. Peak metamorphism occurred at
1.84-1.8 Ga (Bergstrom, 2001; Weihed et al., 1992).

The Skellefte ore district is known for its long mining history (see Hallberg et al., 2012). The

mineralisation occurrences in the area have been divided into at least three types. These are
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gold-rich VMS, Porphyry copper and Orogenic gold deposits. However, their age and nature
is not well constrained and they potentially display several episodes of mineralisation and
remobilisation (Billstrom & Weihed, 1996; Allen, 2008; Hallberg et al., 2012). Billstrom &
Weihed (1996) suggested a two stage depositional model for the VMS deposits occurring at
ca. 1885 to 1880 Ma and at ca. 1875 Ma. Lahtinen et al. (2012) interpreted the Boliden VMS
deposits in a 1.9-1.88 Ga volcanic arc setting and the Bjorkdal orogenic gold deposit in a
1.89-1.88 Ga collisional setting. Remobilisation of the ore deposits in the Skellefte District is

interpreted to have occurred during the Svecofennian Orogeny.

5.5.) The Bothnian basin (Lycksele-Storuman district)

The Bothnian basin covers a large area from the Transscandinavian igneous belt in south-
western Sweden, through Bergslagen, and northward to the Skellefte district (Fig. 1). The
boundary to the Svecofennian province of central/western Finland is marked by a transition
between high grade metamorphic marine mudstones of the Bothnian basin to low grade
volcanic rocks and shallow water to sub aerial rocks of the Arvidsjaur Group (Weihed et al.,
1992). The dominant bedrock of the entire Bothnian basin area consists of an estimated 10km
thick succession of mainly meta-greywacke and mudstones deposited in a continental margin
environment (Lundquist, 1987). The Bothnian basin developed in the time period between c.
2.45 and 1.95 Ga, by rifting of the Archean continent (Nironen, 1997). The depositional
timing of the meta-greywacke succession is interpreted to be pre-1.95 Ga to approximately
1.87.Ga (Claesson et al., 1993; Nironen, 1997; Lunquist et al., 1998). Igneous rocks such as
gabbros and granitoids intruded during the Svekokarelian event at 1.9-1.8 Ga (Claesson &
Lunquist, 1995).

This large continental basin has been subdivided into four sub-areas based on assumed
differences in lithology; the Loos-, Naggen-, Central Norrland- and Lycksele-Storuman sub-
areas (Kumpulainen, 2009). This description will focus on the Lycksele-Storuman sub-area,
which differs from the southern Central Norrland sub-area by containing up to 50% graphitic
schists (Eliasson et al., 2001; Kumpulainen, 2009), commonly with pyrrhotite dissemination.
The main successions of the Bothnian basin in the Lycksele-Storuman sub-area include meta-
conglomerates, sandstones, greywackes and schists interbedded with some volcanic units
(Kumpulainen, 2009). A lower meta-volcanic unit has a MORB-basaltic signature (ca.
1.95Ga), and is overlain by a younger sequence of meta-sedimentary rocks interpreted to be
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deposited in a continental arc setting (Bergstréom, 2001). The intercalated basalt-rhyolite
volcanic rocks are interpreted as island arc basalts (Bergstrom, 2001; Bark & Weihed, 2007).
In the Lycksele-Storuman sub-area, the metasedimentary rocks were intruded by I-type
granites at 1.95-1.85 Ga, by S-type granites at1.82-1.80 Ga and by alkali-calcic granites at
1.81-1.77 Ga (Claesson & Lunquist, 1995; Billstrom & Weihed, 1996; Weihed et al., 2002).
These granites are transitional between volcanic-arc granite and syn-collisional granite (Ahl et
al., 2001; Bark & Weihed, 2007).

Structurally, the meta-sedimentary rocks of the Lycksele-Storuman sub-area are similar to
that of the Skellefte District (Fig. 10; Rutland et al. 2001) and were folded and thrusted along
major E-W striking ductile shear zones, and overprinted by WNW-ESE to NE-SW trending
steeply dipping oblique-slip shear zones (Rutland et al., 2001; Bark, 2005; Bark & Weihed,
2007; Kumpulainen, 2009; Samskog, 2011). In contrast to the Skellefte District, the main
foliation in the Lycksele-Storuman area formed during the D; event, axial-planar to sub-
horizontal isoclinal folds (Bark, 2005). Later E-W trending ductile D, thrust zones formed at
the boundary to the Skellefte district (Fig. 10) as part of the Skellefte sub-zone (Rutland et al.,
2001). The main foliation was described as steep NW-SE to NE-SW striking ductile shear
zones with a transpressive oblique reverse and dextral shear sense (Bark & Weihed, 2007).
On the other hand, Rutland et al., (2001) described the same structures as regional D3

structures.

The meta-sedimentary rocks in the Bothnian basin are amphibolite facies (Allen et al., 1996;
Bark, 2005) and locally granulitic (Hallberg, 1994; Lundstrom, 1998), with peak
metamorphism dated at ¢. 1.85 to 1.80 Ga (Weihed et al., 1992; Billstrom & Weihed, 1996;
Weihed et al., 2002; Bark et al., 2007).

The structures are spatially linked to the common gold occurrences in the area. The gold
mineralisation in the area is closely associated to arsenopyrite- 16llingite and stibnite in
boudinaged quartz veins parallel to the oblique-slip dextral and reverse shear zones (Bark &
Weihed, 2007). In addition, Bark et al. (2007) links the mineralisation in the Faboliden gold
deposit to the peak metamorphism in the area, and suggest the mineralisation to be of an
orogenic type deposit (Bark & Weihed, 2007).
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6) Discussion

The regional extent and correlation of volcano-sedimentary sequences associated with the
Svecofennian orogen across the northern Fennoscandian shield is widely discussed and is not
particularly well understood (Skidld & Rutland 2006; Hggdal et al. 2007; Hermansson et al.
2007). This paper addresses general similarities of basement tectonic inliers of the
Caledonides and the Fennoscandian Shield east of the Caledonides with respect to lithology,
tectono-stratigraphy, composition, volcano-sedimentary and magmatic history, and the
relationship to Svecofennian tectono-metamorphic evolution (See table 1). We further apply
mineralisation as a tool to correlate the different areas and events, in order to present a
regional tectonic-metallogenic model. Most of the mineralised deposits present in the
Fennoscandian Shield formed within rift-related meta-volcanic and sedimentary deposits (2.1-

1.9 Ga), when the Kola ocean opened (e.g. Marker, 1985,). These deposits were later

segmented or remobilised during the Svecofennian Orogeny, i.e. closure of the Kola Ocean
with subduction-accretion and final continent-continent collision. Therefore a thorough
understanding of the initiation (rifting) of the Kola Ocean and later, Svecofennian convergent
tectonism and remobilisation history will ultimately lead to a better understanding of the

processes responsible for the genesis of the mineral deposits.

The sections in this chapter will discuss the similarities and differences across the
Fennoscandian shield in light of rock types, structures, metamorphism and mineral deposits.
We first discuss correlation of the RTW and other tectonic inliers of the Caledonides with
provinces and events elsewhere in the Fennoscandian Shield. Subsequently we discuss the
Paleoproterozoic rifting and magmatic events leading to formation of the Kola Ocean (2.5-1.9
Ga), and finally, establish a framework for the Svecofennian components and structural
architectures. Although similar regional correlation efforts have been done in Finland and
Sweden (e.g. Nironen et al., 1997), few studies have included structural details from the
basement inliers of the northernmost Scandinavian Caledonides.

