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Abstract
In this project, two key study areas in the northwestern Fennoscandian Shield are under investigation. The “Western supracrustal 
belt” and “Central Kiruna area” are both located along lithotectonically comparable Rhyacian-Orosirian metasupracrustal belts 
and both areas are characterized by iron oxide-apatite (IOA) and iron oxide-copper-gold (IOCG)-style mineralizations and 
related hydrothermal alterations. The area is in general well studied but the structural evolution remains unresolved. In order 
to build a structural framework for the Kiruna area, the number of deformation events, kinematics, geometries, mineralogy 
and interrelationships of the dominant structures are under focus in this study. The paired structural-alteration configuration 
is targeted in order to constrain the relative timing of dominant structures and mineral alteration parageneses in order to use 
these systems as structural vectors of mineralized systems. Furthermore, the Orosirian stratigraphy is re-evaluated in order 
to constrain the pre-compressional geological history of the study areas. This is important as it controls the character of the 
structural development during subsequent compression forming the sub-surface architecture as we see today.

The Orosirian stratigraphy suggests the development of a syn-extensional basin in Kiruna where iron oxide-apatite deposits 
were emplaced. This basin was subsequently inverted accompanied by shearing, folding, and faulting during D1 and D2, refolded 
during D3, and further fractured during D4. The shortening directions inferred during the deformation events suggest a clockwise 
rotation of the stress field from NE-SW (D1) to E-W (D2) and finally NNW-SSE (D3). Regional scapolite ± albite alteration is 
interpreted to be coeval with regional amphibole + magnetite alteration during D1. Mineral alteration parageneses linked to D2 is 
more potassic in character and often structurally controlled by shear zones. As a regional generalization, the potassic dominated 
D2-alteration is characterized by sericite ± epidote ± biotite ± chlorite ± magnetite ± sulphide ± K-feldspar. Fe- and Cu-sulphides 
are concentrated into brittle D2-structures suggesting that a IOCG-style of mineralization can be linked to the potassic D2 event. 
This implies that iron oxide-apatite emplacement can be linked to the basin development phase, whereas epigenetic Fe- and 
Cu-sulphides are linked to the basin inversion-phase of the geological evolution, and hence, separated in time and probably not 
directly genetically linked in Kiruna.



8

List of publications (included in this thesis)

I. Andersson J.B.H., Bauer T.E., and Lynch, E.P, (to be submitted to Solid Earth). Evolution of structures and hydrothermal 
alteration in a Palaeoproterozoic metasupracrustal belt: Constraining paired deformation-fluid flow events in a Fe and 
Cu-Au prospective terrain in northern Sweden. Manuscript 1.

II. Andersson J.B.H., Bauer T.E, Martinsson, O., and Klemo, L., (to be submitted to Economic Geology). Structural 
evolution of the central Kiruna area, Sweden. Manuscript 2.

Additional publications (not part of this thesis)

Bauer, T.E., Andersson, J.B.H., Sarlus, Z., Lund, C., and Kearney, T., 2018. Structural controls on the setting, shape, and 
hydrothermal alteration of the Malmberget iron oxide-apatite deposit, Northern Sweden. Econ. Geol., 113, pp. 377-395.

Martinsson, O., Lund, C., Andersson, J.B.H., and Debras, C., 2013. Character and origin of the host rock to the Malmberget 
apatite iron ore, northern Sweden. In Lund, C. (Ed.): Mineralogical, chemical and textural characterization of the Malmberget 
iron ore deposit for a geometallurgical model. PhD thesis, Luleå University of Technology, Luleå, (Paper 1 (16p).

Sarlus, Z., Andersson, U.B., Bauer, T.E., Martinsson, O., Wanhainen, C., Nordin, R., and Andersson, J.B.H., 2017. Timing 
of plutonism in the Gällivare area: Implications for Proterozoic crustal development in the northern Norrbotten ore district, 
northern Sweden. Geol. Mag., pp. 1-26.

Sarlus, Z., Martinsson, O., Bauer, T.E., Wanhainen, C., Andersson, J.B.H., and Nordin, R., 2018. Character and tectonic setting 
of plutonic rocks of the Gällivare area, northern Sweden. GFF, pp. 1-20.

Sarlus, Z., Andersson, U.B., Martinsson, O., Bauer, T.E., Wanhainen, C., Andersson, J.B.H., and Whitehouse, M.J., 2018. The 
Malmberget iron oxide-apatite deposit, Sweden: constraints from geochronology and geochemistry of host rocks. In Sarlus, Z. 
(Ed.): Timing and origin of igneous rocks in the Gällivare area, northern Sweden. PhD thesis, Luleå University of Technology, 
Luleå, (Paper 3 (27p).

Additional abstracts in conference proceedings (not part of this thesis)

Andersson, J.B.H., Bauer, T.E., Sarlus, Z., Maher, Z., and Brethes, A., 2017. Digital mapping in extreme and remote 
environments. Proceedings of the EGU general assembly, Vienna.

Andersson, J.B.H., Bauer, T.E., Martinsson, O., and Wanhainen C., 2017. The tectonic overprint on the Per Geijer iron ores in 
Kiruna, northern Sweden. Abstract volume, SGA biennial meeting 2017, Quebec, pp. 903-906.

Bauer, T.E., Sarlus, Z., Nordin, R., and Andersson, J.B.H., 2014. The three dimensional crustal architecture of the Aitik Cu-Au-
Ag-(Mo)-deposit and the Malmberget Fe-deposit. Proceedings of the Artic conference days, Tromsö.

Bauer, T.E., Sarlus, Z., Andersson, J.B.H., and Kearney, T., 2015. Structural controls on the formation and transposition of the 
Malmberget apatite iron ore deposit. Proceedings of the EGU general assembly, Vienna.

Bauer, T.E., Sarlus, Z., and Andersson, J.B.H., 2016. Poly-phase structural controls on ore deposits in northern Sweden. 
Proceedings of the Nordic Geological Winter Meeting, Helsinki.



9

Author’s contribution

I I did all the planning of field work and mapping of the key areas included in Manuscript 1, except for the key areas 
Fjällåsen-Allavaara and Tjårrojåkka that were covered by my co-authors T.E. Bauer and E.P. Lynch. The Ekströmsberg 
key area was mapped by me and T.E. Bauer together. The western part of the Kaitum West key area was mapped 
jointly by all authors of the manuscript. I performed all structural analyses, except for the areas Fjällåsen-Allavaara and 
Tjårrojåkka key areas, which was done by T.E. Bauer. I did all the microstructural and kinematic interpretations included 
in Manuscript 1. Most of the writing was done by me with much help from my co-authors.

II I did all the planning of the field campaigns and performed all the geological observations in Manuscript 2. All mapping 
and sampling, structural analyses as well microstructural kinematic interpretations was done by me. Writing was done 
independently by me with reviews by T.E. Bauer, and O. Martinsson.



10

1 Introduction

The northern Norrbotten ore province is located in the northern 
Fennoscandian Shield and is one of Europe´s most productive 
mining areas for iron and copper. Despite of its long tradition 
of mining, the area is considered underexplored and the last 
time a “green field” discovery led to an operating mine was 
during the 1980s, more than 30 years ago.

In northern Norrbotten, Paleoproterozoic north-
northwest- to north-northeast-trending volcanic-sedimentary 
metasupracrustal belts are significant host rocks to 
mineralizations. They represent key exploration targets for a 
wide variety of base and precious metal deposits (e. g. Carlon 
2000, Martinsson 2004, Martinsson et al. 2016). For example, 
syn-orogenic sequences deposited between c. 1.89-1.86 Ga 
represent a key unit that locally hosts economic (in some 
cases world-class) or potentially economic iron oxide-apatite 
(IOA) and iron oxide copper-gold (IOCG) mineralizations 
(Romer et al. 1994, Frietsch et al. 1997, Edfelt et al. 2005, 
2006, Smith et al. 2007, Wanhainen et al. 2012, Martinsson et 
al. 2016, Westhues et al. 2016). The total strain accumulated 
due to subsequent tectonism tends to be partitioned into the 
metasupracrustal belts forming crustal scale shear zones 
that parallel the belt axes in northern Norrbotten (Fig. 1). 
In addition, they preserve evidence of both regional- and 
local-scale metasomatic-hydrothermal alteration and fluid-
rock interaction (e.g. Romer 1996, Frietsch et al. 1997, 
Bergman et al. 2001, Edfelt et al. 2005, Bernal et al. 2017) 
and mineralization is spatially associated to the crustal scale 
structures (Bergman et al. 2001, Edfelt et al. 2005, Martinsson 
et al. 2016, Bauer et al. 2018, Bergman 2018).

Palaeoproterozoic metasupracrustal belts also record 

key events of the geological evolution responsible for the 
ore formation in northern Norrbotten. Rhyacian (c. 2.2 - 
2.1 Ga) greenstone sequences record a phase of continental 
rifting, basin formation, mafic-ultramafic magmatism and 
sedimentation during extensional tectonism (Gustafsson 1993, 
Martinsson 1997, Wanke & Melezhik 2005, Lynch et al. 2018a). 
In contrast, younger Orosirian (c. 1.9 – 1.8 Ga) volcanic and 
sedimentary rocks provide insights into a diverse period of 
subduction-related magmatism, regional metamorphism and 
accretionary-collisional processes as well as crustal thinning 
during the Svecokarelian (or Svecofennian) orogeny (Skiöld 
1988, Öhlander et al. 1999, Bergman et al. 2006, Lahtinen et 
al. 2015, Sarlus et al. 2017, 2018). 

Many studies in northern Norrbotten constrain local 
features such as the geological, geochemical, geophysical 
and/or structural character of sequences hosting Fe and Cu ± 
Au deposits (e.g. Geijer 1910, 1920, 1930, 1950, Parak 1975, 
Frietsch 1979, Edfelt et al. 2006, Sandrin & Elming 2006, 
Smith et al. 2007, Wanhainen et al. 2012, Martinsson et al. 
2016, Westhues et al. 2016, 2017, Bauer et al. 2018). With a 
few exceptions (Wright 1988, Bergman et al. 2001, Bergman 
2018), regional compilations generally lack structural 
information, while local scale studies with a structural 
component (e.g. Debras 2010, Edfelt et al. 2006, Wanhainen 
et al. 2012) have not focused on the broader significance of 
deposit-proximal structures in reconstructing deformation and/
or fluid flow events for individual belts or the wider region. New 
and on-going studies (e.g. Bauer et al. 2018, Bergman 2018, 
Sarlus et al. 2017, 2018) have provided new understanding 
of the regional geological evolution and raised new questions 
regarding the structural and metamorphic development in 
northern Norrbotten. In this predominately field based study, the 
Orosirian structural evolution in the Kiruna area and its relation 

Figure 1: Generalized geology of northern Norrbotten highlighting Palaeoproterozoic metasupracrustal belts. Simplified and modified after 
Bergman et al. (2001). 
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to mineralized systems is investigated. A multi-scale approach 
is used where one metasupracrustal belt is studied in belt-scale 
(c. 90x20 km) whereas another belt is studied in “camp-scale” 
(c. 5x20km) in order to capture the regional as well as local 
characteristics valid for this part of the Fennoscandian Shield 
(Fig. 1). By investigating the structural-alteration configuration 
of the study areas as well as by re-evaluating details of the 
Orosirian stratigraphic column, new insights into the number 
and character of deformational-hydrothermal events may be 
provided in order to better constrain the processes responsible 
for today´s crustal architecture.

2 Scientific approach and motivation of study  
areas

In this project, two study areas are under investigation. The 
“Western supracrustal belt” (WSB) and “Central Kiruna 
area” (CKA; Fig. 1) are both located along lithotectonically 
comparable Rhyacian-Orosirian metasupracrustal belts 
and both areas are characterized by IOA and IOCG-style 
mineralizations and related hydrothermal alterations (e. g. 
Offerberg 1967, Frietsch 1974, Witschard 1975, Edfelt et al. 
2005, 2006, Smith et al. 2007, 2009, Martinsson et al. 2016). 
However, the areas contrast each other in number of performed 
studies. Except for some deposit scale studies (Frietsch 1974, 
Frietsch et al. 1974, Edfelt et al. 2005, 2006, Sandrin & Elming 
2006) and regional mapping campaigns by the Geological 
Survey of Sweden (Offerberg 1967, Witschard 1975), the 
WSB has never been studied. On the other hand, the CKA has 
been thoroughly studied for more than 100 years (e. g. Geijer 
1910, 1919, 1920, 1950, Ödman 1957, Offerberg 1967, Parak 
1975, Frietsch 1979, Forsell 1987, Vollmer et al. 1984, Wright 
1988, Talbot & Koyi 1995, Martinsson 1997, Kumpulainen 
2000, Martinsson 2004, Grigull et al. 2018 etc.). The exposure 
and accessibility is also different between the study areas. 
The WSB represents “normal” Norrbottnian conditions 
with swampy overburden and approximately one percent of 
exposure with several areas only accessible by helicopter. 
In contrast, the CKA covers the city center of Kiruna and its 
vicinity is easily accessible by car. The exposure in the CKA 
is excellent with many road cuts and open pits offering access 
to detailed geological observations. A comparison of the WSB 
and CKA include regional coverage of unexplored geology, 
and detailed observations in key areas backed up by a wealth 
of background information. From this perspective, the regional 
knowledge acquired from the WSB overlaps the limited areal 
coverage of the CKA, whereas the detailed picture provided 
by the CKA supports the interpretations of the poorly exposed 
WSB.

The importance of hydrothermal processes to generate ore 
deposits is well established (e.g. Pirajno 2009). The recorded 
fluid-rock interaction preserved by the metasupracrustal belts 
in northern Norrbotten affirms the efficiency of these rock 
sequences and their associated structures to channel potential 
metal-bearing fluids through the metasupracrustal pile (cf. 
Oliver & Bons 2001, Cox, 2005). In this perspective, the 
paired structural-alteration configuration is of importance 
for understanding larger mineralized systems, which is the 
motivation in Manuscript 1 that focusses on the development 
of structures and alterations along a 90 km long section defined 
here as the WSB in order to constrain the relative timing of 
dominant structures and mineral alteration paragenesis. Few 

studies have focused on the structural development in the 
CKA and no generally excepted model has been presented 
(c.f. Wright 1988, Vollmer et al. 1984, Forsell 1987, Talbot 
& Koyi 1995, Grigull et al. 2018). This is problematic from 
an exploration point of view because robust and scientifically 
based structural frameworks are foundational to guide future 
exploration programs targeting blind ore bodies with complex 
geometries. In order to build such a structural framework in 
the CKA, many fundamental questions are still to be answered, 
which is the motivation in Manuscript 2 for constraining 
the number of deformation events, kinematics, geometries, 
mineralogy and interrelationships of the dominant structures, 
and hence, reveal the structural evolution.

The structural evolution of northern Norrbotten comprises 
several deformational phases (e. g. Wright 1988, Bergman 
et al. 2001, Bauer et at. 2018, Bergman 2018). However, 
even though a repeated reactivation history of structures can 
be assumed, geological structures often record only the last 
deformational activity due to the overprinting nature of the 
observable structures. This implies that structural observations 
alone provide a poor record of the geological history and 
must be combined with other types of geological observations 
as far as possible. Geochemical/petrological studies (e.g. 
Perdahl & Frietsch 1993, Martinsson 2004, Sarlus et al. 
2017, 2018) often reach fundamentally different conclusions 
compared to studies based on structural geology (e.g. Wright 
1988, Talbot & Koyi 1995) regarding the earliest structural 
development in northern Norrbotten. In order to elucidate the 
pre-compressional structural evolution of the central Kiruna 
area, the stratigraphic column is used in Manuscript 2 as a 
tool to interpret the pre-deformational geological setting that 
was subsequently overprinted by compressional deformation. 
This holistic approach allows to constrain the compressional 
history and synchronously provides the necessary background 
to discuss the earliest structural development of the study area.

Western supracrustal belt:

•  Provides an opportunity to study an Orosirian  
 metasupracrustal belt over large distances allowing  
 for comparison of the character along and across  
 the belt-axis. The area is poorly studied, motivating  
 further basic research and increased understanding  
 of this part of the Fennoscandian Shield.

• By studying the paired regional structural-alteration  
 characteristics of the Western supracrustal belt, a  
 holistic picture of the larger mineralized system(s)  
 can be obtained and used as a proxy for similar areas.

Central Kiruna area:

• Provides a high degree of exposure and data density  
 due to its long mining history.

• The area hosts several economic metal occurrences,  
 including the world class Kiirunavaara IOA deposit.

• The area is well studied but the structural evolution  
 remains unresolved. 

• Constitutes the best-persevered Orosirian   
 stratigraphic sequence in Norrbotten allowing  
 investigation of the pre-compressional evolution  
 from a stratigraphic perspective.
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3 Geological background

Neoarchean granitic, tonalitic and amphibolitic rocks form 
the basement of the northern part of the Fennoscandian Shield 
(Gaal & Gorbatschev 1987, Weihed et al. 2005). In northern 
Norrbotten, the basement belongs to the Norrbotten nuclei 
(Fig. 1), suggested to be one of three Neoarchean nuclei that 
were dispersed and reassembled due to a rifting and collisional-
accretionary cycle during the Palaeoproterozoic (e.g. Lahtinen 
et al. 2005). In the far north, the basement rocks are exposed but 
are buried under younger Palaeoproterozoic metasupracrustal 
rocks towards south. The depth to the basement increases 
towards the south and has been estimated to range between 
2-3.5 km in central Kiruna based on reflection seismic 
investigations (Holmgren 2013) and modelling of gravimetric, 
magnetic and petrophysical data (Luth et al. 2018a).

Continental rifting during the Rhyacian caused regional 
scale, rift-parallel fault systems, tholeiitic volcanism, and 
associated sedimentation, generating a large greenstone 
province stretching from northern Norway to Russia (Pharaoh 
& Pearce 1984, Martinsson 1997, Hanski 2012, Melezhik 
& Hanski 2012, Hanski et al. 2014, Bingen et al. 2015). In 
northern Norrbotten, the Rhyacian greenstone belts occur as 
NNE- and NNW-trending belts and are associated to a number 
of metal deposits (Martinsson 1997, Bergman et al. 2001, 
Martinsson et al. 2016).

During the Palaeoproterozoic, the early Svecokarelian cycle 
(1.90-1.86 Ga) generated two coeval suites of co-magmatic 
plutonic-volcanic rocks: Haparanda suite - Porphyrite group 
and Perthtite Monzonite suite (PMS) - Kiirunavaara group 
(Bergman et al. 2001). The Haparanda suite - Porphyrite group 
rocks predominate to the east and constitute calc-alkaline 
series, intermediate to felsic volcanic to volcanoclastic 
rocks and co-magmatic dioritic to granodioritic intrusions. 
To the west, shoshonitic, felsic to intermediate volcanic, 
volcanoclastic rocks, and co-magmatic monzonitic intrusions 
predominate (Bergman et al. 2001). Late Svecokarelian-
cycle (1.81-1.78 Ga) magmatism generated I- to A-type and 
associated S-type granitoids forming a belt stretching from 
northwestern Norway to southern Sweden (Andersson 1991, 
Åhäll and Larson 2000, Weihed at al. 2002, Högdahl et al. 
2004, Rutanen and Andersson 2009). 

Mineralizing events during the Orosirian coincide with 
the early and late-cycles of the Svecokarelian orogeny (e.g. 
Billström et al. 2010). For example, IOA- and porphyry-style 
Cu-Ag-Au deposits (PCD) were formed in the time interval 
1895 Ma to 1874 Ma (e.g. Romer et al. 1994, Wanhainen et 
al. 2009, Martinsson et al. 2016, Westhues et al. 2016). IOCG 
deposits also formed during the early cycle but the timing is 
not as tightly constrained and yield ages around 1860 Ma, 
or slightly younger ages (e.g. Smith et al. 2007, Martinsson 
et al. 2016). In contrast, ore deposits formed in the late 
Svecokarelian cycle are primarily restricted to structurally-
controlled IOCG-only style with ages spanning 1.80-1.78 
Ga (e.g. Edfelt 2007, Billström et al. 2010, Martinsson et al. 
2016). The only IOA-deposit linked to the late Svecokarelian 
cycle in northern Norrbotten is the Tjårrojåkka deposit dated 
at 1780 Ma (Edfelt 2007); however, the Tjårrojåkka deposit is 
anomalous and the role of late-cycle IOA-formation remains 
an unresolved question (Martinsson et al. 2016).

The metamorphic evolution of the northern Norrbotten 
area is poorly constrained but is considered to be of low to 

medium P-T Buchan-style (Bergman et al. 2001, Skelton et al.  
2018). Metamorphic key mineral assemblages and limited P-T 
modelling (Bergman et al. 2001) suggest that the metamorphic 
grade increases from west to east from greenschist facies to 
upper amphibolite facies conditions. Nevertheless, the effect 
of contact-metamorphic aureoles around early- and late-cycle 
intrusive rocks on the metamorphic systematics in Norrbotten 
is unknown but probably significant (cf. Bergman et al. 2001, 
Tollefsen 2014, Hellström 2018, Skelton et al. 2018). Several 
circumstantials indicate that regional metamorphic grades can 
be linked to the early Svecokarelian cycle whereas low-P high-T 
conditions predominated during the late cycle. For example, at 
the Aitik Cu-Ag-Au deposit, Wanhainen et al. (2012) report 
lower amphibolite facies conditions at 500-600°C and 4-5 
kbar at 1.88 Ga subsequently overprinted by a hydrothermal 
event at 1.78 Ga with fluid conditions suggested around 200-
500°C and 1-2 kbar. At the Malmberget IOA deposit, Bauer 
et al. (2018) observed a gneissic amphibolite facies S1-fabric 
folded without the development of an axial plane-parallel S2-
cleavage in the resultant F2-synform, thus, indicating that D2 in 
the Gällivare area (Fig. 1) is of low pressure-type. U-Pb ages 
of stilbite from open fractures (D4 in Bauer et al. 2018) in the 
Malmberget IOA-deposit yield 1730 ± 6.4 Ma, indicating that 
temperatures remained below 150°C from that time and that 
relatively stable tectonic conditions have remained until today 
(Romer et al. 1996). However, Rb-Sr isotope systematics are 
disturbed at around 1.6-1.5 Ga (Skiöld 1979) implying that 
regional differences may be significant.

The structural subsurface architecture of this part of the 
Fennoscandian Shield is the result of a polyphase deformation 
history with deformation events approximately coinciding 
with the early and late magmatic cycles of the Svecokarelian 
orogeny. Prominent NW- to NE-trending crustal scale 
deformation zones tend to spatially coincide with Rhyacian-
Orosirian supracrustal belts that took up most of the total strain 
in northern Norrbotten. On regional scale aeromagnetic maps 
(Bergman et al. 2001), associated magnetic lineaments form 
an approximately north-directed undulating pattern bending 
around intrusive bodies. At least two phases of folding can be 
recognized (e.g. Wright 1988, Bergman et al. 2001, Bauer et 
al. 2018, Grigull et al. 2018). The early phase (D1), generated a 
heterogeneously developed, regional, penetrative, continuous 
fabric (Andersson et al. in prep.). In contrast, the finite strain 
during D2 was partitioned and focused along deformation 
zones, whereas outside of these zones cleavage was only 
sparsely developed and in Gällivare (Fig. 1) associated to 
brittle components (Bauer et al. 2018). Similar deformation 
systematics have been recorded from the Skellefte district 
(Bauer et al. 2011, 2014, Skyttä et al. 2012) where the minimum 
age of D1 is constrained by an U-Pb zircon age at 1874 ± 4 Ma 
(D2 in Skyttä et al. 2012). In northern Norrbotten, Hellström 
(2018) reports a maximum age at 1878±3 Ma for folding in 
the Masugnsbyn area (Fig 1), which also represents the age 
of migmatization due to early Svecokarelian-cycle contact 
metamorphism in that area. Other estimates of the timing 
of early deformation is broadly limited to field observations 
in relation to geochronological data of early-cycle plutonic 
(Bergman et al. 2001) and dyke rocks (Cliff et al. 1990) 
indicating a minimum deformation age at 1.88 Ga, however, 
complicating field relations are present (Luth et al. 2018a). 
Timing of the late cycle deformation is generally assigned 
to the intrusion of the approximately 1800 Ma granitic Lina 
suite (Bergman et al. 2001). In the Gällivare area (Fig. 1), 
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Wanhainen et al. (2005) report Re-Os ages at 1850 Ma and 
1765 to 1750 Ma for deformed-undeformed aplite-pegmatite 
dykes, representing maximum and minimum ages for late-
cycle deformation, which agrees with field observations in 
nearby areas (Lynch et al. 2015, Bauer et al. 2018).

4 Method

In this study, the Western supracrustal belt and central Kiruna 
area (Fig. 1) were chosen as study areas to elucidate the 
structural evolution in this sector of the Fennoscandian Shield. 
In order to capture the structural characteristics along the 
WSB, five key areas were defined; Eustiljåkk, Ekströmsberg, 
Tjårrojåkka, Kaitum West and Fjällåsen-Allavaara. The CKA 
is treated as one single key area because of its much smaller 
areal coverage. Geological mapping with a structural focus 
was conducted between 2015-2018. A total of 1545 outcrop 
observations were made (CKA: 847, WSB: 698) and 2206 
structural elements were measured (CKA: 1127, WSB: 1079). 
All structural measurements were made using a Brunton Geo 
Pocket Transit and digitized in field on a ruggedized iPad 
mini device using the application Field Move (Midland Valley 
Exploration LTD). All lineations were measured as pitch on 
planes and recalculated into true orientation using the software 
Geo Calculator (Holocombe, Coughlin, Oliver, Valenta 
Global). In magnetic terrains, the strike of planes was estimated 
using known points in the field. Structural analysis was 
performed using the software package Move 2017 (Midland 
Valley Exploration Ltd) and Leapfrog Geo 4.0 (Seequent) 
whereas the maps were constructed using ArcMap (ESRI). 
Stereographic plots were produced as lower-hemisphere, equal 
area stereographic projections using Dips 7.0 (Rocscience). A 
total of 109 samples (CKA: 68, WSB 41) were taken, whereof 
the vast majority of the samples were oriented and sampled 
for microstructural information. The oriented samples were 
sawn cross foliation and along lineation to allow for kinematic 
analysis. The prepared samples were sent to Vancouver 
Petrographics LTD for thin section preparation. Petrography 
and microstructural investigations were performed using a 
conventional petrographic polarization microscope equipped 
with a digital camera (NIKON ECLIPSE E600 POL). When 
macroscopic structures were used for kinematic interpretations, 
the observations were made parallel with lineation; however, 
these observations are few in the context.

The characterization of hydrothermal mineral alteration 
assemblages was performed from an exploration “field 
geology” perspective. The focus was on the recognition of 
mappable alteration mineral assemblages at the outcrop- to 
hand specimen-scale to identify specific structural-alteration 
combinations that may prove useful as a vectoring tool toward 
Fe and/or Cu mineralization. The purpose of this approach 
was to provide a holistic overview of paired deformation-
hydrothermal processes affecting the Kiruna area, and to offer 
a starting point for further alteration-related studies in the area.

5 Summary of results

5.1 Orosirian Stratigraphy
For simplicity, the following text does not use the prefix 
“meta” for metamorphic rocks but describe the lithologies 
from a photolith perspective. Much of the stratigraphical 
nomenclature used in the following section was initiated by 
Martinsson (2004) and accepted by the Geological Survey of 
Sweden (Bergman 2018).

Generally, the Orosirian stratigraphy in northern Norrbotten 
is not continuous, making it hard to draw any conclusions 
on the interplay between different phases of the geological 
development. However, the CKA constitutes a continuous 
sequence of supracrustal rocks of low metamorphic grade 
and a high degree of perseveration of primary characteristics. 
In combination with a relatively high degree of exposure 
and a large number of drill holes, the CKA allows for such 
interpretations in contrast to the WSB that is much less 
exposed.

The supracrustal pile in central Kiruna constitutes a 
tilted sequence younging to the east. The initial phase of the 
Orosirian development in the CKA is manifested by a relatively 
thick sequence of poorly sorted alluvial conglomerates and 
interbedded greywacke sequences (Kurravaara conglomerate; 
Fig. 2 a-c). Subsequent bimodal volcanism generated basaltic-
trachyandesitic lavas and sub-volcanic intrusions (Fig. 2 d-e) 
overlain by rhyodacitic feldspar-phyric pyroclastic to coherent 
volcanic rocks (Fig. 2 f), tuffs (Fig. 2 g), and minor polymict 
breccia-conglomerates (Fig. 2 h), followed by rhyolitic tuffs 
and ignimbrites (Fig. 2 i-j), and a final mafic volcanic pulse 
of basaltic lavas, tuffs and agglomerates (Fig. 2 k-l). This 
period predominated by volcanism subsequently changed to 
be dominated by sedimentary processes. Polymict breccia-
conglomerates with a wide variety of clast compositions with 
local origins were deposited in a greywacke matrix (Fig. 3 a-c) 
and buried under lithic greywacke (Fig. 3 d-e) and a phyllitic 
horizon (Fig. 3 f-g) before a rather thick unit (c. 1.5 km) of 
cross-bedded arenites (Fig. 3 h-i) with breccia-conglomeratic 
horizons (Fig. 3 j-l) at its basal and middle parts covered the 
area.

5.2 Structures
In general, the WSB is characterized by cleavages dipping 
steep to the west, whereas steep east-southeast dipping 
cleavages dominate the CKA (Fig 4 a). The cleavage-data 
shows a tighter clustering in the CKA compared to the WSB. 
This effect is due to F2 folding of S1 producing south- and 
north-plunging F2 folds, a phenomenon not present in the 
CKA. Bedding is often slightly shallower than cleavage and 
rotated either anti-clockwise or clockwise relative to cleavage 
in the WSB and CKA respectively (cf. Fig. 4 a, b). The ductile 
lineation (stretching lineation, mineral lineation) shows a 
dominance on near-vertical to steep south-plunges in both 
areas, however, the lineation in the CKA shows considerably 
tighter clustering (Fig. 4 c). A poor clustering in the WSB data-
set is also shown for measured fold axes, whereas the CKA 
shows tighter clustering also in this case, however, the number 
of measured fold axes are few in the CKA-data set (Fig. 4 d).
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Figure 2: Field photographs of key units of the lower Orosirian stratigraphic column in central Kiruna. a) Contact between Rhya-
cian pillow lavas (RG) and Kurravaara conglomerate (KCgl). b) Conglomerate of the Kurravaara conglomerate. c) Greywacke 
within the Kurravaara conglomerate. d) Amygdaloidal albite altered trachyandesite of the Hopukka formation crosscut by magnet-
ite veins, Loussavaara footwall. e) Albite altered trachyandesite of the Hopukka formation, Mt. Loussavaara. f) Coherent rhyodacit-
ic rock of the Loussavaara formation carrying a xenolith of the Hopukka formation, Loussavaara hanging wall. g) Tuffitic rhyodacit-
ic rock of the Loussavaara formation, Mt. Loussavaara. h) Breccia-conglomerate of the Loussavaara formation, Mt. Loussavaara. i) 
Pervasively K-feldspar altered rhyolite of the Matojärvi formation, Henry hanging wall. j) Selectively pervasive K-feldspar altered rhy-
olite of the Marojärvi formation, Rektor hanging wall. k) Tuffitic basalt showing tight folding of calcite veins. l) Agglomeratic basalt.
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Figure 3: Field photographs of the volcano-sedimentary and sedimentary upper units of the Orosirian stratigraphic column in central Kiruna. 
a) Hematite clasts in breccia-conglomerate of the Matojärvi formation, Rektor hanging wall. b) Polymict breccia-conglomerate of the Ma-
tojärvi formation, Henry hanging wall. c) Polymict breccia-conglomerate of the Matojärvi formation, Henry hanging wall. d) Greywacke 
of the Matojärvi formation. e) Calcite-banded greywacke of the Matojärvi formation. f) Phyllite of the Matojärvi formation, Haukivaara 
hanging wall. g) Chlorite + sericite phyllite of the Matojärvi formation. h) Sharp contact between whitish quartz-arenite and reddish arenite 
of the Hauki quartzite. i) Cross-bedded arenite of the Hauki quartzite. j) Breccia-conglomerate of the Hauki quartzite. k) Weak erosional 
discordancy between arenite and breccia-conglomerate of the Hauki quartzite. l) Polymict breccia-conglomerate of the Hauki quartzite.
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Figure 4: Lower hemisphere equal area stereographic projections of measured structures in the Western supracrustal belt (WSB) and 
Central Kiruna (CKA) key areas. Planes are average planes planar structures. Black dots are pole points for planar structures and lines 
for linear structures.
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5.2.1 S1-foliations

A heterogeneously developed, steep northwest to northeast 
trending penetrative, continuous cleavage characterizes the 
first recognizable tectonic imprint. Cleavage in both areas is 
characterized by the alignment of feldspar + biotite ± actinolite 
± chlorite ± hornblende ± epidote ± calcite ± sericite in mafic 
to intermediate volcanic rocks, whereas quartz + feldspar ± 
biotite ± chlorite ± amphibole ± epidote ± sericite define 
cleavage in felsic volcanic rocks. However, only in low strain 
blocks of the WSB, cleavage is folded into F2 folds suggesting 
that S1 developed in the WSB only, while CKA remained 
relatively unaffected by D1. When quartz is dynamically 
recrystallized, bulging (BLG) and sub-grain rotation textures 
(SGR; Passchier & Trouw 2005) are common.