6.1. Archean and Paleoproterozoic basement and 2.5-1.88 Ga rifted continental margin
(Kola Ocean)

Despite its location as a Caledonian inlier, the RTW shows strong similarities on a regional
scale with Fennoscandian provinces east of the Caledonides, notably in the Norrbotten craton.

This correlation is most notable in terms of lithology, composition, age, volcano-sedimentary
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and magmatic history (Table 1), and therefore a direct link can be inferred between the inliers
and the autochthonous Fennoscandian Shield of Sweden and Finland. The rocks in the RTW
are dominated by Paleoproterozoic metavolcanic and metasedimentary rocks overlying
tonalitic basement rocks, and intruded by granitic plutonic rocks (1.8. Ga). Similar basement-
cover and magmatic rock associations are present in the Skellefte, Tjamotis and the Lycksele-
Storuman districts and the Bothnian basin in Sweden, and in other tectonic inliers of the
Caledonides in northern Norway. The similarities between the RTW (Larsen et al. 2013) and
the Tjamotis, Skellefte and Lycksele-Storuman districts (Quesada & Niva, 1981; Lundquist,
1987; Billstrom & Weihed, 1996) suggest that the RTW, and possibly also the West Troms
Basement Complex (Bergh et al. 2010, 2014) and related inliers farther north (Mauken, Alta,
Altenes and Repparfjord-Komagfjord units) belong to the westernmost part of the Norrbotten
craton, which is part of the northern margin of the Bothnian basin in Finland and Sweden.
Such a regional connection of the RTW was earlier indicated by Korneliussen & Sawyer

(1989), but not verified by regional and detailed data across the Caledonian thrust cover.

In the following sections we will discuss the basement rocks that provide the sub-stratum for
the overlying meta-volcanic and metasedimentary (greenstone belt), rifted continental margin

deposits.

>2.5-1.94 Ga Archean basement rocks

The studied basement provinces in the north, including the WTBC, Mauken, Altenes-
Komagfjord-Repparfjord, Alta, Kautokeino and Karasjok provinces, are all characterised by
Archean gneisses and components below the Paleoproterozoic (greenstone belt) cover
sequences, and therefore, all provinces belong to the Fennoscandian Archean craton. For
example, the basement rocks in WTBC represent Meso-Neoarchean rocks (Bergh et al., 2012)
and the Kautokeino Greenstone belt is assumed to be underlain by Archean gneiss complexes
(Olesen & Solli, 1985; Sandstad et al., 2012). In addition, the Karasjok Greenstone Belt is

tectonically bounded to the Archean basement suites by thrust faults.

The RTW, however, is presumed to be located just southwest of the western edge of the
Archean craton (fig. 2), since obvious Archean basement rocks are absent.

The basement rocks of the RTW consist of a tonalite complex found at Gautelis (fig. 4), dated
to 1940+26 Ma (Romer et al. 1992), corresponding in age (c. 1959 Ma; Eliasson & Strang,
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1998) and composition with the felsic magmatic complex in the southern part of the Skellefte
and Lycksele-Storuman districts (fig. 3) (Korneliussen & Sawyer, 1989). The tonalitic gneiss
complex is geographically constrained to the Gautelis locality and may only occur as an
incorporated basement-lens within the major Rombak-Skjomen shear zone (e.g. Larsen et al.,
2013).The similar aged tonalitic lithologies documented in the Bothnian group south of
Skellefte district in the Lycksele-Storuman area, supports this correlation. The lower, MORB-
basaltic rocks of the Bothnian group may be the basement to the overlying arc-related
volcanic and sedimentary rocks (Bergstrom, 2001) and thus, probably also the local sub-

stratum to the RTW greywacke succession..

2.5-1.9 Ga rift-related metasedimentary and volcanic rocks

Break-up of the Archean craton in the Paleoproterozoic (2.5-1.9 Ga) caused rifting and basin-
formation across a wide NW-SE trending zone along the south-western margin of the craton.
Based on correlative volcano-sedimentary units in the Tjamotis, Skellefte and Lycksele-
Storuman districts in Sweden (Table 1), we believe the margin boundary zone between the
Archean and Paleoproterozoic basement continued northwards from the Luled-Jokkmokk
zone to link up with the RTW.

The metasedimentary rocks in the RTW show many similarities to the greywacke/schist units
described in the Snavva-Sjofalls group from the Tjamotis district (Fig. 1), the Bothnian group
in the Lycksele-Storuman region (Fig. 1) and the Vargfors Group overlying the Skellefte
Group to the west of the Skellefte district. They consist of marine to shallow water continental
margin-like mudstone deposits and volcanoclastic sediments linked to the Bothnian basin
margin (e.g. Odman, 1957; Korneliussen & Sawyer, 1989; Sawyer & Korneliussen, 1989;
Bergstrom 2001; Bark, 2005).

The metasedimentary units in the RTW were deposited on top of a 1.95 Ga tonalite basement
rock and are intruded by a younger, 1.79 Ga granite. Recent radiometric age Pb-Pb dating
show that greywackes in the Tjamotis district in Sweden and from Sildvika in the RTW (fig.
1) were all derived from a Svecofennian source (Larsen et al. 2013). The Pb-signatures in
Galena from the Tjamotis district within the Snavva-Sjofalls group are of pre-Svecofennian
age (Sundblad, 1991). The Tjamotis meta-sedimentary units were likely deposited in the time
period 2.5-2.0 Ga (Billstrom et al., 1997; Martinsson, 1997). However, the Vargfors Group,

which is believed to be an equivalent to the Arvidsjaur group is also found in the Tjamotis and
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Skellefte districts, and is dominated by greywacke dated to 1.875Ga (Billstrém, 2001;
Weihed, 1996). This suggests that greywacke sequences in the Tjamotis and Skellefte districts
are part of the same greywacke belt and of similar age to the RTW greywackes, possibly

incorporated or overlain by slightly older units from the Snavva-Sj6falls Group.

Similarly, the metasedimentary and volcanic rocks in the Lycksele-Storuman district are
believed to have been deposited in a continent-margin arc-setting, confirmed by the presence
of calk-alkaline volcanic rocks (Bark & Weihed, 2007). Geochemical studies of volcanic
rocks in the RTW show that the mafic to calk-alkaline components of the volcanic rocks and
also the mafic detritals within the greywacke sequences increased in volume from west to east
and developed progressively from mafic to felsic compositions through time (Korneliussen et
al., 2013). This supports the presence of an arc system along this presumed Archean-
Paleoproterozoic boundary zone in transition from an island arc into a continental arc (e.g.

Korneliussen & Sawyer, 1989; Larsen et al., 2013).