5.2.2 F1-folding

In the WSB, F1 folds are often not recognized, probably due 
to the absence of rocks with developed bedding planes (S0). 
Where F1 is recognizable, F1 is tight to isoclinal and either 
upright or east-northeast vergent (Fig. 5 a), plunging either 
shallowly to the northwest or steep to the south. The steep 
south-plunging F1 fold recognized in the WSB is possibly an 
effect of D2-transposition (see Manuscript 2).

5.2.3 D1 shear zones

A characteristic feature in northern Norrbotten is a striped 
and undulating N-S-directed regional pattern of magnetic 
lineaments (Bergman et al. 2001). In the study areas, the 
magnetic lineaments coincide with highly strained rocks, 

here interpreted as crustal scale shear zones. In a regional 
perspective, overprinting structures superimposed on the shear 
zones of the WSB are D2 structures (Fig. 5 b) whereas the 
shear zones of the CKA are affected by D3 structures, hence, 
only in the WSB the shear zones are interpreted as formed 
during D1, however, a reactivation history cannot be excluded 
in the CKA.

Along the WSB, mylonitization frequently occurs 
subparallel with the regional, steep continuous S1 cleavage. 
Experiences from the mapping campaigns together with 
ground magnetic data (Frietsch et al. 1974) indicate that these 
zones are narrow, meters to tens of meters and controlled by 
lithological contrasts. The mylonitic strain is partitioned into 
volcanosedimentary and sedimentary horizons sandwiched 
between competent coherent volcanic rocks. D1 shear zones 
along the WSB are characterized by stretching lineations that 
plunge moderately north and south. Microstructures in the 
oriented samples from these zones indicate reverse oblique 
dextral movements along south plunging L1-lineations (Fig. 5 
c-d) whereas reverse oblique sinistral movements are recorded 
along the north plunging L1-lineations (Fig. 5 e-f), hence, 
southwest side up in both cases.

5.2.4 F2-folding

In low strain blocks along the WSB, S1 is folded into upright, 
steeply south-plunging F2-folds (Manuscript 1). In general, 
S2 did not develop in association to F2-folding, but when S2 
is present, it is spaced (Fig 6 a-b) and often brittle-ductile in 
character (Fig. 6 c). In the CKA, this type of F2 characteristics 
are not present. Instead, F2 in the CKA affects S0 bedding 
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Figure 5: D1-related structures. a) East-northeast-vergent parasitic folding, Eustiljåkk key area, Western supracrustal belt. b) Crenulation 
of presumed S1 in the Ekströmsberg key area, Western supracrustal belt. Cross-polarized light. c) Dextral S-C fabric along vertical plunging 
stretching lineation, Ekströmsberg, Western supracrustal belt. Cross-polarized light. d) SC-fabric and sigma-sigmoid yielding dextral sense-
of-shear along shallow southwest-plunging stretching lineation, Kaitum West key area, Western supracrustal belt. Cross-polarized light. 
e) Meso-scale lithic sigma-clast yielding sinistral sense-of-shear along north-plunging stretching lineation, Fjällåsen area. f) SCC´ fabric 
yielding sinistral sense-of-shear along north-plunging stretching lineation in Ekströmsberg key area, Western supracrustal belt. Lamda-filter.
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planes with a well-developed axial plane parallel continuous 
S2 cleavage. In the northern parts of the CKA, F2 is well 
developed in association to a synclinal structure (Fig. 6 d-e). 
Here, F2 folds are tight and either upright or slightly west 
vergent, or rarely overturned to the east (see Manuscript 2). 
F2 in CKA plunges moderate to steep towards south, or rarely 
towards north (6 d), in accordance with F2 in the WSB.

5.2.5 D2 shear zones

Along the WSB, steep to vertical E-W directed sinistral brittle-
ductile (feldspar is brittle) strike-slip dominated shear zones 
developed (Fig. 6 f-g), offsetting the dominant north-northwest 
grain. The dominant NNW-directed grain locally records 
reverse dip-slip movements. The dip-slip movements along the 
NNW-grain and the sinistral strike-slip dominated movements 
of the E-W directed D2 shear zones (Fig. 6 f-g) both suggest 
E-W directed crustal shortening and interpreted as temporally 

related. This implies that the dip-slip movements along the 
NNW-grain are interpreted as reverse dip-slip reactivations 
during D2 of reverse oblique-slip D1 shear zones. Crenulation 
of the mylonite fabric has only been observed along the 
oblique-slip D1 shear zones (Fig. 5 b), further in support of a 
reactivation history of only some of the shear zones along the 
WSB. 

In the CKA, brittle-ductile sericite ± chlorite or chlorite 
dominated D2 shear zones coincide with lithological contrasts 
giving rise to lithostructural boundaries defining the geometries 
of the rock formations. Where favorable lithotypes are present, 
dominant mylonitization affects large parts of the rock 
formations resulting in both contact-parallel mylonite zones 
as well as oblique zones linking up with the lithostructural 
boundaries (see Manuscript 2). In contrast to the west-side-
up movements recorded along the WSB, the microstructural 
investigation in the CKA yields systematically east or southeast 
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side up with reverse oblique or dip-slip movements (Fig. 6 h-l).
L2 stretching lineation in the CKA shows a steepening 

trend, from moderate steep to sub-vertical, towards north 
along the most prominent shear zone system affecting the 
middle to upper parts of the stratigraphy (Fig. 7 a). However, 
at similar altitudes as the moderate L2 plunges, steep 
plunging L2 is present in an adjacent shear zone affecting a 
stratigraphically lower boundary (Loussavaara open pit in Fig. 
7 a) implying that the northward steepening is not valid for 
the study area as a whole. F3 affects both the steep/vertical 
and moderate plunging sections, indicating that the stretching 
lineation is consistently L2 and records kinematic differences 
during D2 activity, rather than several deformation events. 
Slickensides measured on fracture planes, or rarely foliation 
planes, are oriented similar as the stretching lineation and also 
show a steepening trend towards north (Fig. 7 b), indicating 
a temporal relationship between slickensides and stretching 
lineation in the CKA. Interplays between ductile and brittle 
features in fault zones as well as identical kinematics of brittle 
faults and ductile mylonite zones further supports that brittle 
and ductile structures are coeval in the CKA and can be linked 
to the brittle-ductile D2 in the WSB.

5.2.6 F3-folding

D3 is subtle and has only been identified in the CKA, possibly 
due to the lack of exposure in the WSB. In the CKA, F3 is 
manifested as an open crenulation of sericite and chlorite 
domains in D2 mylonites (Fig. 8 a-c). The associated L3 
crenulation lineation plunges steep to moderate towards east or 

northeast, suggesting NNW-SSE to N-S shortening, and sub-
parallels the β-axes of a gentle, steep east-plunging F3-fold in 
the Rektor deposit controlling the shape of the ore body in that 
location (Fig. 8 d). The intersection point of undulating S2 in 
an one-meter section of the Nukutus hanging wall also sub-
parallels the L3 crenulation lineation (Fig. 8 e-f) indicating that 
D3 controls geometries in both camp- and meso-scale.

5.2.7 D4-structures

Quartz + calcite fluid-assisted brecciation carrying xenoliths 
of both the ore and wall rocks occurs in the Rektor ore open 
pit (Fig. 9 a). The hydrothermal overprint represents the last 
recorded event in this study, hence, D4. Discordant reddish 
apatite veins (Fig. 9 b-c) show cross-cutting relations to ductile 
deformation (Fig. 9 c), but formed earlier than the quartz + 
calcite hydrothermal D4 breccia based on cross-cutting 
relationships.

5.3 Alteration
In this section, mineral alteration assemblages are described 
from a “field geologist point of view”. Descriptions of alteration 
mineral assemblages follow the qualitative approach of 
Gifkins et al. (2005) and most of the results base on geological 
observations along the WSB but examples from the CKA are 
also highlighted. Mineral alteration assemblages that were 
temporally resolvable based on cross-cutting or overprinting 
relationships are classed as a separate assemblage. It is possible 
that some mineral assemblages form part of a progressively 
evolving metasomatic-hydrothermal system but this approach 

Figure 6: D2-related structures. a) F2-folding with related axial plane parallel spaced S2, Tjårrojåkka key area, Western supracrustal belt. 
b) F2-folding with related axial plane parallel spaced S2, Tjårrojåkka key area, Western supracrustal belt. c) F2-folding of S0/S1 with related 
brittle-style S2, Fjällåsen-Allavaara key area, Western supracrustal belt. d) Synclinal F2 in Rhyacian pillow basalt, near Kurravaara village, 
Central Kiruna. e) Anticlinal F2 in Hauki quartzite, near Kurravaara village, Central Kiruna. f) Brittle feldspar in E-W directed mylonite, 
Ekströmsberg key area, Western supracrustal belt. Lamda-filter. g) Sinistral SC-fabric along shallow east-plunging stretching lineation (same 
shear zone as in Fig. 6f), Ekströmsberg key area, Western supracrustal belt. Lamda filter. h) Sigma-clast yielding sinistral sense-of-shear 
along sub-vertical stretching lineation, Loussavaara footwall, Central Kiruna area. Crossed polarized light. i) Sigma-clast along sub-vertical 
stretching lineation, phyllonite in the Kurravaara conglomerate, near Kurravaara village. Plane-polarized light. j) SC-fabric in protho-
mylonite thrusting the Loussavaara formation on top of Matojärvi formation. Sinistral sense-of-shear along moderate plunging stretching line-
ation, Central Kiruna. Cross-polarized light. k) SCC´fabric along sub-vertical stretching lineation in brittle-ductile shear zone, Loussavaara 
footwall, Central Kiruna. Cross-polarized light. l) Oblique foliation in calcite domain, view along steep SE-plunging stretching lineation, 
Henry hanging wall, Central Kiruna.
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Figure 7: Stereographic equal area projections of stretching lineation and slickensides in central Kiruna. A) L2 stretching lineation. B) 
Slickensides.
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is favored to provide a field based classification scheme.
In general, scapolite ± albite alteration is relatively 

common throughout the WSB, and is mainly observable 
in mafic rocks (i.e. basalt, dolerite). Weakly to strongly 
developed porphyroblastic scapolite ± albite alteration (Fig. 
10 a) is regionally distributed and best preserved in relatively 
low strain areas occurring adjacent to or within NNW to 
N-trending D1 shear zones. Discordant, vein related scapolite 
± albite alteration locally occurs and is paragenetically late 
relative to patchy porphyroblastic scapolite ± albite. Pervasive 
scapolite ± albite alteration overprints pervasive magnetite + 
amphibole alteration but is also found to be overprinted by the 
same (Fig. 10 b), hence, interpreted as formed synchronously 
during D1. Discordant magnetite + amphibole veins with white 
to buff albite halos also occur (Fig. 10 c) and appear to have 
formed synchronously with the more pervasive (disseminated) 
magnetite + amphibole alteration. Pervasive albite + magnetite 
alteration is a common feature in mafic volcanic rocks of the 
CKA (Fig. 10 d).

Epidote forms part of several alteration assemblages within 
the study areas with differing paragenesis (metamorphic and 
hydrothermal) and structural associations. Epidote occurs 
parallel to S1 fabrics (pre- to syn-D1 in WSB) together with 
hornblende and plagioclase in Rhyacian pillow basalt in the 
WSB forming a, probably regional, moderately intense, 
disseminated hornblende + epidote + plagioclase metamorphic 
mineral assemblage (Fig. 10 e). In Manuscript 1, the 
hornblende + epidote + plagioclase assemblage is interpreted 
as a key metamorphic assemblage, in line with Ros (1979) 
and Edfelt et al. (2005), indicating epidote-amphibolite facies 
conditions (Spear 1993). The metamorphic grade is lower 
in the CKA where hornblende has not been encountered. A 
similar style of metamorphic alteration assemblage defines 
S2 in Rhyacian basalts in CKA (pre- to syn-D2 in CKA) 
represented by actinolite + plagioclase + chlorite + epidote 
+ biotite indicating greenschist facies conditions in line with 
Bergman et al. (2001).

Epidote is also associated to hydrothermal mineral 
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alteration products temporally associated to D2, which is 
generally more potassic in character relative the hydrothermal 
alteration assemblages associated to D1. For example, 
epidote occurs in areas of regional, often moderate to strong 
selectively pervasive K-feldspar alteration of albite (Fig. 10 f). 
The K-feldspar alteration of this type commonly affects felsic 
volcanic rocks, not affected by ductile deformation and is 
often accompanied by weak retrograde sericite alteration of the 
same K-feldspar. The most prominent alteration assemblage 
in the Tjårrojåkka area, western WSB, is a strong, penetrative 
K-feldspar + epidote + quartz assemblage that overprints and 
crosscuts S1 foliations. In the Ekströmsberg area along the 
WSB, a relatively intense, shear band-hosted quartz + biotite 
+ magnetite + K-feldspar + muscovite assemblage affecting a 
rhyodacitic volcanosedimentary rock (Fig. 10 i) is related to 
steep, approximately E-W-striking sinistral D2 strike-slip shear 
zones.

Sulphides are often associated to potassic style of alterations 
in northern Norrbotten (Martinsson et al. 2016). A relatively 
intense, selectively pervasive epidote + K-feldspar assemblage 
related to sulphides (Fig. 10 g) is found to overprint a weak, 

pervasive amphibole + magnetite alteration in the southern 
WSB. In the CKA, Fe- and Cu-sulphide is concentrated in 
brittle structures (Fig. 10 h). Structural interrelationships 
indicate that the brittle structures carrying Fe- and Cu-
sulphide are temporally related to sericite ± chlorite altered 
D2-shear zones, further strengthening the link between potassic 
alteration and sulphidic phases in the study areas.

6 Discussion

6.1 Structural evolution
The structural configurations in WSB and CKA reflect a 
polyphase deformation history in northern Norrbotten. 
Metasupracrustal rocks in both areas preserve a record of two 
compressional, ductile to brittle-ductile deformation events, 
overprinted by either hydrothermal fracturing and/or jointing. 

6.1.1 D1

The first recognizable deformation event is characterized 
by a regional heterogeneously developed steep penetrative 
continuous S1, which is folded by F2. The shear zones 
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belt. h) Bornite vein, Central Kiruna. i) Shearband hosted Biotite + magnetite + K-feldspar+ muscovite, Western supracrustal belt. Cross-
polarized light.
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interpreted to have formed during D1 in the WSB record 
reverse-oblique southwest side up movements along steep 
west-dipping shear planes in response to an overall NE-SW 
directed crustal shortening. This earliest deformation event 
is not recognized in the CKA. Two alternative explanations 
to the absence of recognizable D1-fabrics in the CKA can be 
formulated: 1) D1 structures developed but were all transposed 
during D2 deformation. 2) D1 structures did not develop in the 
CKA. 

The second explanation is favored in this study for several 
reasons. If S1 would have developed in the CKA it would be 
recognizable in distal parts of the high strain zones where S1 
would be folded where the D1 strain is low, in accordance with 
the regional results. The epidote-amphibolite metamorphic 
facies in WSB (Fig. 10 e) suggest that the present WSB-surface 
represents a deeper crustal section during D1 compared to the 
greenschist facies metamorphism in the CKA. Significant uplift 
of the WSB during D1 occurred along oblique-slip D1 ductile 
shear zones causing prominent stratigraphic disturbances, 
which would also explain the absence of the stratigraphic 
higher Orosirian sequences in the WSB. Furthermore, the 
general lack of brittle components in the ductile D1 structures 
compared to the clearly brittle-ductile D2 further supports this 
explanation.

6.1.2 D2

Strong strain partitioning caused reverse dip-slip reactivations 
of steep west-dipping D1 shear zones with further west side up 
movements in the WSB during E-W compression. Coevally, 
steep to vertical E-W directed sinistral (and dextral?; Wright 
1988) brittle-ductile (feldspar is brittle) strike-slip dominated 
shear zones developed (Fig. 6 f-g), offsetting the dominant 
north-northwest grain.

In response to E-W to NW-SE directed crustal shortening, 
reverse oblique- to dip-slip dominated, steep, east-dipping 
brittle-ductile shear zones developed in the CKA and record 
east block up kinematics at lithological contacts and favorable 
lithologies (Fig. 6 h-l). In the immediate vicinity of the brittle-
ductile shear zones, the conditions were brittle manifested 
by movements along fracture planes (Fig. 7 a-b) and gouge 
forming faults as well as hydrothermal brecciation (see 
Manuscript 2).

F2 folding of S1 developed in low strain blocks regionally in 
response to E-W directed crustal shortening. Except for when 
S2 is spaced and related to brittle components (Fig. 6 a-c), S2 
did not develop in association to F2 in the WSB. However, in 
low strain blocks squeezed in between shear zones in the CKA, 
a penetrative continuous S2 developed sub-parallel to F2 axial 
planes (Fig. 6 d-e).

6.1.3 D3

Crenulation of sericite and chlorite domains in D2 shear zones 
and gentle refolding of S2 in response to NNW-SSE- to N-S-
directed crustal shortening (Fig. 8 a-f). D3 is only recognized in 
the CKA, possibly due to the overall better exposure compared 
to WSB.

6.1.4 D4

Local hydrothermal brecciation overprints the brittle-ductile 
fabrics in the CKA (Fig. 9 a). This last phase of hydrothermal 
breccia overprint is not easily recognizable on a regional scale 
and is probably locally distributed.

6.2 Timing of deformation
The shortening direction indicated by D1 is the least 
constrained among the ductile deformation events identified 
in this study. The NE-SW directed shortening direction is 
mainly indicated by the reverse oblique WSW-dipping shear 
zones recording south-west side up kinematics in most key 
areas along the WSB. Such a shortening direction during the 
early Svecokarelian-cycle orogeny would be in approximate 
agreement with the c. 1.9 – 1.87 Ga accretion of the Skellefte 
arc to the Archean continent suggested by many workers (e.g. 
Babel Working Group 1990, Allen et al. 1996, Bergman et al. 
2001, Weihed et al. 2002, Lahtinen et al. 2005, Bauer 2013, 
Sarlus 2018). 

In contrast to D1, the E-W to NW-SE crustal shortening 
assigned to D2 in this work is constrained by several structural 
results in this study as well as in previous works regionally. It 
is generally attributed to the late Svecokarelian-cycle, coeval 
with the intrusion of c. 1.80 Ga minimum melt granites. (e.g. 
Bergman et al. 2001, Weihed et al. 2002, Angvik 2014, Bauer 
et al. 2018, Grigull et al. 2018, Luth et al. 2018 a-b). 

In comparison to D1 and D2 that are comparable to results 
from a number of studies, the NNW-SSE crustal shortening 
during D3 is of a more ambiguous character regionally. In the 
Pajala area, Luth et al. (2018b) report identical shortening 
directions as indicated in this study, including NNW-SSE 
crustal shortening during D3. However, in the Pajala area, 
D3 is dominantly brittle and substantiated by faults (Luth et 
al. 2018b), whereas in the CKA, D3 is manifested as gentle 
folding. This suggests that D3 in this study might not be of 
comparable timing as D3 in the Pajala area, or alternatively, 
represents a change in D3 deformational conditions from west 
to east in northern Norrbotten.

6.3 Pre-compressional structural development
In order to construct a substantiated conceptual structural 
model for the study areas, understanding the pre-compressional 
geological setting is crucial. Generally, the Orosirian 
stratigraphy in northern Norrbotten is not continuous making 
it hard to draw any conclusions on the interplay between 
different phases of the geological development. However, 
the CKA is unique in a Norrbottnian context because it 
constitutes a continuous series of supracrustal rocks of 
low metamorphic grade and a high degree of preservation, 
covering much of the Orosirian lithotectonic development. 
Previous studies have shown the existence of ultramafic 
intrusions generated at c. 1.88 Ga in Gällivare (Fig. 1; Sarlus 
et al. 2017, 2018) indicating regional crustal thinning coeval 
with the development of the stratigraphic column in Kiruna. 
In Kiruna, bimodal magmatism and within-plate (WPB)-
signatures of mafic rocks accompanied by high contents of 
incompatible elements in the felsic units (Martinsson 2004) 
are petrological circumstantials in further support of crustal 
thinning. Furthermore, Perdahl & Frietsch (1993) interpreted 
the Na-enriched, alkaline, trachytic volcanism of the Kiruna 
area as the result of an extensional setting. The crustal thinning 
at c. 1.88 Ga in northern Norrbotten constitutes a foundational 
framework for the starting point for structural models mainly 
constraining the compressional history.

The Orosirian stratigraphy of the CKA indicates the 
development of a volcanic-volcanosedimentary-sedimentary 
basin in response to the Orosirian crustal thinning. In broad 
terms, it is dominated by conglomeratic rocks at its bottom 
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(Fig. 2 a-c) followed by bimodal mafic/intermediate and 
felsic volcanic rocks (Fig. 2 d-l) subsequently changing 
character to volcanosedimentary/sedimentary rocks (Fig. 3 
a-g) followed by a final stage of sandstone deposition below 
the wave base (Fig. 3 h-i). The sequence at the bottom, the 
Kurravaara conglomerate, is comparable to a similar sequence 
along the WSB where Rhyacian pillow lavas are in contact 
with a polymict and poorly sorted conglomerate followed by 
intermediate and felsic volcanic rocks. The supracrustal pile in 
the CKA contains sedimentary polymict breccia-conglomerates 
that occur repetitively in the stratigraphic record (Fig. 2 
a-c, h, Fig. 3 a-c, j-l). These horizons are from stratigraphic 
bottom to top: Kurravaara conglomerate, Loussavaara breccia-
conglomerate, Matojärvi breccia-conglomerate, Hauki lower 
breccia-conglomerate, and Hauki upper breccia-conglomerate.

The character of these units vary in respect of clast- and 
matrix-composition as well as shape. Rhyacian greenstone 
clasts are restricted to the Kurravaara conglomerate and the 
matrix of the Hauki breccia-conglomerates are quartz arenitic 
in contrast to the other breccia-conglomerates with lithic 
greywacke as a matrix. Bedding and grading is locally well 
developed in the Kurravaara conglomerate, whereas these 
features are not common in the other breccia-conglomerates 
throughout the CKA. The shapes of the epiclastic deposits 
vary from smaller (c. 30x100 m) lensoid-shaped interpreted 
as pocket-types to concordant (or weakly discordant) coherent 
horizons. However, many commonalties are present that 
indicate that similar processes generated these epiclastic rocks. 
For example: 1) They are all polymict with clasts of diverse 
but local origin with sizes ranging from pebble to boulder 
varying up to 30-50 cm in diameter. 2) The shape of the 
clasts range from angular to sub-rounded suggesting short but 
variable water transports. 3) They are in general poorly sorted. 
Bedding and clast gradation are developed in most units but 
these features are rare and broadly suggest rapid deposition 
and burial. 4) The breccia-conglomerates show both clast- and 
matrix-supported characteristics, indicating both high- and 
lower-energy depositional processes. Based on the repetitive 
development of similar epiclastic deposits, it is here suggested 
that these formations represent erosional peaks driven by 
normal faulting during the progressive basin development. 
This interpretation is in line with Andersson et al. (2017) who 
tentatively suggested that some shear zones in central Kiruna 
may have originated as normal faults.

The generation of rift-basins due to continental break-
up during the Rhyacian is rather well established in the 
Fennoscandian shield (e.g. Pharaoh & Pearce 1984, Martinsson 
1997, Hanski 2012, Melezhik & Hanski 2012, Hanski et al. 
2014, Bingen et al. 2015). The normal faults associated with 
this early phase of rifting constitute candidates for being the 
controlling structures also in the case of later extensional 
events during the Orosirian by normal reactivation. Martinsson 
(2004) suggested that the Kiirunavaara group formed because 
of mantle plume activity. However, the subduction-related 
environment during the Orosirian (e.g. Perdahl & Frietsch 
1993, Bergman et al. 2001, Lahtinen et al. 2005, Sarlus et al. 
2017, 2018) provides the conditions necessary to cause the 
crustal thinning by the development of back-arc basins (Sarlus 
et al. 2017, 2018) and is favoured in this study. The back-arc 
basin were then subsequently filled by younger material and 
later inverted and tectonically reworked during a polyphase 
compressional series of events.

6.4 Alteration
In a regional perspective, three hydrothermal events with 

regional to local distributions can be identified based on 
crosscutting and/or overprinting relations and linked to the 
regional pre- to syn-, or late-D1, D2, and D4.

6.4.1 D1 related hydrothermal alteration

Several generations of scapolite ± albite are present throughout 
the study areas. The porphyroblastic and the semi-conformable 
(selective-pervasive) types (Fig. 10 a-b) are commonly 
encountered in low strain blocks close to shear zones or in 
mafic dykes within or at the margins of meter-wide D1 shear 
zones and interpreted to have formed during D1. Discordant, 
vein related scapolite ± albite alteration locally occurs and 
is paragenetically late relative to patchy porphyroblastic 
scapolite. These two paragenetic relations of scapolite ± albite 
probably reflects an early regional fluid flow event during 
D1 and recycling of chlorine, as was suggested by Bernal 
et al. (2017), during D2. A D1 timing is also inferred for the 
amphibole + magnetite (Fig. 10 b-d) alteration because it is 
found with both early and late relationships to the selective-
pervasive scapolite ± albite alteration.

Age constraints for early scapolitization in northern 
Norrbotten range from c. 1903 ± 8 Ma (Smith et al. 2009) to 
1880 ± 4 Ma (Sample Pick-18: Martinsson et al. 2016) and is 
probably comparable to the regional scapolitization during D1 
reported in this particular study. However, Martinsson et al. 
(2016) report 1850 ± 6 Ma (Samples Nun A, Nun B: Martinsson 
et al. 2016) for titanite associated with scapolite alteration 
from the same locality as studied by Smith et al. (2009), which 
complicates the interpretation of the timing of the scapolite 
alteration. Ages at c. 1.85 Ga are rare in northern Norrbotten 
and have only been reported from a few other localities, among 
them the Aitik deposit and areas around the Pajala shear zone 
(Bergman et al. 2006, Wanhainen et al. 2012), east of the CKA. 
The earliest hydrothermal event in the CKA is represented by 
titanite-actinolite-calcite assemblages from the Loussavaara 
footwall yielding a titanite U-Pb age at 1876 ± 9 Ma (Romer et 
al. 1994, Westhues et al. 2016). This hydrothermal event can 
be temporally correlated with U-Pb zircon ages at 1875 ± 5 Ma 
and 1876 ± 7 Ma from strongly altered hanging wall rocks at 
Kiirunavaara and Rektor respectively (Westhues et al. 2016). 
Age constraints on early metamorphism is relatively scarce in 
northern Norrbotten. Nevertheless, Hellström (2018) report 
1878 ± 3 Ma for migmatization near the contact to syntectonic 
intrusions indicating that sufficient heat-energy was available 
(at least locally) to circulate fluids to form the D1-related 
hydrothermal mineral assemblages accounted for in this study.

6.4.2 D2-related hydrothermal alteration

Mineral alteration assemblages with an inferred D2-timing in 
this study are more potassic in character compared to earlier 
alteration paragenesis. Regional selectively pervasive (patchy) 
K-feldspar alteration of albite is an important component 
in the felsic volcanic rocks of the WSB (Fig. 10 f). It was 
documented already during the early mapping campaigns in the 
area (Offerberg, 1967) and is often accompanied by retrograde 
sericite. The selective pervasive K-feldspar is undeformed and 
is interpreted to be of a late timing relative to the regionally 
distributed S1 and probably also D2 deformation, hence, a late 
D2 timing is inferred in this study. Pervasive and selective 
pervasive (patchy) K-feldspar alteration also characterizes the 
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Matojärvi rhyolite in the CKA (Fig. 2 j), but it is not clear 
from crosscutting relations whether this alteration formed 
pre- or syn-D2 in a regional perspective. Common for mineral 
alteration assemblages with an inferred D2-timing is that they 
tend to be restricted to D2 structures throughout the WSB 
and CKA, hence, relatively local distributions. In the CKA, 
the potassic phases are dominated by shear zone-hosted 
(D2) sericite ± biotite. In association to the D2-shear zones, 
brittle fractures carrying Fe- and Cu-sulphides formed. As a 
regional generalization, the potassic dominated D2-alteration 
is characterized by sericite ± epidote ± biotite ± chlorite ± 
magnetite ± sulphide ± K-feldspar. 

The timing of the D2-related mineral alteration assemblages 
can be constrained by the E-W shortening suggested by the 
orientation and kinematics of the D2-structures. E-W crustal 
shortening is generally assigned to the late Svecokarelian cycle 
(e.g. Bergman et al. 2001, Lahtinen et al. 2005, Sarlus et al. 
2017, Bauer et al. 2018). The association to Fe- and Cu-sulphide 
in brittle structures formed during D2 in association to sericite 
shear zones in the CKA, is in this study thought to represent 
traces of the late, c. 1.78 Ga IOCG-style mineralization event 
in northern Norrbotten (Martinsson et al. 2016).

6.4.3 D4-related hydrothermal alteration

The last fluid flow event targeted by this study is probably 
of local distribution and linked to the regional D4. It is 
characterized by quartz + calcite hosted by hydrothermal 
breccia veins in the CKA. The hydrothermal breccia shows 
a late timing in relation to an apatite vein in the CKA. The 
apatite grains in the vein are often surrounded by secondary 
monazite (Blomgren 2015) formed as a result of remobilized 
hydrothermal late monazite inclusions hosted by the apatite 
(Harlov et al. 2002). The timing of the secondary monazite 
is constrained at 1721 ± 21 Ma (Blomgren 2015) comparable 
to the last hydrothermal event in the Malmberget IOA deposit 
(Romer 1996) and possibly also the age of the hydrothermal 
breccia assigned to regional D4 in this study.