Several Paleoproterozoic metasedimentary belts are also found in basement windows in
northern Norway. For example, the sedimentary belts in the WTBC (Bergh et al. 2010) and
the Lofoten-Vesteralen areas (e.g. Griffin et al. 1978; Corfu 2004) show similarities to the
RTW. In the WTBC the metasedimentary belts span in age from c. 2.7 Ga in the Ringvassgya
greenstone belt (Motuza, 1998), 2.4-2.2 Ga in the Vanna Group (Bergh et al. 2007) to c. 1.97
Ga in the Torsnes belt (Myhre et al. 2011). The Torsnes metasedimentary belt consists of
basal conglomerates deposited on a Neoarchean basement, and overlain by meta-psammites
and mafic metavocanic rocks with a maximum deposition age of 1970+14Ma (Myhre et al.,
2011). The metasedimentary rocks in the Mjelde-Skorevatn belt consist of volcanoclastic
deposits, mudstones/schists, meta-psammites and some marble intercalations (Armitage &
Bergh 2005), with a maximum age of 1992+ Ma (Myhre et al., 2011). These meta-
sedimentary belts are interpreted to represent different stages in the development from a
cratonic-marginal rift-basin (passive margin) in the 2.5-1.9 Ga period (Bergh et al. 2010), to
the onset, of arc development along an active margin of the Svecofennian orogeny (Bergh et
al. 2010; Myhre et al., 2011). The Senja Shear Belt of the WTBC (Zwaan 1995; Bergh et al.
2010) is potential the northernmost boundary zone between the Archean and Paleoproterozoic
domains. We tentatively suggests a link the with the Tjamotis, Lycksele-Storuman and
Skellefte districts farther south. Direct correlation of the Senja Shear Belt with the Lulea-

Jokkmokk zone is problematic as the sub-stratum for the supracrustal rocks is different in
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both areas. The basement rocks in the WTBC is largely of Archean age, whereas they are
Paleoproterozoic in the south. Margin-lateral changes from north to south, location relative to
the magmatic arc, and/or presence of Neoarchean micro-continents relative to the frontal
deformation zone, may explain the basement differences. The eastward extent of the
continent-margin boundary zone, however, is unknown, but can be inferred from comparison
with volcano-sedimentary belts of the Alta, Altenes, Repparfjord-Komagfjord, Kautokeino
and Karasjok greenstone belts in Finnmark (Fig. 3 ). All of these belts comprise
Paleoproterozoic rift- and arc-related volcanics and clastic sedimentary rocks (Bergh &
Torske 1988; Jensen 1996; Viola et al. 2008) which supports their continental-marginal basin
affinity. A direct correlation of greenstone belts in the WTBC with the Kautokeino- and
Karasjok belts farther south is difficult. They may rather, reflect sub-basin of the Kola ocean
deposited in a broad transition zone between the Archean craton to the east, and the Bothnian
basin to the west. In this perspective, the Karasjok greenstone belt may be further linked
southwards to the Kittil4 greenstone belt in central Finland (e.g. Marker, 1988; Braathen &
Davidsen, 2000), which is a molasse-type meta-sedimentary unit with clasts dated at 1.9 Ga
(Réasanen et al. 1995, Hanski et al., 2001, Lehtonen et al. 1998). Such a correlation is
supported by similarity of the clastic Caravarri formation of the Karasjok greenstone belt with
the Kumpu group (<1.88 Ga) which overlies the Kittild greenstone belt (Torske & Bergh,
2004).

This means that the metasedimentary rocks of the RTW, Tjamotis, Lycksele-Storuman and
Skellefte districts and the northern part of the Bothnian basin successions show a similar
tectonic setting and appear with volcanic and sedimentary rocks which are deposited in the
same time interval, marking a possible link between the breakup of the Archean continent and
the deposition of the sedimentary rocks prior to the development of an active Svecofennian
margin. Therefore, we tentatively link the autochthonous volcano-sedimentary belts of
Fennoscandia to successions inside tectonic windows of the north Norwegian Caledonides,
including the WTBC, the Alta, Altenes and Repparfjord-Komagfjord areas. They show a
similar development of rift-related basins followed by arc-related volcanism/magmatism and
sedimentation, deposited on basement rocks varying in age from Archean to Paleoproterozoic,

indicating a very broad and complex boundary zone.
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6.2 The onset of an active continental margin and the Svecofennian orogeny (1.88-1.79
Ga)
In the following sections we will discuss the successions from an Andean type active margin

developing into a collision and progressive structural styles across the Fennoscandian shield.

1.88-1.87 Ga active margin development and arc-volcanics

Volcano-sedimentary successions that formed during the active margin evolution (1.88-1.79
Ga) are present in the RTW as N-S striking belts (e.g. Bargel et al., 1995). These volcanic
units are consistently overlain by meta-greywacke. The composition of the volcanic rocks
changes from felsic-mafic in the west, to mafic-ultramafic in the east, suggesting a continuous
evolution from island-arc to a continental arc setting (Korneliussen & Sawyer, 1989). Similar
rocks are found further south in Sweden, in the Tjamotis district, where felsic volcanic rocks
(Table 1) from the Arvidsjaur Group (1876x3 and 1878+2Ma; Skidld et al., 1993) is overlain
by a thick greywacke sequence (Odman, 1957; Carlon, 1985). Correspondingly, in the
Skellefte district, the Arvidsjaur group consists of sub-aerial basaltic to rhyolitic volcanic
rocks formed in a mature, convergent continental margin arc (Bergstréom; 2001), whereas the
Skellefte Group (1.88Ga; Welin, 1987; Billstrom & Weihed, 1996), with MORB basaltic to
rhyolitic volcanic rocks, is interpreted to have formed in an extensional continental margin
arc, or back-arc basin setting (Karig et al, 1978; Bergstrom, 2001; Larter et al., 2003). The
overlap in radiometric ages of synchronously formed island arc and extensional margin
volcanic rocks both in the RTW, Tjamotis and Skellefte districts suggest a correlative, but

complex, tectono-magmatic history during this time period.

1.88-1.79Ga accretion and syn- post Svecofennian granites

Granitic plutons dominate the RTW and they show clear mutual cross-cutting relationships
with the Svecofennian (D) folded sedimentary units and the oblique-slip shear zones (D3 and
Dy), (Larsen et al.,, 2013). This suggest they are syn-to post-tectonic relative to the
Svecofennian deformation and likely were injected in multiple phases. These granites are
dated to 1789+6Ma (Larsen et al., 2013), and similar aged granites have been found in a wide
belt trending from southern Sweden northward to Lofoten in northern Norway (Fig.1) (e.g.
Carlon, 1984; Wilson et al., 1987; Weihed & Schonberg, 1991; Romer et al., 1992; Ahall&
Larson, 2000; Corfu et al., 2003), collectively described as the Trans-Scandinavian Igneous
Belt (TIB) (Gaal & Gorbatschev, 1987; Romer et al., 1992). The Tysfjord granite located
south of RTW has been dated at 1706+15Ma (Andresen, 1980) and 1779+19Ma (Romer et al.,
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1992), and the Ersfjord Granite in the WTBC (1.792+5 Ma) farther north, (Corfu et al., 2003).
These age variations suggest two stages of granitic intrusions in the basement west of the
Caledonides in Norway, changing from magmatic arc affinity to the younger, within plate
affinity from an eastern-dipping subduction zone (Romer et al., 1992). However, in Sweden
there is a continuous belt of similar aged granitic plutons that can be traced southwards into
Finland (Fig. 1). For example, the Lina granite series in Tjamotis is assumed to be
approximately 1.80 Ga (Carlon, 1984), the Jorn granite in Skellefte has been dated to 1.88Ga
related to a third stage of plutonism (Wilson et al., 1987; Weihed & Schénberg, 1991). This is

in accordance with the three stage granite intrusion evolution of the TIB (Gorbachev, 2004).

6.3. Svecofennian structures and structural architectures

The Svecofennian orogeny affected a large part of the Archean and Paleoproterozoic domains
of northern Fennoscandia, including the Kola, Belomarian and Karelian provinces (Gaal &
Gorbatschev, 1987; Bogdanova & Bibikova, 1993), and additionally all of the areas presented
in this paper (Table 1; RTW: Larsen et al., 2013 Karasjok: Braathen & Davidsen 2000;
Kautokeino: Henderson & Viola, 2013; WTBC: Bergh et al., 2010; Skellefte district:
Bergmann Weihed, 2001; Malehmir et al., 2007; Lycksele-Storuman: Bark, 2005). This
orogenic event produced a variety of crustal-scale structures, including fold-thrust belt
domains and networks of anastomosing, N-S and NE-SW trending ductile shear zones (e.g.
Lindh 1987; Berthelsen & Marker 1986; Nironen, 1997; Lahtinen et al. 2005, 2008; Daly et
al. 2006). Moreover, these structures localized extensive metallogenic mineralisation and ore
deposits in Sweden and Finland (e.g. Lahtinen et al., 2012).