6.5 Summary of discussion
Three ductile to brittle-ductile (D1-D3) deformation events are 
identified in this study. The shortening directions suggested 
by each deformation event suggests a clockwise rotation of 
the stress field with time, from NE-SW during D1, to E-W to 
NW-SE during D2, and finally NNW-SSE to N-S during D3. A 
brittle D4-event overprints all other fabrics.

This study provides a stratigraphical argument in favor of 
the existence and development of a basin in central Kiruna. 
The basin is suggested to have formed in a larger back-arc 
basin system in this part of the Fennoscandian Shield during 
the early Svecokarelian-cycle orogeny. The back-arc basin 
was subsequently inverted during D1-D2 (accompanied by 
shearing, faulting, and folding), refolded during D3, and 
further fractured during D4.

Several generations of hydrothermal alteration can 
be observed in both study areas. The mineral alteration 
assemblages can be linked to the regional D1, D2, and D4 
implying that sufficient energy was available in the crust to 
circulate fluids during the deformation events and potentially 
re-mobilizing and concentrating economic minerals, or 
alternatively, forming ores of magmatic-hydrothermal origin.
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Abstract 
In this field-based study, a ~90 km long Palaeoproterozoic metasupracrustal belt in the northwestern part of the Norrbotten 
ore province (northernmost Sweden) has been investigated in order to characterize its various structural components and thus 
constrain its structural evolution. In addition, hydrothermal mineral associations are described and linked to identified deformation 
phases. New geological mapping of five key areas (Eustiljåkk, Ekströmsberg, Tjårrojåkka, Kaitum West and Fjällåsen-Allavaara) 
indicates two major compressional events (D1, D2) that affected the belt whereas each deformation event can be related to specific 
alteration styles typical for iron oxide-apatite and iron oxide Cu-Au systems. D1 generated a regionally distributed penetrative 
S1 foliation and oblique reverse shear zones with southwest block up sense-of-shears in response to NE-SW crustal shortening. 
D1 is associated with regional scapolite ± albite alteration formed coeval with regional magnetite ± amphibole alteration and 
calcite under epidote-amphibolite metamorphism. During D2, folding of S1 generated steeply south-plunging F2-folds in low 
strain areas whereas most strain was partitioned into pre-existing shear zones resulting in reverse dip-slip reactivation of steep 
NNW-oriented D1 shear zones and strike-slip dominated movements along steep E-W-trending shear zones under brittle-ductile 
conditions. The hydrothermal alteration linked to the D2 deformation phase is more potassic in character and dominated by 
K-feldspar ± epidote ± quartz ± biotite ± magnetite ± sericite ± sulphides, and calcite. Our results underline the importance of 
paired structural-alteration approaches at the regional- to belt-scale to understand the temporal-spatial relationship between 
mineralized systems. Based on the mapping results and microstructural investigations, as well as a review of earlier tectonic 
models presented for adjacent areas, we suggest a new structural model for this part of the northern Fennoscandian Shield. Our 
new structural model harmonizes with earlier petrological/geochemical tectonic models of the northern Norrbotten area and 
emphasizes the importance of reactivation of early formed structures.

Keywords: Palaeoproterozoic, supracrustal belt, northern Norrbotten, structural evolution, alteration, IOCG, IOA.

1 Introduction
The northern Norrbotten ore province in northern Sweden 
represents one of Europe’s key mining and exploration areas. 
For example, about 90% of European iron ore is annually 
produced from two of the world’s largest underground iron 
mines at Kiirunavaara and Malmberget. These world-class 
deposits (combined current reserves of c. 1051 Mt @ 43.4% 
Fe; Loussavaara-Kiirunavaara AB, 2017) comprise iron oxide-
apatite (IOA) or “Kiruna-type” mineralization, with the former 
deposit representing the archetypal example (e.g. Geijer, 1910; 
1930). The Aitik Cu-Ag-Au deposit also occurs in northern 
Norrbotten and is one of the largest open-pit copper mines in 
Europe (current resource of c. 801 Mt @ 0.22 % Cu, 1.3 g/t 
Ag and 0.15 g/t Au; (New Boliden AB, 2017). Aitik represents 
an enigmatic porphyry-style deposit with a protracted ore-
forming history that is thought to include an overprinting 
iron oxide-copper-gold (IOCG)-style mineralization event 
(e.g. Wanhainen et al., 2005; 2012). Beyond the active mines, 
numerous Fe and Cu ± Au prospects and deposits occur, making 
the area one of the most prospective in Europe for IOA- and 

IOCG-style mineralization (e.g. Carlon, 2000; Billström et al., 
2010; Martinsson et al., 2016).

In northern Norrbotten (Fig.1), Paleoproterozoic volcanic-
sedimentary successions mainly occur within approximately 
NNW- to NNE-trending metasupracrustal belts (e.g. Bergman 
et al., 2001). Although volumetrically minor, these belts are 
significant because their contained lithotypes and structures 
provide evidence for the long-lived tectonothermal evolution 
of this sector of the Fennoscandian (Baltic) Shield (Fig. 1). 
For example, Rhyacian (c. 2.2 - 2.1 Ga) greenstone sequences 
record a phase of continental rifting, basin formation, mafic-
ultramafic magmatism and sedimentation during extensional 
tectonism (Gustafsson, 1993; Martinsson, 1997; Melezhik 
and Fallick, 2010; Lynch et al., 2018a). In contrast, younger 
Orosirian (c. 1.9 – 1.8 Ga) volcanic and sedimentary rocks 
provide insights into subduction-related magmatism, regional 
metamorphism and accretionary-collisional processes during 
the Svecokarelian (or Svecofennian) orogeny (Skiöld et al., 
1988; Öhlander et al., 1999; Bergman et al., 2006; Lahtinen 
et al., 2015). This phase of convergent tectonism promoted 
basin inversion and juxtaposed supracrustal rocks of differing 
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character and provenance within several discontinuous, 
curvilinear metasupracrustal domains that are typically 
bounded by more aerially extensive syn- to late-orogenic 
intrusions (Pharaoh and Brewer, 1990; Ahl et al., 2001; 
Bergman et al., 2001; Sarlus et al., 2017; Luth et al., 2018).

Paleoproterozoic metasupracrustal belts in Norrbotten 
are also significant from a metallogenic perspective as they 
preferentially host a variety of base and precious metal 
mineralization, and thus represent key exploration targets 
(e.g. Carlon, 2000; Martinsson, 2004). In detail, syn-orogenic 
sequences deposited between c. 1.90 – 1.87 Ga represent a key 
metalliferous horizon that locally hosts significant IOA- and 
IOCG-style mineralization (Romer et al., 1994; Edfelt et al., 
2005; Smith et al., 2007; Wanhainen et al., 2012; Westhues 
et al., 2016). Deposits of both types commonly occur within 
or immediately adjacent to major ductile-brittle deformation 
zones which tend to traverse and follow the metasupracrustal 
belts, suggesting these domains and their constituent 
lithologies strongly influenced strain localization. Norrbotten 
Paleoproterozoic metasupracrustal rocks also preserve 
evidence of both regional- and local-scale metasomatic-
hydrothermal alteration and fluid-rock interaction (e.g. Romer, 
1996; Frietsch et al., 1997; Edfelt et al., 2005; Bernal et al., 
2017). This characteristic affirms the efficiency of these rock 
sequences and their associated structures to channel and 
focus the flow of potential metal-bearing fluids through the 
supracrustal pile (cf. Oliver and Bons, 2001; Cox, 2005).

Previous studies of Svecokarelian-cycle metasupracrustal 
rocks in northern Norrbotten have included provincial 
compilations to ascertain lithostratigraphic and petrogenetic 
insights (e.g. Freitsch, 1984; Pharoh and Pearce, 1984; Forsell, 

1987; Perdahl and Freitsch, 1993; Bergman et al., 2001), 
and local studies constraining the geological, geochemical, 
geophysical and/or structural character of sequences hosting 
Fe and Cu ± Au deposits (e.g. Geijer, 1910; 1920; 1930; 1950; 
Parak, 1975; Edfelt et al., 2006; Sandrin and Elming, 2006; 
Smith et al., 2007; Wanhainen et al., 2012; Westhues et al., 
2016; 2017; Bauer et al., 2018). With a few exceptions (cf. 
Wright, 1988; Bergman et al., 2001; Grigull et al., 2018, Lynch 
et al. 2018), regional compilations have lacked accompanying 
structural information. Local studies with a structural 
component (e.g. Debras, 2010; Edfelt et al., 2006; Wanhainen 
et al., 2012) have generally not considered the broader 
significance of deposit-proximal structures in reconstructing 
deformation and/or fluid flow events for individual belts 
or the wider region. Thus, deformation zone- or belt-scale 
investigations of Svecokarelian-related metasupracrustal 
rocks that include a coupled structural-alteration assessment 
may provide new insights into the number and character of 
paired deformation-hydrothermal events affecting a particular 
belt, with the potential to extrapolate broader tectonothermal 
implications. This approach may also help identify new 
geological vectors to IOA and/or IOCG mineralization 
applicable to underexplored and geographically isolated 
metasupracrustal domains in Norrbotten, or analogous terranes 
elsewhere (cf. Corriveau and Mumin, 2010; Corriveau et al., 
2016).

In this paper, we present a predominantly field-based 
investigation of an Orosirian metasupracrustal belt located 
about 40 km to the west of Kiruna in northwest Norrbotten, 
northern Sweden (Figs. 1, 2 and 3). The studied sequence, 
herein referred to as the Western Supracrustal Belt (cf. Wright, 
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Figure 1: Generalized geology of northern Norrbotten highlighting Palaeoproterozoic metasupracrustal belts. Simplified and modified after 
Bergman et al. (2001). 



3

1988 – see Section 3 below), extends for about 90 km in a 
NNW-SSE direction and overlaps with the location of a 
major ductile-brittle deformation zone that hosts several Fe 
and Cu ± Au occurrences (e.g. Offerberg, 1967; Witschard, 
1975; Edfelt et al., 2005; Frietsch, 1974; Wright, 1988; Lynch 
et al., 2014). New geological mapping of five key domains 
is used to ascertain the types, geometries, kinematics and 
interrelationships of various structural components within the 
belt, and thus constrain its structural evolution. Additionally, 
a petrographic and paragenetic assessment of mappable 
hydrothermal alteration associated with different lithotypes 
and/or structures is used to constrain the character and number 
of fluid-flow events within the metasupracrustal rocks, and 
attempts to link these hydrothermal events to specific phases 
of deformation. Overall, this coupled structural-alteration 
approach aims to develop a unifying deformation model 
for the investigated belt, identify key structural controls on 
hydrothermal alteration (and by inference Fe and Cu ± Au 
mineralization), and, to establish a new space-time framework 
for Svecokarelian-cycle deformation and hydrothermal fluid 
flow in this sector of northern Fennoscandia.

2 Regional geological setting
The northern part of the Fennoscandian Shield is underlain 
by a continental nucleus of Archean (2.9-2.6 Ga) granitic, 
tonalitic and amphibolitic gneisses (Gaal and Gorbatschev, 
1987; Weihed et al., 2005). In northern Sweden, Archean 
rocks belong to the Norrbotten Craton, one of three continental 
nuclei that were dispersed and reassembled during a ‘Wilson-
style’ rifting and accretionary-collisional cycle in the 
Paleoproterozoic (e.g. Lahtinen et al., 2005). Continental 
rifting and dispersal between c. 2.5 and 2.1 Ga developed 
crustal-scale rift-parallel fault systems and basins, voluminous 
tholeiitic mafic magmatism, and associated sedimentation 
which form a major large igneous province extending NW-SE 
from northern Norway to Russia (Pharaoh and Pearce, 1984; 
Hanski, 2012; Melezhik and Hanski, 2012; Hanski et al., 2014; 
Bingen et al., 2015). In northern Norrbotten, Rhyacian rift 
basins and related mafic igneous and sedimentary rocks occur 
within several NNE- and NNW-trending greenstone belts (e.g. 
Martinsson, 1997; Melezhik and Fallick, 2010; Lynch et al., 
2018a).

Early Svecokarelian-cycle orogenic magmatism (c. 1.90-
1.86 Ga) in northern Sweden generated two regional suites 
of co-magmatic volcanic-plutonic rocks that are broadly 
divisible based on petrological, geochemical and geographical 
considerations. In the east, calc-alkaline series intermediate 
to felsic volcanic-volcanoclastic rocks and co-magmatic 
dioritic to granodioritic intrusions predominate (i.e. Porphyrite 
group and Haparanda intrusive suite of Bergman et al., 2001, 
respectively). In the west, mildly alkaline (shoshonitic), 
intermediate to felsic volcanic-volcanoclastic rocks and co-
magmatic monzonitic intrusions occur (i.e. Porphyry group 
and Perthtite Monzonite intrusive suite of Bergman et al., 
2001). Late Svecokarelian-cycle magmatism from 1.81-1.65 
Ga, during a possible phase of eastward subduction, generated 
wide spread I- to A-type granitic plutonism and coeval S-type 
granites from northern Norway to southern Sweden as part of 
the Transcandinavian Igneous Belt (Andersson, 1991; Åhäll 
and Larson, 2000; Weihed et al., 2002; Högdahl et al., 2004; 
Rutanen and Andersson, 2009).

In general, metamorphic facies and related pressure-
temperature (P-T) estimates are poorly constrained throughout 
northern Norrbotten (e.g. Skelton et al., 2018). However, 
based on metamorphic mineral assemblages and limited P-T 
modelling, Bergman et al. (2001) suggested the regional 
metamorphic grade increases from greenshist to amphibolite 
facies conditions going from west to east. East of the Western 
Supracrustal Belt (Fjällåsen; Fig. 1, 2, 3), syn-orogenic 
metavolcanic rocks have yielded P-T values of 4.0 – 7.5 kbars 
and 630° - 805°C, respectively (i.e. amphibolite to granulite 
facies; Bergman et al., 2001). In the Gällivare area (Fig. 1), 
shear zone-hosted (mylonitic) schists along the Nautanen 
Deformation Zone have yielded P-T values of 2.5 – 4.3 kbars 
and c. 589 – 681°C, respectively (i.e. amphibolite to granulite 
facies; Tollefsen, 2014). Also in the Gällivare area, Romer 
(1996) reported U-Pb ages at 1730 Ma for fracture-hosted 
stilbite in metavolcanic rocks, suggesting the area remained 
below the closure temperature of stilbite (150° C) since then.

Paleoproterozoic rocks in northern Norrbotten record 
evidence of a complex, polyphase deformation history that 
evolved predominantly in response to Svecokarelian-related 
orogenic events (e.g. Vollmer et al., 1984; Forsell, 1987; 
Wright, 1988; Bergman et al., 2001; Bauer et al., 2018; Grigull 
et al., 2018; Luth et al., 2018). In the Kiruna area, Wright 
(1988) argued for an early D1 thrusting event overprinted by 
gentle, local folding and shear zone development. Bergman 
et al. (2001) reported two regional deformational events in 
northern Norrbotten and Bauer et al. (2018) showed a higher-
grade deformation event overprinted by lower-grade folding 
in the Gällivare area. The timing of the early tectonothermal 
event has been suggested to 1.90-1.88 Ga by Cliff et al. 
(1990) based on a zircon U-Pb TIMS age for an undeformed 
granophyre dyke cutting the Kiirunavaara IOA deposit 
interpreted to represent the maximum age of the deformation. 
A similar timing of the same event has been inferred based 
on deformation styles recorded by ca 1.89 – 1.88 Ga plutonic 
rocks in northern Norrbotten (Bergman et al., 2001). The 
timing of the later tectonic event is generally constrained by 
the emplacement of ca 1.8 Ga granitic intrusions and related 
hydrothermal activity (e.g. Bergman et al., 2001; Smith et al., 
2009; Bauer et al., 2018).

3 Geology of the Western Supracrustal Belt
3.1 Setting, extent, and lithotypes

The Western Supracrustal Belt (WSB) refers to a discontinuous, 
c. 6 km-wide by 90 km-long, NNW-trending Orosirian (c. 
1.89 – 1.87 Ga) lithotectonic domain located to the west of 
Kiruna in northwestern Norrbotten (Fig. 2, 3). In an earlier 
study, Wright (1988) defined the WSB as a north-south 
trending supracrustal inlier zone immediately to the west 
of Kiruna (i.e. the Eustiljåkk key area: Fig. 2, 3). However, 
this area represents the northernmost part of a much larger 
supracrustal terrain that extends further southward to the west 
and southwest of the Kiruna and Gällivare mining areas. In this 
study, we retain the original nomenclature of Wright (1988) 
but expand the term “Western Supracrustal Belt” to include 
the areas from Allavaara-Fjällåsen in the south to Eustiljåkk in 
the north underlain by Orosirian metasupracrustal rocks (Fig. 
2, 3). Similar lithostratigraphic domains occur to the west 
of the WSB as relatively small inlier “windows” surrounded 
by Paleoproterozoic plutonic rocks or younger (Paleozoic) 
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Caledonian-cycle rocks (e.g. Angvik, 2014).
In general, the geology of the WSB is dominated by 

calc-alkaline to alkaline, volcanic-volcaniclastic rocks with 
basaltic to rhyolitic compositions that were metamorphosed 
to approximately epidote-amphibolite facies conditions (Ros, 
1979; Bergman et al., 2001; Edfelt et al., 2006). Along its 
margins, the WSB is bounded by subordinate c. 1.88-1.86 Ga 
granodiroritic to dioritic plutonic rocks and more abundant c. 
1.80 Ga granitoids (Bergman et al., 2001). The plutons intrude, 
truncate and disrupt the supracrustal pile and this aspect, 
combined with the polydeformed nature of the sequence (see 
below), makes lateral stratigraphic correlations difficult. In the 
Ekströmsberg area (Fig. 2, 3), Rhyacian greenstones are found 
at the margin of the belt providing a partly persevered pre- to 
syn-orogenic stratigraphic record (Offerberg, 1967; Witschard, 
1975a). In the Allavaara area (Fig. 2, 3), Witchard (1975a) also 
indicated synclinal folds comprised of Rhyacian greenstones 
on their flanks cored by Orosirian felsic to intermediate 
volcanic rocks.

3.2 Structural geology
Previous studies incorporating parts of the WSB have provided 
an intermittent and somewhat contradictory assessment of its 
structural character and evolution (c.f. Wright, 1988; Bergman 
et al., 2001; Edfelt et al., 2006). In the Eustiljåkk area (named 
Ruojtatjåkka South in Wright, 1988) in the north, Wright (1988) 
identified a steep, NW-trending mylonite zone that mimics the 
NNW-orientations of high-strain zones at Allavaara in the 
south (Fig. 2, 3). The Eustiljåkk mylonite provided kinematic 
evidence for a west-side-down oblique normal sense-of-
shear, based on rotated porphyroclasts with asymmetric tails 
(Wright, 1988). In contrast, Bergman et al. (2001) reported 
overall west-side-up kinematics for the composite shear zone 
within the WSB based on outcrop observations west of Kiruna 
and Gällivare (Fig. 1). A set of ENE-trending dextral strike-
slip shear zones in the Eustiljåkk area (Ruojtatjåkka South in 
Wright, 1988) have also been reported by Wright (1988) who 
suggested these structures post-date the dominant NNW-SSE 
tectonic grain.

Based on airborne (Bergman et al., 2001) and ground 
magnetic data (Frietsch et al., 1974), several prominent 
NNW-trending linear magnetic anomalies occur along the 
WSB, or as splay anomalies extending NW to WNW toward 
the Tjårrojåkka area (Fig. 3). These magnetic lineaments 
have generally been assigned to an unnamed, crustal-scale 
Paleoproterozoic shear zone analogous to the major NE-
trending Karesuando-Arjplog Deformation Zone to the 
northeast and the NNW-trending Nautanen Deformation Zone 
to the east (e.g. Bergman et al., 2001; Sandrin and Elming, 
2006). Moreover, the magnetically anomalous character of the 
WSB mimics similar “striped” magnetic signatures associated 
with intense magnetite alteration and mylonitic deformation 
within the IOCG-mineralized Nautanen Deformation Zone 
near Gällivare to the east (Fig. 1; e.g. Lynch et al., 2015; Lynch 
et al., 2018b).

3.3 Mineralization and related alteration
Both iron oxide-apatite (IOA) and Cu ± Au mineralization 
occur along the WSB. The best documented examples are 
the Tjårrojåkka Fe-Cu system in the southwest and the 
Ekströmsberg IOA deposit in the north (Fig. 2, 3). The 
Tjårrojåkka system (Edfelt et al., 2006) comprises a western 
IOA deposit and an IOCG-style Cu ± Au body in the east. 
The IOA deposit is primarily associated with pervasive albite 

+ scapolite + magnetite ± amphibole alteration, while “red 
rock”-style potassic-ferroan (K-feldspar + hematite ± albite) 
alteration is mainly associated with the Cu deposit (Edfelt 
et al., 2006). The Ekströmsberg deposit comprises several 
parallel NW-trending magnetite and hematite ore bodies. The 
ore bodies are associated to sericite + quartz altered host rocks 
and discordant calcite veining, as well as muscovite, zircon, 
epidote, tourmaline and allanite (Frietsch, 1974).

In general, the siting of Fe and Cu mineralization along the 
WSB appears to be partly controlled by superimposed structures 
formed during polyphase deformation. In the Tjårrojåkka 
area, Edfelt et al. (2006) reported three deformational events; 
D1 and D2 which generated cleavages in NE- and E-oriented 
shear zones, respectively, and a later D3 event which folded D1 
structures and produced shallow SE-striking cleavages dipping 
towards the southwest. Additionally, the Fe and Cu ore bodies 
at Tjårrojåkka are aligned with D1-related NE- to ENE-oriented 
planar structures (Edfelt et al., 2006). At the Ekströmsberg 
IOA deposit, Frietsch (1974) reported several prominently 
developed structures including NW-trending schistosity that 
parallel the orientation of the main ore bodies. Additional 
structural components including locally developed folding, 
a major NW-SE-trending fault zone and tectonically crushed 
feldspar phenocrysts were also noted (Frietsch, 1974). Overall, 
these features imply a polyphase structural evolution for the 
Ekströmsberg IOA deposit but further detailed descriptions of 
its structural characteristics are presently lacking.

4 Methodology and study approach
In this study, five key areas were chosen to elucidate the 
structural differences and/or similarities along the WSB; from 
Eustiljåkk, Ekströmsberg, Tjårrojåkka, Kaitum West and 
Fjällåsen-Allavaara (Fig. 2, 3). Geological mapping with a 
structural focus was conducted between 2015 and 2017. A total 
of 698 outcrop observations were made and 1079 structural 
measurements were collected. The mapping campaign covered 
all major outcrop areas between Allavaara in the south to 
Eustiljåkk in the north (Fig. 1, 2). All structural measurements 
were collected using Brunton Geo Pocket Transits and all data 
were digitized in the field on ruggedized iPad mini devices 
using the Middland Valley application Field Move (Midland 
Valley Exploration Ltd.). All lineations were measured as 
the pitch on planes and recalculated into true orientation 
using the software Geo Calculator (Holcombe, Coughlin, 
Oliver, Valenta Global). For magnetite-rich rocks, structural 
measurements were estimated using known distal points in 
the terrain. Structural analysis was performed using the Move 
2017 software package (Midland Valley Exploration Ltd.) and 
Leapfrog Geo 4.0 (Seequent), whereas maps were constructed 
using ArcMap (ESRI). Stereographic plots were produced 
as lower-hemisphere, equal-area stereographic projections 
using Dips 7.0 (Rocscience). Forty-one oriented samples 
were collected throughout the area. The samples were cut 
across foliation and parallel to lineation and sent to Vancouver 
Petrographics Ltd. for thin section preparation, one thin section 
per sample. Petrography and microstructural investigations 
were performed using a conventional petrographic polarization 
microscope equipped with a digital camera (Nikon ECLIPSE 
E600 POL). 

The characterization of hydrothermal alteration was 
approached from a “field geology” or exploration perspective. 
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We focused on the recognition of mappable alteration mineral 
assemblages at the outcrop- to hand specimen-scale to establish 
possible links between certain structures and alteration styles, 
and identify specific structural-alteration combinations that 
may prove useful as a vectoring tool toward Fe and/or Cu 
mineralization. The purpose of this approach was to provide 
a holistic overview of paired deformation-hydrothermal 
processes affecting the WSB, and offers a starting point for 
further alteration-related studies in this underexplored area.

5 Results
In general, the structural mapping results highlight several 
superimposed ductile and brittle-ductile deformation 
events along the WSB that vary in terms of their character 
and intensity. Likewise, variably developed hydrothermal 
alteration displays localized differences in terms of type, style 
and intensity. In Sections 5.1 – 5.5, the main structural features 
from the five key areas are presented from north to south, with 
a description of the alteration characteristics for the WSB 
outlined in Section 5.6.

5.1 Eustiljåkk area
The Eustiljåkk area provides a relatively continuously exposed 
profile cross the WSB (Fig. 4). The area predominantly 
comprises weakly deformed porphyritic volcanic rocks, along 
with subordinate metasedimentary rocks and mafic dykes. 
West-dipping shear zone-type structures occur in the NE-part 
of the area and impart a dominant N-S-directed structural grain 
in this sector (Fig. 4). Beyond this area to the west, other large-
scale ca NW-aligned structures are interpreted from magnetic 
anomaly data (Bergman et al. 2001, Fig. 3). Although ground 
truthing of these more western structures was not possible due 
to poor exposure, their continuity was verified by structural 
measurements and thin section analysis of similarly deformed 
rocks in key areas south of Eustiljåkk (Sections 5.2, 5.4 and 
5.5 below).

In general, a weakly developed penetrative cleavage is 
present throughout the Eustiljåkk area. We designate this 
cleavage as S1 because it is folded into mesoscale near vertical-
plunging F2 folds (Fig. 4: further descriptions below). NNW-
SSE or N-S-trending and west-dipping grains that are parallel 
with magnetic lineaments appear to control the orientation of 
S1. The magnetic lineaments predominately have NNW-SSE 
orientations (Fig. 3) whereas the stereographic projection 
of S1-foliations from the entire Eustiljåkk area indicates a 
dominantly N-S grain (Fig. 5). This probably results from a 
bias in the S1 summary plot (Fig. 5a-b) due to a greater surface 
exposure of N-S directed magnetic lineaments in the area 
which lead to a higher number of structural measurements 
along this grain.

S1 is defined by a preferred mineral orientation of  
feldspar + quartz ± biotite ± actinolite ± hornblende in felsic to 
intermediate volcanic rocks (Fig. 6a) and adjacent granitoids. 
The cleavage distribution in the granitoids is unevenly 
distributed and is generally of low intensity. South of the 
Eustiljåkk area, calcite is also part of the cleavage mineral 
assemblage within porphyritic volcanic rocks. In mafic rocks, 
S1 is defined by actinolite + plagioclase ± epidote ± hornblende 
± calcite that show a preferred mineral orientation parallel to 
the ca N-S-aligned S1 fabric.

In general, bedding surfaces (S0) are only rarely preserved 
in the Eustiljåkk area. In the southern part (Fig 4), deformed 

meta-arkosic horizons are interbedded with more competent 
volcanic porphyries. The more western of these horizons 
is slightly steeper and shows intense NNE-verging parasitic 
F1 folding with M- and Z-geometries (Fig. 6b). Based 
on bedding-bedding and bedding-cleavage relationships 
combined with parasitic fold geometries, we interpret the fold 
as a NE-verging, overturned synform. An axial planar-parallel 
S1 cleavage generally dips sub-parallel to but is slightly steeper 
than bedding (Fig. 4). The calculated F1 beta axis (β: 330/15) 
plunges gently towards the northwest, which is comparable to 
the measured fold axes of parasitic F1 Z-folds (Fig. 4). The 
fold limbs are transected by an E-W-aligned high-strain zone 
inferred from the aeromagnetic map and supported by high-
strain cleavage measurements near the magnetic lineament (Fig. 
4). The axial planar S1 cleavage appears to be transposed into 
the high-strain zone (Fig. 4). We interpret this phenomenon as 
localized folding (transposition) of S1 and S0 in response to D2 
shearing. In the northwestern part of the Eustiljåkk map sheet, a 
low-intensity S1 cleavage is folded into F2 folds. Stereographic 
analysis indicates slightly asymmetrical fold geometries with 
a calculated beta axis plunging steeply (β:293/79) towards the 
northwest (Fig. 4). In terms of overprinting structures, D2-
related fold hinges (F2) and axial planar-parallel cleavages (S2) 
were not observed in the field nor in thin sections. 

The northeastern part of the Eustiljåkk area (Fig. 4) is 
characterized by mainly N-S and subordinate NW-SE and 
NE-SW-trending sets of thin, well-exposed high-strain zones. 
Associated stretching lineations show variable orientations 
(Fig. 4). In low strain units, S1 cleavages plot near the best 
fit plane (Fig. 4) suggesting F2 folding around a calculated 
beta axis plunging steeply to the north (β:357/79), whereas the 
high-strain D2 fabrics are oriented consistently N-S (Fig. 4). 
Mafic dykes are commonly encountered either within or at the 
contacts of the high-strain zones (Fig. 6c). The mafic dykes 
sometimes show internal folding of leucocratic material but 
relatively undeformed dykes are also present. The mafic dykes 
are in most cases not wider than a couple of meters and occur 
as swarms. Where dyke density is high, the dykes were mapped 
as single units. The high-strain zones and related dykes affect 
a surrounding granitoid, implying granitoid emplacement 
occurred prior to D2-related deformation.

Oriented thin section samples from the Eustiljåkk area did 
not yield any high confidence kinematic indicators making the 
kinematic interpretation of the area difficult. Despite this, an 
east-verging F1 fold in the southern part of the area (Fig. 4) 
indicates that the Eustiljåkk area was affected by west-side-up 
movements during D1.

5.2 Ekströmsberg area
The Ekströmsberg area (Fig. 7) is dominated by felsic to 
intermediate metavolcanic rocks that host the Ekströmsberg 
IOA deposit (Frietsch, 1974). The dominating NNW-SSE 
trending high-strain zones west of the Ekströmsberg IOA 
deposit (Fig. 8) is poorly exposed and is mainly inferred from 
aeromagnetic and ground magnetic anomalies (Frietsch et al. 
1974, Bergman et al., 2001). These magnetic anomalies can 
be linked to high-strain zones mapped just northwest of the 
Ekströmsberg IOA deposit (Fig. 8) and further south in the 
Kaitum West area (Fig. 11, Section 5.4).

At Ekströmsberg, a penetrative, continuous 
cleavage is defined by a preferred mineral orientation of  
feldspar + quartz and/or biotite or amphibole (mean  
orientation: 251/50). The orientation of this cleavage appears to 
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Fig. 5 Stereographic summary plots for Eustiljåkk area. Lower hemisphere, equal area. A) Low intensity cleavage 
interpreted as S1. B) High strain cleavage. C) Stretching lineation.  
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Fig. 6 Thin section and �eld images of characteristic structural features in the Eustiljåkk area. A) Low intensity S1, EXXX, NXXX. 
B) Parasitic folding of metasedimentary horizons, E687043 N7539378. C) Ma�c dyke related to N-S directed high strain 
zones, E687505 N7543037

W E

S0S 1

Figure 5: Stereographic equal area projections highlighting A) Low strain S1. B) High strain fabrics. C) Stretching and mineral lineations. 