The Svecofennian tectonic evolution of the RTW involved four stages of deformation (Larsen
et al., 2010; 2013), characterised by two initial stages of folding and thrusting (D;-D5)
localized within the metasedimentary rocks (fold-thrust belt) and two later stages of steep
ductile oblique-slip shear zone development (D3-D4; Larsen et al., 2012). D; involved the
development of detachment and isoclinal folds due to E-W shortening and the generation of
fold-thrust belt geometries. D, produced folds are more open to tight asymmetric east-verging
folds that refolded the first generation isoclinal folds. This fold-thrust belt was subsequently
segmented and cut by steep, ductile, sinistral oblique-slip shear zones that followed the N-S
trend of the metasedimentary belts, whereas a later set of dextral NE-SW trending ductile

oblique-slip shear zones obliquely truncated the fold-thrust belt structures (Larsen et al.
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2013). In conjunction, these elements together displayed the character of a major, complex
shear zone system, the RSSZ that formed as a result of continued oblique transpression and
strain partitioning during the Svecofennian orogen. Syn-tectonic granitoids have an intimate
spatial and temporal relationship to the structural elements of the RSSZ as the granites
interact with the oblique-slip shear zones by following the structure and acted as pathways for
fluids and ore deposits (see below), displaying complex mutual cross-cutting relationships
with the RSSZ (Larsen et al., 2010, 2013).

The Svecofennian structures of the RTW show many remarkable structural similarities to
Svecofennian deformed provinces elsewhere (the WTBC, Alta-Kvanangen, Altaneset,
Repparfjord, KjGB, Skellefte district and Lycksele-Storuman districts). All of these areas
display an early fold-thrust belt generation, and one (or more) later stage(s) of strike- or
oblique-slip ductile shearing (see Table 1). In the KIGB and Skellefte district fold-thrust belt
structures predominate, while in portions of the WTBC, KkGB and Sjangeli areas, the later
stages of ductile shear zones are more predominant.

The fold-thrust belts and steep ductile shear zones commonly interact to form an arcuate
structural pattern. For example, the trend of the early stage fold-thrust belt in Lycksele-
Storuman and the Skellefte district strike generally E-W and top to the south (Bergmann
Weihed, 2001; Rutland et al., 2001; Bark & Weihed, 2007; Malehmir et al., 2007), while
similar belts in the RTW, WTBC, KkGB and KjGB, all trend in an approximately N-S to
NW-SE direction (Torske, 1997; Braathen & Davidsen, 2000; Torske & Bergh, 2005; Bergh
et al., 2010; Larsen et al., 2013; Henderson & Viola, 2013) with the top to the east (Torske &
Bergh, 2005; Bergh et al., 2010; Larsen et al., 2013) or NE side up in the Skellefte district
(Braathen & Davidsen, 2000; Henderson & Viola, 2013). Another such arcuate system can be
seen within the meta-sedimentary rocks of the Bothnian basin and Arvidsjaur group in the
Skellefte district, where a thick succession thins out and disappears northwards into the RTW.
This suggests further that the WNW trending mega-scale Luleda-Jokkmokk shear zone
(Melquist et al., 1999), marking the Archean- Paleoproterozoic transition, can be followed
northwards and continues north of the RTW and south of WTBC (Fig. 3).

A common feature for all these curved domains is that the localization of the steep strike- or
oblique-slip ductile shear zones (D3-D,) on the steep fold limbs and along steepened thrusts in
the fold-thrust belt (e.g. Bergh et al., 2010; Larsen et al., 2013). D3-D4 have been interpreted

to be part of the same NE-SW directed progressive shortening event as D;-D,, with a
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dominant overall transport direction towards the NE, forming as a result of strain partitioning
on the two different sets (D;-D, and D3-D,) of structures. This resulted in more or less coeval
Svecofennian folds, thrusts, and dextral and sinistral oblique and strike-slip shear zones. In
addition, late stage Svecofennian steep dextral oblique shear zones (D) which diagonally
crosscut the N-S striking fold-thrust belt structures (Larsen et al., 2013), are also observed
along the Archean-Paleoproterozoic boundary (Luled-Jokkmokk zone). For example, in the
Lycksele-Storuman area, late steep NW to NE striking ductile transpressive shear zones
truncate earlier fold structures (Rutland et al., 2001; Bark & Weihed, 2007) thought to be syn-
to post intrusion of the Revsund granite. This is similar to the timing relationships of the
Rombak granite of the RTW (Bergmann Weihed, 2001; Rutland et al., 2001; Larsen et al.,
2013). In the WTBC late Svecofennian N-S to NE-SW trending strike-slip shear zones also
cross cut all earlier NW-SE trending folds and thrusts of the Ringvassgya greenstone belt
(Bergh et al., 2010). In the Skellefte area, similar ductile shear zones trend ENE-WSW, and
are responsible for a significant dextral component of movement between the major fold-
thrust structures of the sub-zones to the north and south (cf. Romer & Nisca, 1995). In the
KJGB the dominant fold-thrust system was cut by sub-vertical dextral NW-SE and NE-SW
striking semi-brittle faults (Braathen & Davidsen, 2000), which may be analogous to late-
stage Svecofennian structures. The Svecofennian structures of the Repparfjord-Komangfjord
and Altanes tectonic windows shows anomalous NE-SW trends relative to the N-S structural
trend in the adjacent Alta area, which may indicating a flexure and dextral displacement of the
N-S structures into NE-orientations (Pratt, 1989; Viola, 2008; Ofstad et al., 2013; Torgersen
et al., 2013; Rodinov et al., 2013).

These geometrical differences in different domains show that the Svecofennian crustal
shortening directions changed from dominantly N-S to more E-W and NE-SW with time. The
overall result of such progressive shortening and oblique/strike-slip shearing due to strain
partitioning (e.g. Skytta et al., 2006; Bergh et al. 2010), is an arcuate structural pattern, or an
orocline geometry (e.g. Johnston et al., 2013) The change and bend in orientations of the
structures and the thinning shape NW-ward of the Paleoproterozoic Bothnian basin rocks,
suggest that the pattern reflects a consistent, scale-independent structural trend compared to
the regional-scale Svecofennian orogeny, i.e. producing an overall secondary oroclinal
geometry (Fig. 11), which is an extra-orogen or a curvature developed in relation to orogen

parallel stress applied to a pre-existing orogen (Johnston et al., 2013).
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Such a geometric model is also supported from the structural study in the WTBC, where the
shortening axis switched from an orthogonal NE-SW translation to a more oblique NW-SE
trend, becoming a more transpressional geometry with time. (Bergh et al., 2010). In the
Skellefte district, early N-S crustal shortening changed to a more E-W direction during the

orogeny (Bergmann Weihed, 2001).

The understanding of the similarities and differences across and laterally in the orogen
provides the key to understand the large scale architecture. The correlation of provinces
across a wide region of Fennoscandia is important because it could provide a better
understanding of the regional versus local strain fields and, notably, wide implications for ore

exploration.