Figure 6: Characteristics of Eustiljåkk key area. A) Low intensity S1-foliation. B) Parasitic F1 folding of metasedimentary horizons. 
C) Scapolite altered mafic dyke associated to N-S directed high strain zones.

be controlled by adjacent high-strain zones, hence suggesting 
this cleavage as S1 generation. This fabric is developed in both 
the supracrustal and plutonic rocks in the Ekströmsberg area, 
although, ductile deformation only sporadically occurs in the 
plutonic rocks. A stretching lineation is generally present in 
felsic-intermediate volcanoclastic rocks and is defined by 
stretched feldspar porphyroclasts and quartz. Occasionally, 
a very well developed mineral lineation (Lm) in mafic rocks 
is defined by strained actinolite-tremolite forming distinct 
L-tectonites (Fig. 8a). Nevertheless, the general trend in the 
area is the development of LS-tectonites.

Metasedimentary rocks are rare at Ekströmsberg and few 
clear bedding planes could be observed. Sedimentary rocks are 
only present in the northwestern part of the area, comprising 
poorly sorted, polymict conglomerate horizons with poorly 
developed bedding (Fig. 7). Locally, pillow basalts provide 
reliable bedding markers and where magmatic layering is 
indicated by stratiform scapolite replacement (Fig. 8b). Due to 
the general lack of high confidence bedding markers few well 
exposed fold shapes has been observed. Lithological contacts 
(Offerberg, 1967) and magnetic maps (Frietsch et al., 1974, 
Bergman et al., 2001) were used to indicate fold symmetries 
where lithological contacts and magnetic lineaments bend 
in association with small-scale fold axes could be observed 
and measured in field (Fig. 7). S1 cleavages are typically 
developed axial planar-parallel to these inferred F1 folds. 
A low intensity foliation of a somewhat uncertain origin is 
commonly observed in porphyritic volcanic rocks (Fig. 8c, d). 
This structure is defined by a preferred orientation of feldspar 
and quartz which resembles a tectonic cleavage. Nevertheless, 
no or very little signs of pressure shadows or re-crystallization 
around the feldspars could be observed (Fig 11). We suggest 
this fabric as a flow fabric implying that a primary magmatic 
foliation (S0) may be discernible in the Ekströmsberg area and 
that this foliation correlates to what Frietsch (1974) described 

as “fluidal banded” (Cc. Fig. 8 in Frietsch, 1974). This 
interpretation is supported by steeply plunging (β: 195/75), 
near cylindrical, tight and upright folding of this S0 fabric 
whereas the clearly tectonic, continuous, low intensity S1-
cleavage does not show this folding pattern (Fig. 8).

The S1 cleavage appears to be transposed into a set of sub-
vertical, E-W-trending strike-slip- and NNW-SSE-trending 
dip-slip shear zones near the Ekströmsberg IOA deposit. We 
interpret this as transposition of S1 cleavage into D2 shear zones 
implying that, as in the Eustiljåkk area, two compressional 
events can be recognized (i.e. D1 and D2). A mafic volcanic 
rock in the northwestern part of the area shows a crenulation 
cleavage developed in a NNW-SSE-trending dip-slip mylonitic 
zone, also suggesting two fabric-forming events (Fig. 8e). 

The sense of shear determined from SCC´-fabrics in thin 
section indicates oblique west- to southwest-side-up kinematics 
in the dominating NNW-SSE-trending high-strain zones. 
Oblique sinistral (8f) and reverse dip-slip (8g) movements are 
recorded along north- and near-vertical-plunging stretching 
lineations respectively, both yielding overall west-block-
up kinematics. The E-W-trending mylonites within the 
Ekströmsberg IOA deposit (Fig. 7) show strike-slip movements 
with a sinistral top-to-the-west sense-of-shear as indicated by 
S-C-fabric orientations (Fig. 8h). Interestingly, many of the 
feldspar porphyroclasts in the E-W high-strain zones at the 
Ekströmsberg IOA deposit record brittle deformation (Fig. 
8i). No brittle deformation of feldspars was observed in the 
NNW-SSE-trending mylonites throughout the entire WSB. 
No direct cross-cutting relationships between the E-W- and 
NNW-SSE-trending high-strain zones could be observed in 
the field. However, an E-W tectonic grain offsets the NNW-
SSE grain on magnetic maps (Bergman et al., 2001; Frietsch 
et al., 1974) throughout the WSB, suggesting the late timing 
of these high-strain zones on a regional to belt scale. Both 
structural grains show similar sub-grain rotation (SGR) and 
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quartz recrystallization textures with local bulging (BLG) 
recrystallization (Cf. Fig. 8e, f, g, h) indicating relatively low-
temperature conditions (c.f. Passchier & Trouw 2005).

5.3 Tjårrojåkka area
The Tjårrojåkka area (Fig. 9) is dominated by mainly felsic and 
intermediate volcaniclastic, volcanic and volcanosedimentary 
rocks that host the Tjårrojåkka Fe-Cu system (c.f. Edfelt et 
al., 2005). The area is dominated by a penetrative S1-foliation 
defined by the mineral alignment of amphibole, quartz, 
feldspar and locally magnetite. Bedding (S0) is locally visible 
in laminated volcanosedimentary rocks and greywackes. S0 
is generally sub-parallel to S1 and shows local, meso-scale, 
intrafolial isoclinal folds (Fig. 10a). At the macro-scale, S0 
appears to form an isoclinal F1-fold with an approx. ENE-
WSW-trending main structural grain (Fig. 9). Mineral 
lineations are observable as an alignment of amphibole and 
quartz on S1-foliation planes. Both bedding and S1 foliations 
are overprinted by F2-folds with axial traces trending approx. 
N-S to NE-SW (Fig. 9). F2-fold geometries are upright, open 
to close and show a distinct, axial surface parallel spaced 
cleavage, here designated S2. The N- to NE-aligned S2-cleavage 
is commonly defined by biotite alignment and also by brittle 
fracturing. Spacing of the S2-cleavage ranges from a few cm 
up to several tens of cm (Fig. 10b, c). Locally, S2-related kink 

bands are relatively common features in volcaniclastic rocks 
(Fig. 10 b). In general, the dominate NE-trend of S1 mimics the 
orientation of a NE-SW-striking high-strain zone hosting the 
Tjårrojokka copper-gold deposit (c.f. Edfelt et al., 2005, 2006).

5.4 Kaitum West area
The Western Supracrustal Belt progressively widens 
southward toward the Kaitum West area (Fig. 2, 11). Overall, 
the bedrock in this area is dominated by felsic to intermediate 
metavolcanic to volcanoclastic rocks with additional relatively 
common metabasalt sequences. Kaitum West provides an 
almost continuous mappable E-W profile across the WSB. 
Structural observations indicate the area constitutes several 
low-strain zones that border a central high-strain block (Fig. 
11). The main strain was taken up by shear zones concentrated 
in felsic volcanoclastic rocks. The surrounding metabasaltic 
to meta-andesitic volcanic rocks show lower strain intensities 
and the easternmost low-strain block shows F2 folding around 
a calculated beta axes plunging steeply to moderately towards 
south (β: 182/67: Fig. 11). We interpret the central high-
strain block as the northern continuation of the shear zone 
system mapped in the Fjällåsen-Allavaara area (see section 
5.5). Within the high-strain block, several NW-SE-, N-S-, 
and locally E-W-trending high strain zones and shear zones 
are present (Fig. 11). The shear zones are best developed in 
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Fig. 8 Thin section and �eld images of characteristic features in the Ekströmsberg area. 
A) Aktinolite-tremolite L-tectonite overprinted by calcite alteration. B) Semi-conformable scapolite 
replacement of magmatic bedding in a Rhyacian metabasalt. C) Magmatic bedding in felsic volcanite 
resembling a weak tectonic cleavage in outcrop scale. D) Micro-image of the same locality as Fig. 8C. 
Note the directionally aligned qtz and the lack of pressure shadows and recrystallization around the 
larger feldspar phenocrysts. E) Crenulation cleavage. F) S-C-C´ fabric along north plunging stretching 
lineation, NNW-SSE grain. West block up. G) S-C fabric along near-vertical plunging stretching 
lineation, NNW-SSE grain. West block up. H) S-C fabric along shallow east plunging stretching lineation, 
E-W grain. Top-to-the-west. I) Brittle feldspar in E-W directed strike-slip mylonite. 

S0

Scp

Figure 8: Field images and thin section photographs of characteristics of the Ekströmsberg area. A) Actinolite-tremolite L-tectonite over-
printed by calcite alteration. B) Semi-conformable scapolite replacement of magmatic bedding in Rhyacian basalt. C) Magmatic bedding in 
a felsic volcanic rock resembling a weak tectonic cleavage in outcrop. D) Micrograph of the outcrop in Fig. 8C. E) Micrograph of  
crenulation. F) SCC´ fabric along north plunging stretching lineation in the NNW directed grain. G) SC fabric along near vertical stretching 
lineation in the NNW directed grain. H) SC fabric along shallow east plunging stretching lineation along the E-W directed grain. I) Brittle 
feldspar along the E-W directed grain.
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volcanoclastic rocks, although highly strained intermediate 
and mafic volcanic rocks also occur.

Bedding markers are rare in the Kaitum West area, 
however, local volcanosedimentary horizons show bedding 
markers. Within the high-strain block, a polymict and poorly 
sorted clastic horizon occurs (Fig. 12a, b). This horizon 
shows an S1 cleavage (266/79) developed as sericite, biotite, 
chlorite dominated shear bands sub-parallel to bedding and is 
particularly well developed at the margins of compositional 
layers (Fig. 12a). At outcrop-scale, the S0/S1 composite fabric 
is isoclinally folded (Fig. 12b) around a measured fold axis 
(335/60) plunging moderately towards NW. Locally, a S1 high-
strain cleavage is transposed into shear bands that parallel 
the main shear zone directions (Fig. 12 c, d). This indicates 
relatively high-strain was localized both during D1 and D2 in 
the Kaitum West area.

Kinematic indicators in the Kaitum West area suggest 
southwest-side-up and shallow to steep oblique dextral 
displacements that are associated with southward-plunging 
stretching lineations. This interpretation is based on SCC´ 
fabrics and asymmetric quartz sigmoids with stair stepped 
pressure shadows (Fig. 12e). The same sense-of-shear is 
indicated by sinistral SC fabrics (Fig. 12f) along north plunging 
stretching lineations north of the Kaitum West area (south of 
Ekströmsberg; Fig. 2, 3) where the same shear zone system is 
related to a major fold structure. Locally, contradicting sense-
of-shear (east-block-up) is indicated by asymmetric sigma 
clasts with poorly developed pressure shadows.

5.5 Fjällåsen-Allavaara area
The area between Fjällåsen and Allavaara is dominated by 
felsic, intermediate and mafic volcanic, volcaniclastic and 
volcanosedimentary rocks. The overall dominant structural 
grain is an approx. N-S-trending set of high-strain zones (Fig. 
13) associated with a well-developed penetrative foliation. The 
foliation is defined by the alignment of strained amphibole, 
biotite, feldspar, quartz and locally magnetite (Fig. 14a) 
and is here assigned S1. Bedding is locally observable as 
compositional layering in volcanosedimentary rocks and is 
typically sub-parallel to the S1-foliation. Locally, isoclinally F1 
folded quartz and amphibole veins and bedding can be observed  
(Fig. 14b, c). Shearing is commonly observed and localized in 
prominent high-strain zones transposing S0 and S1 and forming 
distinct mylonites (Fig. 14d). Based on asymmetric sigma 
clasts and SC-fabrics a reverse, west-block up sense-of-shear 
is interpreted for the majority of zones. The central shear zone 
in Fjällåsen hosts the Fjällåsen Cu-prospect and shows oblique 
kinematics with a reverse west-block up and sinistral sense-
of-shear along a mineral lineation plunging 60° N (Fig. 13). 
S0 and S1 are folded openly to tightly into meso-and macro-

scale F2 folds (Fig. 14e, f). An axial surface parallel cleavage 
(S2) is locally observable as a weakly developed, semi-brittle, 
spaced cleavage (Fig. 14e, f). Locally, the S2 cleavage shows 
en-echelon fracturing indicating a certain amount of brittle 
movement (Fig. 14b). Mineral lineations are variably plunging 
steeply to moderately towards the north and south.

5.6 Metamorphism and hydrothermal alteration  
 along the WSB
In this section, descriptions of alteration mineral assemblages 
follow the qualitative approach of Gifkins et al. (2005) and 
are summarised in Figure 16. Alteration assemblages that were 
temporally resolvable based on cross-cutting or overprinting 
relationships are classed as a separate assemblage. We recognise 
that these assemblages likely form part of a progressively 
evolving metasomatic-hydrothermal system but this approach 
was favoured to provide a field-based classification scheme for 
the various alteration occurrences.

In general, scapolite ± albite alteration is relatively 
common throughout the WSB and is mainly observable in 
compositionally mafic rocks (i.e. metabasalt, metadolerite) as 
a distinctive speckled (porphyroblastic), pale grey to creamy 
white texture on exposed surfaces (Fig. 15a). Disseminated 
scapolite porhyroblasts are typically medium- to coarse-
grained (1 – 8 mm), irregular tabular to elongate prismatic, 
and occupy ca 10 – 35 vol. % of altered units (Fig. 15a, c). 
The weakly to strongly developed porphyroblastic scapolite 
± albite alteration is regionally distributed and best preserved 
in relatively low strain areas adjacent to or within NNW- to 
N-trending D1-related shear zones. In the Eustiljåkk area 
(Fig. 2, 3), porphyroblastic scapolite alteration affects mafic 
dykes in zones with relatively high strain (D1 and D2), while 
it locally overprints inferred bedding planes in basalt units 
in the Ekströmsberg area (Fig. 2, 3, 8b). Discordant, vein-
related scapolite ± albite alteration also locally occurs and is 
paragenetically late relative to patchy porphyroblastic scapolite 
± albite, although these veins are affected by shearing with 
a probable D2 timing (Fig. 15b). Scapolite ± albite alteration 
overprints pervasive magnetite + amphibole alteration but is 
also locally overprinted by irregular and patchy amphibole 
± magnetite zones that tend to be developed along S1 
foliations (Fig. 15c). Thus, both assemblages are interpreted 
to have formed synchronously during D1. Discordant  
magnetite + amphibole veins with white to buff albite haloes 
also occur (Fig. 15d) and appear to have formed synchronously 
with the more pervasive (disseminated) magnetite + amphibole 
alteration.

Relatively intense and pervasive tremolite-actinolite 
alteration occurs at one locality in the northern part of the 
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Fig. 10 Field images of key localities in the Tjårrojåkka area. A) Isoclinally folded bedding with associated S1 cleavage. 
B) Kink folding of S1/S0 composite fabric with associated spaced S2 cleavage. C) Openly folded S0/S1 fabric with 
associated spaced brittle-ductile S2.  

2.5cm
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Figure 10: Field images of key localities in the Tjårrojåkka key area. A) Isoclinal F1 folding. B) Open chevron-style F2 folding with spaced 
S2 cleavage. C) Open concentric F2 folding with spaced S2.
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Ekströmsberg area where it forms an amphibolite L-tectonite 
within a steep, reverse, dip-slip shear zone (Fig. 8a). This 
assemblage is overprinted by syn-tectonic (D2), relatively 
intense and pervasive calcite alteration and post-tectonic, 
undeformed, granular epidote (Fig. 15e). Syntectonic calcite 
alteration is also present several km north of this locality along 
the same structure. Intense and pervasive calcite alteration 
(Fig. 15f) also occurs in the nearby Vieto area (Fig. 2, 3) 
where it is related to a moderately (c. 285/75) west-dipping 
shear zone. Here, calcite alteration overprints ductile shear 
zone fabrics and the timing of calcite is therefore interpreted 
as late- to post-D2 deformation at this locality. Deformed and 
discordant calcite veins, with a probable D1 timing, are also 
common throughout the WSB and are mainly present in low-
strain blocks dominated by mafic rocks.