6.4. Correlation of ore deposits and genesis

From the discussion of Paleoproterozoic volcano-sedimentary and magmatic history and the
subsequent Svecofennian tectono-metamorphic evolution, we now address more specifically
the tectonic setting and potential linkage of ore deposits in northern Fennoscandia, based on
data from the RTW (Larsen et al. 2012, 2013). We have argued for a three-stage
Paleoproterozoic evolution (Fig. 12) involving break-up of the Archean craton margin (2.5-
2.0 Ga, i.e. Kola ocean) followed by intra-oceanic and continental-margin like arc
accretion/subduction, and finally, closure of the marginal ocean leading to the Svecofennian
accretion and continent-continent collision (e.g. Gaal & Gorbatschev 1987; Pharaoh &
Brewer 1990; Larsen et al. 2013).

In this tectonic scenario, the sulphide mineralisation within the RTW can be considered as
both pre- and syn orogenic (Larsen et al. 2013), i.e. they formed as syn-sedimentary SEDEX
deposits (Flood, 1984; Flood, 1985; Coller, 2004) in a volcano-sedimentary basin (1.90-1.88
Ga) that subsequently became remobilized and redistributed in the Svecofennian structures
(1.80 Ga). Notably, orogenic gold was found both within regional shear zones in meta-
supracrustal rocks of the RTW and along the RSSZ in the form of metasomatic sulphides
related to the syn orogenic mafic intrusions. Similar syn-orogenic sulphide and gold
mineralisation that formed within accretionary or metamorphic belts and suffered overprinting
and remobilisation by convergent tectonism were described by Goldfarb et al. (2001) and
Groves et al. (2003).

34



A number of volcano-sedimentary hosted greywacke-hosted deposits (2.5-1.88 Ga), with
large amounts of gold, are present throughout Fennoscandia (Sundblad & Ihlen 1995;
Lahtinen et al., 2012; Eilu, 2012), and many of these deposits resemble those of the RTW
(Larsen et al., 2013). In particular, the ore deposits of the Lycksele-Storuman and Skellefte

districts appear to have a similar genesis (Bark & Weihed, 2007).

In the RTW the sedimentary units were deposited on a tonalitic basement complex in an
extensional regime as is also the case in the Skellefte district (Korneliussen & Sawyer, 1986).
In both areas the sedimentary rocks are thought to have been deposited in an Andean type
margin and island arc system (Korneliussen & Sawyer, 1989; Sawyer & Korneliussen, 1989;
Allen et al., 1996). The sedimentary strata of the RTW, Tjamotis and Lycksele-Storuman
districts all consist of volcanoclastic turbeditic sediments (Odman, 1957; Sawyer &
Korneliussen, 1989; Bark, 2005) which most likely were derived from adjacent volcanic
activity that included both mafic to ultramafic and felsic rocks (Sawyer & Korneliussen,
1989). One such source area may have been the Sjangeli region just to the east in the RTW,
consisting of mafic to ultramafic volcanic and intrusive rocks (Romer, 1988) indicating
genesis in an early-stage of intra-oceanic subduction (Romer, 1988; Korneliussen & Sawyer,
1989) (Fig. 12). Syn-genetic and bedding parallel Zn-Pb sulphide mineralisation in the
greywacke successions of the RTW (Larsen et al.,, 2012) and Cu- mineralisation in the
Sjangeli area, support this interpretation. Provenance studies using Pb-Pb isotope data from
the Tjamotis area show that the lead minerals in the SEDEX deposit were derived from a
Paleoproterozoic source (e.g. Sundblad, 1991). In the RTW the Pb-isotopes are mantle-
sourced and therefore more radiogenic in the east and less radiogenic (indicating a continental
source) in the west, (Larsen et al., 2013). This variation may be explained by the distance
from the source, a different stratigraphic level (early or later in the sedimentation), or mixed
erosion products from volcanic arc (more radiogenic) and continental rocks (less radiogenic).
The change from a dominant mafic and ultramafic lithology in the east to more felsic and
mafic volcanic rocks and intrusives in the west is probably a result of gradually evolving of
the magma suite (Korneliussen & Sawyer 1989). This implies that the geotectonic setting
transformed from an intra-oceanic subduction setting, which was highly Pb-radiogenic, to an
ocean-continent subduction setting with a lower Pb-radiogenic signature and was followed by
accretion and continent-continent collision and/or, accretion of microcontinents (Fig. 12).

During the later collisional stages the greywacke sediments were folded and accreted on to the
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island arc or the continent margin and a giant system of convergent and transpressive ductile
shear zones as part of the Svecofennian orogen within the Fennoscandian shield (fig. 3).

The Svecofennian shear zone network may have provided a frame for later hydrothermal
remobilisation of sedimentary-hosted ore deposits. This is confirmed by the numerous
occurrences of syn-tectonic ore deposits within major shear zones such as the Jokkmokk zone
and the RSSZ within the Archean and Paleoproterozoic domains. Similarly, gold
mineralisation in the Hame belt in southern Finland can be linked to late-Svecofennian dextral
oblique ductile shear zones (Saalmann et al., 2009), similar to those of the RTW. In addition
to remobilisation of the SEDEX sulphides, the Svecofennian shear zones also give more
opportunities for new mineralisation (Larsen et al. 2012; Groves et al. 2003). For example, in
the Gautelis area of the RTW (Fig. 3), syn-orogenic and shear zone-parallel mafic dykes cut
thick marble layers and contain As-Au rich metasomatic deposit distributed along the
intrusive contacts which were then modified and mixed with what was interpreted as orogenic
gold. In Haugfjellet (Fig. 3), similar oblique-slip shear-zones are enriched with As-Au-Pb-Zn-
Bi-W, while syn- and post- orogen quartz veins are enriched with Au-Cu.

Although the source of the pre-Svecofennian gold deposits can be varied, the source of most
syn-genetic orogenic gold deposits are commonly believed to be from granitic plutons (e.g.
Groves et al, 2003) Presumed arc-related Svecofennian plutons, including the
Transscandinavian igneous belt, where most of the intrusions are believed to be of a similar
age and syn-to late-orogenic (e.g. Kathol et al., 2011), they may be regarded as an important

source for gold mineralisation in the larger system.

In summary, the overall geometry of the Svecofennian orogeny (1.92-1.79 Ga) is that of an
orocline (Carey, 1955; Johnston et al., 2013), formed through a succession of tectono-
magmatic events that are remarkably similar in all scales and all parts of northern
Fennoscandia. This also includes basement tectonic windows (inliers) of the Caledonides of
Norway and Sweden, and in autochthonous positions east of the Caledonides in Finland and
Russia (Fig. 1, 2.) (e.g. Gaal & Gorbatschev, 1987; Nironen, 1997; Beunk & Page, 2001;
Weihed, et al., 2005; Cagnard et al., 2007). All of these Svecofennian deformed provinces
share many features in common with respect to occurrence of ore deposits and ore genesis
(e.g. Lahtinen et al., 2011). One main implication of the orocline model with respect to ore
genesis discussed in this paper, is that it may explain both the irregular distribution,
occurrence and variety of ore deposit-types, i.e. volcano-sedimentary hosted deposits versus

numerous syn-and post orogenic (tectonically remobilized) ore deposits. The irregularity of
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the Archean-Paleoproterozoic boundary zone and the wide extent of the presumed Kola
Ocean assemblages, may have caused different strain fields across the shield from west to east
and furthermore may have caused changing physical conditions for pressure and fluid
flow/remobilisation of ore deposits. This is essential knowledge in the process of understand
an ore deposit. With this tectonic model in mind, we conclude that mineral deposits within the
Svecofennian orogeny have been formed during several processes and therefore may show
complex structural and geochemical patterns. However, by understanding the tectonic history
and understand of how the Svecofennian deformation can remobilize and overprint other

deposits, we may be able to predict undiscovered valuable deposits in the future.

6.5 Summary

The RTW is an important transition between the Paleoproterozoic rocks to the west of the
Caledonides in Norway and the similar rocks in Sweden Finland and Russia. Excellent
exposure provide good data for correlation and regional interpretation. The RTW show many
similarities in the development of the rocks from the Archean break-up of the continent to the
Paleoproterozoic basin infill and the development of the active margin to the Svecofennian
orogeny. The RTW can be correlated by the rocks, metamorphic conditions, a poly-stage
structural development and complex evolution of mineral deposits, both to the inliers and
outliers in the NW and to Sweden and Finland to the east. Such correlation lead to an large
scale tectonic model developing in several stages ending in the Svecofennian orogeny (Fig.
12).

The breakup, of the Archean rocks lead to a rifted continental margin during the
Paleoproterozoic. The margin was separated into multiple microcontinents with several basin,
that gradually was filled with sediments. These basins and micro continents show strong
correlations across the Fennoscandian shield and can be found in Finland, Sweden and in
inliers/outliers in the Caledonian rocks of Norway as Paleoproterozoic metasedimentary belts
alternating with belts of Archean rocks (Koistinen et al., 2001) The margin of the Archean
rocks is therefore transitional and are found as the Lulea-Jokkmokk zone bending northwards
from Lulea in Sweden into the north of the RTW and across the WTBC (Fig 3). The RTW is
thus part of the Bothnian basin and located close to the final margin of the Archean
continents. The margin changed to an active continental margin during the Paleoproterozoic
which produced mafic to ultramafic melts and which also can be found as eroded greywacke

sediments in the basins especially with similarities between RTW and Lycksele-Storuman
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region in the southern part of the Skellefte district. During the ongoing progressive accretion
the melts changed gradually into more continental mafic to felsic melts and became the
Svecofennian orogeny. This orogeny accreted all the basins and microcontinents into one
large system of domains of greenchistfacies ductile fold-thrust belts and oblique/strike-slip,
steep, ductile shear zones produced as an anastomosing pattern in a W-NW-N-NE direction in
Finland, Sweden, Norway and Russia developed by transpression from the N-S and NE-SW
(Fig. 1). This structural history and pattern from these areas together with the geometry of the
Bothnian basin suggest that the orogeny is an orocline resulting from N-S contraction
changing into a NE-SW to E-W contraction (Fig. 11). The mineral deposits located within the
Fennoscandian shield is very complex and are commonly a results of reactivation and
remobilisation. However, the mineral deposits are strongly connected to the structures of the
Svecofennian orogeny which have acted as carriers of juvenile fluids regardless if the source
is from pre-existing deposits or from mantle derivate melts releasing fluids. These large scale
structures do show evidence for a large tectonic system of orogenic gold. Further
understanding of the geological evolution will help us to predict possible future deposits and

is therefore essential.

7.0) Conclusions

- Archean and Paleoproterozoic basement rocks make up the autochthonous
Fennoscandian Shield of northern Russia, Finland and Sweden, and also occur as
inliers and outliers beneath and west of the Scandinavian Caledonides. Basement
rocks of the Rombak Tectonic Window in northern Sweden and elsewhere in Norway
provides the basis for comparison and correlation of provinces with respect to internal
stratigraphy, composition, age, structural relationship, and mineralisation potential.
The reviewed provinces include the RTW, WTBC, Alta-Kvanangen, Altenes,
Komagfjord-Repparfjord, Kautokeino, Karasjok in northern Norway, and Tjamotis,
Lycksele-Storuman and Skellefte district in Sweden.

- All the reviewed provinces show evidence of the same break-up activity in the
Archean (2.5-1.9 Ga) that formed micro continents and Paleoproterozoic basins, island
arc-related volcano-sedimentary deposits, and the Svecofennian continent-continent

collision (1.92-1.79 Ga) producing fold-thrust belts and regional ductile shear zones.
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The main Archean and Paleoproterozoic boundary is outlined by the Lulea-Jokkmokk
zone that can be traced northwards to the RSSZ of the RTW and the Senja shear belt
west of the Caledonides. Similar Svecofennian shear zone networks are also present

farther east.

The Svecofennian orogenic belt in northern Sweden, Finland and Norway, is overall
characterised by early-formed fold-thrust belt structures segmented by later steep
strike-slip and/or oblique-slip ductile shear zones. These belts and shear zones have a
general NW-SE trend, but curve into N-S trending late-Svecofennian shear zones

making a zigzag pattern that resembles an overall orocline geometry.

The tectonic processes leading to the Svecofennian orocline and juxtaposition of pre-
orogenic components, e.g. rifted basement gneisses, volcano-sedimentary belts and
intrusive and magmatic components, were likely responsible for remobilisation of
several ore deposits. By comparing different domains and correlating with respect to
tectono-magmatic evolution in the northern Fennoscandian Shield, we may be able to
better understand the processes of ore genesis and tectonic remobilisation, as well as

to locate regions with a higher potential for economically valuable ore bodies.

The RTW, WTBC, Tjamotis and the Lycksele-Storuman regions marks the transition
from an Archean basement for Paleoproterozoic metasedimentary rocks deposited in
intracontinental extensional basins to the N, to Paleoproterozoic basement rocks
deposited on an extensional margin in the RTW and Skellefte district in an 1.95-

1.88Ga extensional continental margin.

The similar ages of island arc and extensional basins suggest a complex but similar
tectonic history of the RTW, Tjamotis and the Skellefte district during 1.88-1.87 Ga.
Extensional back arc basins explain the complexity of the rocks simultaneously with
evidence from island arc environment and MORB.

The metasedimentary rocks of the RTW, the Tjamotis area and the northern part of the
Bothnian basin show a similar tectonic setting and reflect the volcanic rocks which are
deposited in the same time interval and is the boundary zone between the fragmented
Archean continent margin and the Paleoproterozoic passive margin deposition of
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sedimentary rocks turning into an Andean type island arc margin. The meta-
sedimentary belts from the WTBC and from the Finnmark area show development of
similar basins but differ in the way that they occur as intracontinental basins within the
Archean continent and the metasedimentary rocks are deposited on Archean basement

rocks.

The similarity of the meta-volcanic rocks in the RTW, Tjamotis and the Lycksele-
Storuman areas and their mutually tectonic history, with continuous development from
an extensional regime to subduction, island arc, continental arc and finally the

compressional regime, suggests that they are part of the same Norrbotten craton.

The granites within the RTW and Northern Sweden are part of the Transscandinavian
belt (TIB) forming during 1.88-1.79Ga (TIB1) which is the same aged granite found in

the Lycksele-Storuman area.

We demonstrate that there are remarkably similar regional structural evolution and
trends within the geographically widely separate domains that constitutes the
Svecofennian orogeny. Early Svecofennian structural evolution consists of an earlier
stage of fold-thrust belt development segmented and attenuated by later events of
mainly steep sinistral oblique- and strike-slip shear zones being cut by steep dextral
oblique- and strike-slip shear zones, identical to those documented in detail from the
RTW.

Due to the bending of the E-W striking shear zones in Sweden into N-S trending shear
zones in Norway, the disappearance and thinning of the Svecofennian rocks from
Sweden into RTW and the late dextral NE-SW shear zones cutting the structures, we
suggest that the late Svecofennian orogen was transformed into a secondary orocline
as a late event of the orogenic development caused by a possible change of plate flow
direction of the North-American or the Baltic shield.

Based on the complex metallogenic history from the RTW (Angvik et al. included
manuscript 11l), we suggest a three stage tectono-metallogenic model for the
Svecofennian orogeny with already known mineralisation classified in terms of

tectonic context (Fig. 12)
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= Intra-continental extension with development of tonalitic complex, deposition
of conglomerate, sandstone, shale and marble and possible the BIF located
within the WTBC.

= Intra-oceanic subduction with ultramafic and mafic volcanic rocks developing
in an island arc system. Deposition of turbeditic greywacke sediments with
syn-sedimentary SEDEX deposits and possible VMS-deposits at Sjangeli and
possible Kiruna

= Continent-continent collision or accretion on to the continent with developing
regional shear zones opening for fluid migration and orogenic gold in the
Lycksele-Storuman region, RTW and possibly the Finnmark region. Orogen
related intrusion of mafic and felsic intrusives may have produced the

metasomatic Au deposit in the RTW
- An implication of the secondary orocline model may be that the western part of the

Svecofennian orogen differs in strain and stress to the east part and therefore also may

show a more complex metallogenic history with more remobilisation in the west.
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Fig. 1. An overview over the Fennoscandian shield with the main depositional and structural domains with the

locations discussed in this article. (modified from Koistinen et al., 2001; Bergh et al., 2014).
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Fig. 2. The Fennoscandian shield with the locations of the most significant mines and mining camps of their
time. (Modified from Koistinen et al., 2001; Eilu, 2012 and Bergh et al., 2014).
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Palaeoproterozoic volcanic belts

|:| Palaeoproterozoic mafic and felsic igneous and Svecofennian deformation belts
E Archaean-Palaeoproterozoic metasupracrustal belts

|:| Archaean crust, undifferentiated

~——" Ductile shear zone (undifferentiated)

~&~ Ductile thrust

Lulea-Jokkmokk Zone (LBZ)

Fig. 3. An overview of the Northern part of the Fennoscandian shield with focus on the metasedimentary belts

and the structural pattern from the Svecofennian orogeny. Note the Archaean-Paleoproterozoic boundary, the
Lule&-Jokkmokk zone, is extended into Norway. (Modified from Bergh et al., 2012).
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:l Caledonian nappe rocks

:| Gabbro, diorite, anorthosite, ultramafic rock and metamorphic equivalents (c. 1.90-1.70 Ga)
:l Granite, granodiorite, syenite, monzonite and metamorphic equivalents (c. 1.95-1.70 Ga)
:I Mafic metavolcanic rock, banded silicate-carbonate rock, serpentinite (c. 1.90 Ga)

- Quartzite, metagreywacke, mica schist, minor mafic metavolcanic rock (c. 2.00 Ga)

—A—4— Caledonian thrust

-~ - Palaeoproterozoic shearzone structures
% Documented sulphide deposits
O Localities in the RTW

Fig. 4. An geological map over Rombak Tectonic Window (RTW) with the Kuokkel window on the top right
side. Note that the Rombaken-Skjomen Shear Zone (RSSZ) can be traced into Sweden (modified from Larsen et
al., 2013).
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Fig. 5. Radiometric and electromagnetic maps over the RTW. The Radiometric map shows many of the N-S
lines of the RSSZ. The shear zone can be traced across the border into Sweden. On the electromagnetic map a
5km displacement of the late dextral shear zone can be seen by the displacement of the anomaly from graphitic
schist in Norddalen (Modified from Rodinov et al., 2012).
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Il SEDEX deposit Marble
I Skarn deposit 44 Mafic intrusions
1 Orogen type deposit Granite intrusions

Fig. 6. The metallogenic evolution of the RTW in relation to the development of an active margin until accretion
an orogeny. The SEDEX deposit are formed syn-sedimentary but close to an active margin. The metasomatic
skarn deposit are formed syn-orogen in relation to shear zone parallel mafic intrusions cutting marble. The
orogenic gold are deposited from fluids circulating along regional shear zone extending on kilometer scale syn

depositional to the granite intrusions. (Modified from Larsen et al., 2012).
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Fig. 7. The structural model of the West Troms Basement Complex (WTBC). The model shows the stages of
early thrusting and folding being cut by later steep strike-slip structures limb parallel to the folds. Modified from

Bergh et al. 2010.
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Granite, granodiorite, syenite, ' N
monzonite and metamorphic o y
equivalents (c. 2.20-1.70 Ga)

Mafic metavolcanic rock,
banded silicate-carbonate
rock, serpentinite (c. 2.30 Ga)

Quartzite, metagreywacke,

mica schist, minor mafic
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——— Fault
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tectonic window
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Fig. 8. Geological map over Alta-Kvanangen, Altaneset and Repparfjord Tectonic Window that shows how the
bedrock are changing from a N-S direction in Alta-Kvanangen to more NE-SW in Repparfjord. Structures are
only documented from the southern windows and drawn on to the map. Modified from Gautier, 1975 and,
Koistinen et al., 2001)
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Fig. 9. A geological and structural map of the Karasjok area that shows the N-S striking fold-thrust belt parallel
to the greenstone belt. Modified from Braathen and Davidsen (2000).
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Legend
Granittoids (c. 1.91-1.87 Ga) —4—= Thrusts

[ Granitoids (c. 1.86-1.75 Ga ) E;l;lrtn c;rhg:cﬂz ;:;i%rergation zone,

- Granodiorite, tonalite, granite, monzonite, syenite
and gabbro (c. 1.96-1.88 Ga) [ | caledonian rocks

Felsic to mafic metavolcanic rocks (c. 1.95-1.86 Ga)

- Metagreywacke, metasiltstone, metasandstone,
mica schist, graphite- and/or sulphide-bearing
schist, paragneiss, amphibolite intercalations
(c. 1.95-1.87 Ga)

Fig. 10. A geological and structural map over the Skellefte district that shows the E-W striking thrusts (or faults)
and the NE-SW striking shear zones (or faults). Modified from Koistinen et al., 2001 and Bark, 2005).

73



A Svecofennian orogen B Late Svecofennian orogen

a

Fig. 11: A tectonic model over the Fennoscandian shield where the early stages of the orogen was dominated by
N-S movement and the late stage of orogeny was dominated by a shift of movement to NE-SW collision which

caused the western part to med northwards and developed a secondary orocline model.
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~1.95Ga Mid-ocean ringe

.
Skellefte district

~1.85Ga Ocean plate subduction
Back-arc basin
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Tjamotis

Kiruna

~1.79Ga Accretion

q Sjangeli Kiruna

Sediments

E Astenosphere
- Lithosphere
- Oceanic crust

|:| Continental crust

Felsic/mafic vulcanics and intrusives

- Mafic/ultramafic vulcanics and intrusives
[ ]

Localities in Fennoscandia

Fig. 12. A schematic regional tectono-metallogenetic model over the RTW as an case showing how the different
rocks with adjacent sulphide deposits have developed during time and through the progress of the accretion and
orogeny. The model is believed to be on a line at the margin and across the Svecofennian orogeny The model
also include well known deposits surrounding the RTW. Modified from Larsen et al., 2013.
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Table 1. Gives an overview for comparison of the different areas mentioned in the paper.

Rocks Structures Metamorphism Metallogeny
Rombaken Greywacke, graphitic schist, D1) E-W folding Amphibolite facies SEDEX (Zn-Pb), Metasomatic
Tectonic quartzite, quartzittic conglomerate D2) E-W top-to-the-east folding and thrusting with greenschist (As, Cu, Fe, Au), Orogenic
Window and tuff on top of a Tonalittic D3) N-S striking sinistral strike-slip shearing retrogradation along gold
basement. Intruded by granite D4) NE-SW striking dextral strike-slip shearing the regional shear
plutons and mafic dykes. Zones
Sjangeli and Greywacke, meta-tuff, biotite- and | N-S and NE-SW striking and steep dipping mylonite | Upper greenschist Syn orogenic uranitite
Kopparasen graphitic schist, breccia, quartzite zones. | Sjangeli also post granite but pre-Caledonian | facies to lower Syn genetic bornite,
and conglomerate, basic and mylonitic shear zones in with a ENE-WSW strike. amphibolite facies chalcopyrite and chalcocite
ultrabasic rocks. Deposited on with some magnetite, pyrite,
Archaean basement. Intruded by pyrrhotite, galena, sphalerite,
Svecofennian granites gersdoffite, arsenopyrite and
molybdenite in veins and
along beds.
West Troms Neoarchaean TTG-gneisses of D1) Main mylonitic foliation in meta-sedimentary Amphibolite facies Sulphides and gold deposits
Basement tonalite, trondhjemite and granitic rocks, initially flat-lying. with greenschist seem to have been remobilized
Complex * compositions with some tight to isoclinal intrafolial folds with NW-SE trend retrogradation along | and enriched along the
intercalations of metasedimentary and moderately plunging folds, NE-directed ductile the regional shear youngest Svecofennian-aged,
units intruded of a major mafic shear zones (thrusts) with a dip-slip stretching zones and low-angle thrusts and steep
dyke swarm. The rocks are overlain | lineation. metasedimentary strike-slip shear zones of the
by Paleoproterozoic volcanic and D2) Regional NW-SE trending open to tight upright units in the NE. area.
sedimentary rocks, intruded by folding of the mylonitic foliation; flat hinges and
large felsic/granitic and locally, steep limbs.
mafic plutons. D3) Regional and meso-scale steeply N-plunging
sinistral folds and conjugate NNW-SSE and NW-SE
striking, steep ductile shear zones (strike-slip) in the
Senja Shear Belt, Mjelde-Skorelvvatn belt and
Ringvassgya greenstone belt.
D4) NE-SW trending upright folds of the Vanna
group and SE-directed thrust (in Skipsfjord nappe),
steep NE-SW and ESE-WNW striking semi-ductile
strike-slip shear zones.
Mauken Basalts, amphibolites, schist and NW-striking ductile steep strike-slip shear zone Greenschist to lower | Shear zone related gold
Tectonic meta-sandstone. Intruded by amphibolite facies
Window granodiorites




Komagfjord- Raipas Group: low-grade tholeiitic | D1) regional E/ENE-W/WSW trending upright and Lower greenschist Volcanic and sediment hosted
Repparfjord, volcanics, carbonates/dolomites and | open to tight folds. facies during the copper Cu-Au deposits with
Alta- clastic sedimentary rocks. The D2) SW-NE trending, upright to inclined, tight to Caledonian Orogeny | epigenetic and syngenetic
Kvanangen lower Raipas group consist of isoclinal folds with a moderate plunge and axial origin
and Altneset Kvenvik and Storviknes plane dipping to the NW.
tectonic Formations. D3) Open folds trending SSW-NNE and plunge
windows* Brattholmen Group: volcano- moderately to NE. Large NE-SW striking strike-slip

sedimentary rocks with calk- shear zones with a dextral shear sense.

alkaline composition_ D4) Caledonian structures

Sagelv Group: clastic

conglomerates, shales and

carbonates

Holmvatn- Saltvatn, Nussir and

Porsa Group: metavolcanic and

metasedimentary rocks.

Consisting of Ulveryggen, Djupelv

and Stangvatn Formations
Karasjok Meta-basalts, meta-sedimentary East dipping tectonic wedge of several fold and thrust | Amphibolite facies. Placer gold, komatite

greenstone belt

rocks, komatites and gneisses with
intrusion of meta-gabbros. The
Gneiss complex is thought to be the
basement of the Greenstone belt.

events.

D1) East dipping thrusts caused by E-W contraction
D2) NNE dipping thrusting and folding plunging to
the east. NNE-SSW shortening

D3) N-S striking folding. E-W shortening

D4) NE-SW dextral post-orogenic brittle faulting
related to a shield strike-slip event

Granulite facies in
Archean
metasedimentary
basement rocks.

associated BIF in the volcano-
sedimentary rocks and Ni-Cu-
PGE deposits in ultramafic
and mafic intrusions.

The
Kautokeino
greenstone
belt*

Caravarri Formation,
Bickkacdkka Formation and
Caskejas Formations:
Metavulcanic tholeiitic to
komatiitic rocks and
metasedimentary rocks intruded by
quartz mononitic to granitic
intrusives and Svecofennian
granitoids in Finland.
Raisadno Gneiss Complex:
Archaean basement gneiss

D1) top-to-east and -to-the-west orthogonal thrusting
and folding

D2) ductile sinistral NNW trending strike-slip
shearing

Upper greenschist to
lower amphibolite
facies

Orogenic gold with atypical
metal associations




Tjamotis

Snavva-Sjofalls Group: meta-

D1) Isoclinal parasitic folds, with flat lying fold axes

Amphibolitefacies

Skarn (Mo-W), skarn (As-Zn)

district* arkoses, quartzite, siltstone, and steep east dipping axial plane. These are
mudstone, micaschist and interpreted to be related to large overturned syn- and
greywacke Intruded by granite anti forms dominating the area.
plutons (1.8 Ga Lina granite) D2) Folding around steep NE-SW trending axes and
Arvidsjaur Group: basaltic to an event of
rhyolitic volcanoclastic rocks and D3) Open folding or doming related to the granite
sandstones. equivalent to the intrusions
Vargfors Group found in the D4) Steep NNE striking faults or shear zones.
Skellefte district
Skellefte Vargfors group: 1.875Ga, D1) Foliation sub parallel to bedding Greenschist to lower | Gold rich VMS, Porphyry
district shallow-water meta-sedimentary, D2) NE to NW striking upright tight to isoclinal folds | amphibolite facies copper, Orogenic gold
greywacke and volcanic rocks with | and WNW-ESE striking thrust faults dipping to the
a MORB tholeiitic composition north, with associated hanging wall anticline
Intruded by several generations of structures
granite plutons; the 1.89-1.88 Ga D3) N-NE striking open folds and N-S strike-slip
Jorn granite, 1.88 Ga Siktrask shear zones
granite and the 1.81-1.77Ga
Revsund Granite
Skellefte group: subagqueous
volcanic rocks.
Bothnian Greywacke, graphitic schist and D1) NNE-SSW striking main foliation and steep Amphibolite facies to | Orogenic gold

Basin (northern
most part)*

mudstone

Intruded by I-type granite (1.95-
1.85Ga), S-type granite (1.82-
1.80Ga) and alkali-calcic granite
(1.81-1.77)

dipping axial plane to subhorisonal isoclinal folds.
D2) E-W striking ductile, top to the S thrusts are
similar to the structures on the boundary to Skellefte
district

D3) Steep NW to NE striking ductile shear zones
with a transpressive oblique reverse and dextral shear
sense.

locally granulite
facies

*These deformation stages have not been categorized into D1, D2.....etc. from the original literature, but have in this table been interpreted into such categories.
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