Epidote forms part of several alteration assemblages 
with differing parageneses and structural associations along 
the WSB. For example, epidote together with hornblende 
and plagioclase occurs parallel to S1 fabrics (likely syn-D1) 
in Rhyacian metabasalts to form a probably regionally 
distributed, moderately intense and pervasive metamorphic 
key assemblage (Fig. 15g). Additionally, early developed 
(pre- to syn-D1) hornblende + epidote veins locally occur 
and are affected by S1 foliations (Fig. 15g). In the Eustiljåkk 
area, epidote is also commonly developed as a retrograde 
product replacing disseminated hornblende in mafic 
metavolcanic rocks. A relatively intense, selectively pervasive  
epidote + K-feldspar assemblage, spatially related to localized 
Cu-sulphide weathering overprints a weak, pervasive 
amphibole + magnetite alteration in the western low-strain 
block of the Kaitum West area (Fig. 15h).

The most prominent alteration assemblage in the 
Tjårrojåkka area is a relatively intense and pervasive  
K-feldspar + epidote + quartz hydrothermal alteration 
assemblage that overprints and cuts S1 foliations. Locally, both 
K-feldspar and epidote appear to be remobilized into S2 spaced 

cleavage domains. Epidote also commonly occurs as patches 
on fracture planes at Tjårrojåkka, producing a distinctive 
reddish-green rock (Fig. 15i). Epidote also occurs in areas of 
often moderate to intense, selectively pervasive K-feldspar 
alteration (replacing albite) throughout the WSB (Fig. 15j) 
and is typically accompanied by weak retrograde sericite 
alteration of secondary K-feldspar. Overall, this assemblage 
commonly affects intermediate to felsic metavolcanic 
rocks that may also display the effects of earlier formed 
scapolite and/or amphibole ± magnetite alteration where  
K-feldspar ± epidote is less intensely developed. These 
overprinting relationships and the more localized (selectively 
pervasive) distribution of the K-feldspar + epidote assemblage 
suggests it formed during a later alteration event (i.e. post-D1).

In the Ekströmsberg area, a relatively intense,  
shear band-hosted biotite + magnetite + K-feldspar + muscovite 
assemblage affecting a rhyodacitic volcanosedimentary rock 
is associated with steep, approximately E-W-striking sinistral 
strike-slip shear zones (Fig. 15k, l). The biotite shear bands 
are oriented subparallel with volcanosedimentary bedding 
(S0). Magnetite also occurs along the same shear bands and as 
disseminated grains in the adjacent wall rock. We interpret the 
timing of this alteration to be synchronous with the last activity 
of the structure, hence D2 (see section 5.2).

6 Discussion
6.1 Structural evolution of the WSB

In general, the structural elements preserved within the 
WSB are consistent with a complex, polyphase deformation 
history. Observed S1 cleavages are axial planar to folded S0 
bedding planes and magmatic flow structures associated with 
metasedimentary and volcanosedimentary rocks. F1 folds are 
generally poorly exposed and are thus difficult to constrain 
due to the lack of clear bedding and/or stratigraphic younging 
indicators. Where developed, however, F1 folds are tight to 
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Fig. 12 Thin section and �eld images/sketches of key localities in the Kaitum West area. A) Micrograph of S0/S1 composite fabric in volcanosedimentary sample. B) Isoclinal meso-scale folding of the 

S0/S1 fabric imaged in Fig. 12a. C Volcanosedimentary unit showing a high strain cleavage sub-paralell to bedding. The S0/S1 fabric is transposed into the direction of D2-shear bands. 
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Figure 12: Thin section and field images/sketches of key localities in the Kaitum West key area. A) Micrograph of S0/S1 composite fabric in  
volcanosedimentary rock. B) Isoclinal mesoscale folding of the S0/S1 fabric Fig. 12 A. C) Volcanosedimentary unit showing a high strain  
cleavage sub-parallel to S0. The S0/S1 fabric is transposed into the direction of D2 shear bands. D) Simplified sketch of Fig. 12 C.  
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isoclinal and are either upright or overturned, with the latter 
verging to the east (Fig. 4, 7). Interpreted F1 folding in the 
Ekströmsberg area has yielded a relatively steep calculated 
beta axis towards the SSW (β: 195/75), which is a typical 
feature for the F2-folds throughout the WSB. These similar 
orientations suggest earlier formed F1 folds were rotated into a 
steep southward plunge during D2 transposition. 

S1 cleavages throughout the WSB are best preserved 
in relatively low-strain domains as a penetrative fabric in 
supracrustal rocks, while they are only weakly developed 
in adjoining shoshonitic plutonic bodies (equivalent to the 
Perthite monzonite suite (PMS) of Bergman et al., 2001). 
In contrast, calc-alkaline plutonic rocks of similar age 
(Haparanda suite) typically display well-developed planar 
cleavages in northern Norrbotten indicating these intrusions 
formed pre- to syn-D1 (cf. Bergman et al., 2001). Based on the 
more intense foliations persevered in the calc-alkaline plutonic 
rocks compared to the shoshonitic intrusions, we interpret 
the relative timing of the latter as syn- to late-D1. Reported 
radiometric igneous ages for various intrusions assigned to this 
shoshonitic (PMS) plutonic suite in northern Norrbotten range 
from c. 1.88-1.86 Ga (Bergman et al., 2001, Sarlus et al., 2017, 
Kathol and Hellström, 2018).

Mylonitization frequently occurs subparallel with the 
regionally extensive and laterally continuous S1 cleavages. 
Although the level of outcrop exposure does not allow for 
accurate estimations of the width of these zones, our mapping 
experiences combined with ground magnetic signatures in 
the Ekströmsberg area (Frietsch et al., 1974) indicate that 
these zones are relatively thin (meters to tens of meters) and 
display sharp contacts controlled by lithological contrasts. The 
mylonitic strain seems to have been taken up by volcanoclastic 
and metasedimentary horizons sandwiched between more 
competent volcanic rocks throughout the WSB.

In general, S2 cleavages developed predominantly in NNW-
SSE- and approx. E-W-trending high-strain zones. Where S1 is 

not completely transposed into parallelism or overprinted by 
high-strain fabrics, the S1 cleavage is occasionally overprinted 
by a S2 crenulation cleavage (c.f. Fig. 8e). Dynamic quartz 
recrystallization textures formed during D2 in the mylonite 
zones (SGR texture with minor BLG) suggest low to medium 
temperature conditions within these zones (Passchier and 
Trouw, 2005). In comparison, slightly higher temperature 
conditions are suggested for the Kaitum West area based on 
the presence of grain boundary migration (GBM) and SGR 
textures (Passchier and Trouw, 2005).

In the Tjårrojåkka area, Edfelt et al. (2006) identified three 
deformation events (D1 – D3 in Edfelt et al., 2006), although 
detailed structural information for each of these was not given. 
In their study, Edfelt et al. (2006) reported an early brittle-
ductile deformation event (D1), which generated steep NE-
SW-directed planar structures that controlled the siting and 
orientation of the Tjårrojåkka Fe-Cu system. Subsequently, 
E-W oriented shearing and folding (D2 structures) that was 
temporally associated with localized NNW-SSE-trending 
deformation (D3 in Edfelt et al., 2006). Based on our mapping 
results (Section 5 and Figs. 7, 9, 11), we interpret ca E-W-
directed high-strain fabrics at Tjårrojåkka (equivalent to D2 
structures in Edfelt et al., 2006) as relatively late structures 
(our D2 event) since ca NNW-SSE-aligned fabrics are 
consistently affected (e.g. folded and displaced) by ca E-W-
aligned structures throughout the WSB (Fig. 2, 3, 14a, 14d). 
In particular, the structural map of the Tjårrojåkka area shows 
isoclinal F1 folds that are openly refolded by F2 folds and offset 
by an E-W-directed D2 high-strain zone (Fig. 9).

In low strain blocks throughout the WSB, S1 planar 
structures are folded into meso-scale F2 folds with fold axes 
generally plunging moderately to steeply (60-80°) northward 
or southward (Fig. 4, 9, 11). Axial planar-parallel S2-cleavages 
related to the F2-folds in the low strain blocks are very rare. 
Only a few examples in the Tjårrojåkka, Fjällåsen and north of 
the Ekströmsberg area have been observed where S2 forms an 
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axial planar-parallel, brittle-style, spaced cleavage (Fig. 10b, 
10c, 14d). Therefore, we suggest D2 deformation occurred 
during relatively low-pressure, upper-crustal conditions (c. f. 
Pfiffner, 2017). In the Gällivare area (Fig. 1), Bauer et al. (2018) 
interpreted folding of an S1 gneissic fabric into F2 synformal 
structures without axial planar S2 cleavages as low-pressure, 
shallow crustal level deformation. In the Aitik Cu-Au-Ag 
deposit, Wanhainen et al. (2012) report lower amphibolite 
facies metamorphism and deformation at 500-600° and 4-5 
kbar at 1.88 Ga. This medium-grade tectonothermal event 
was later overprinted by a hydrothermal event estimated to 

200-500°C and 1-2 kbar at 1.78 Ga (Wanhainen et al., 2012). 
The findings in the Aitik Cu-Au-Ag and Malmberget IOA 
deposits may not be directly applicable to the WSB in terms 
of metamorphic conditions but are comparable with respect 
to a pronounced earlier deformation event (regional D1) 
overprinted by a weaker deformational event (regional D2).

While the identification of two generations of planar 
fabrics is relatively straightforward in the WSB based on their 
orientations and interrelationships, linear structures are more 
difficult to interpret due to the lack of crosscutting relationships. 
Stretching lineations measured on S1 planes in low strain blocks 
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Figure 16: Summary of mineral alteration assemblages in the WSB and their inferred timings.

are interpreted as L1 structures. The orientation of L1 lineations 
varies considerably more than stretching lineations measured 
in relatively high-strain zones (c. f. Fig. 17a-b). Crenulation 
of mylonitic cleavage has only been observed along near 
vertical stretching lineation, which lead us to interpret the 
well clustered near-vertical stretching lineation (Fig. 17b) 
as L2. The sense-of-shear associated with sub-vertical L2-
lineations is reverse dip-slip (Fig. 8g) and best explained by 
an E-W compressional stress field (see also section 6.1.4). 
Shallow east-plunging lineations (Fig. 17b) were measured 
on relatively steep, approx. E-W-oriented planes offsetting 

the NNW-SSE grain, suggesting these structures as D2-related 
structures. Sinistral strike-slip movements along the shallow 
east-plunging lineation cluster (Fig. 17b) in the Ekströmsberg 
area suggests these movement to have occurred as a response 
to E-W-directed crustal shortening and the lineation cluster 
is interpreted as L2 (see section below). We suggest that the 
non-clustered shallow to moderately north and south plunging 
stretching lineations (Fig. 17b) within the NNW-SSE-trending 
mylonites might represent traces of an early formed L1-
lineation within these high-strain zones. The sense-of-shear 
along these inferred L1-lineations is reverse oblique-slip SW-
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side up and best explained to result from NE-SW-directed 
crustal shortening. This implies that the kinematics of D1 
and D2 are best explained by two compressional events that 
deviate approx. 45° from each other. Based on the assumption 
that traces of L1 can be identified, we argue that the steep to 
near-vertical cluster in the low strain L1-plot (Fig. 17a) might 
represent L1 lineations that were subsequently transposed 
during D2 in a similar manner as F1-fold axes were transposed 
in the Ekströmsberg area (discussed in Section 5.2 above).

The NNW-SSE-directed mylonites containing moderately 
plunging stretching lineations (L1) suggest oblique-slip 
SW-side-up kinematics based on SCC´ fabrics and rotated 
porphyroclasts in oriented samples from the Ekströmsberg, 
Kaitum West, and Fjällåsen-Allavaara key areas. These 
kinematic indicators suggest both sinistral and dextral 
movements occurred, with dextral movements recorded 
along moderate S-plunging lineations (Fig. 12e) and sinistral 
movements along moderate N-plunging lineations (Fig. 8f, 
14c). Similar kinematics are indicated during D1 by the east 
verging F1-fold in the Eustiljåkk area implying consistent 
reverse oblique-slip southwest-side-up movements during D1 
throughout the WSB.

The kinematics derived from S-C fabrics along the near 
vertical lineations (L2 generation) within the NNW-SSE-
oriented mylonites in the Ekströmsberg and Fjällåsen areas 
indicate reverse dip-slip, W- to WSW-side up sense-of-
shear (Fig. 8g). This implies a reactivation of the NNW-
SSE-trending structures during an approx. E-W-directed D2 
shortening. Additionally, sinistral strike-slip movements along 
E-W-trending shear zones in the Ekströmsberg area (Fig. 8h) 
indicate they were active during ca E-W compression and 
coincident with reverse dip-slip movements along the NNW-
SSE-trending mylonites. A late timing of the E-W-trending 
structures is supported by the consistent offset of NNW-SSE-
directed grain by E-W-directed structures throughout the WSB 
(Fig. 3).

6.2 Summary of major deformation events   
 affecting the WSB
Based on the new structural data presented in this paper and 
with reference to tectonic models proposed for surrounding 
areas (Wright, 1988; Talbot and Koyi, 1995; Bergman et al., 
2001; Angvik, 2014; Skyttä et al., 2012; Andersson et al., 
2017; Sarlus et al., 2017; Grigull et al., 2018; Luth et al., 2018; 
Lynch et al. 2018) , we propose the following tectonic model 
that utilizes two major deformation events for the WSB (Fig. 
18):

6.2.1 D1-event
NE-SW to ESE-WNW-directed crustal shortening (this study; 
Wright, 1988; Talbot and Koyi, 1995; Lahtinen et al., 2005; 
Angvik, 2014), with syn-tectonic plutonism at 1.88-1.86 Ga 
(Bergman et al., 2001; Sarlus et al., 2017, Kathol, and Hellström 
2018), generated ENE-verging, tight to isoclinal, shallowly 
NNW-plunging folds and a regionally distributed, consistently 
steep, WSW-dipping S1-cleavage. This interpretation is mainly 
based on the F1-fold patterns preserved in the Eustiljåkk area 
(Fig. 4). These fold structures could have formed in a fold-
and-thrust belt (Wright, 1988; Talbot and Koyi, 1995; Angvik, 
2014) or, alternatively, during basin inversion (Andersson 
et al. 2017). Crustal thinning during the emplacement of the 
volcanic rocks of the WSB has been inferred by petrological/
geochemical studies (Perdahl and Frietsch, 1993; Martinsson, 
2004; Sarlus et al., 2017, 2018) and assigned to a backarc 
basin developed during early Orosirian times (Sarlus et al. 
2017, 2018). Furthermore, the Orosirian stratigraphic record 
in central Kiruna area indicates the existence of a sub-basin 
formed in response to this extensional setting (Andersson et 
al. 2017).

Oblique-reverse dextral and sinistral shear zones with 
west-side-up sense-of-shear were developed during D1 and 
produced the dominant NNW-SSE-aligned, undulating 
magnetic lineaments (Bergman et al., 2001) that characterize 
the WSB. The sense of shearing is based on SCC´ fabrics 
along shallow to moderately plunging stretching lineations 
(L1) along the NNW-SSE grain in the Ekströmsberg, Kaitum 
West and Fjällåsen-Allavaara areas. Activity along these 
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Fig. 17 Summary stereographic projections of stretching/mineral lineation measured throughout the WSB. Cones repressent 
30 degrees A) L1 Stretching lineation in low strain blocks measured on S1-planes. B) Stretching lineation measured in high strain zones. 

Figure 17: Lower hemisphere equal area stereographic projections of lineation throughout the WSB. Cones represent 30° circles.  
A) L1 Stretching- and mineral lineation measured on S1 foliation planes in low strain blocks. B) Stretching and mineral lineation measured 
in high strain zones.
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Fig. 18 Conceptual models for the structural development of WSB

L1

zones during D1 is indicated by the presence of crenulated 
S1 (Fig. 8e) and high-strain S1-fabrics that are tightly folded 
in response to shearing along D2 shear bands parallel to the 
NNE-SSW structural grain (Fig. 12c-d). The strain was 
taken up by rheological/lithological contrasts (or pre-existing 
discontinuities?), and favorable, incompetent lithologies such 
as volcanosedimentary rocks.

Based on the steep dip of the NNW-SSE grain, the 
syn-extensional geochemical character of the volcanic 
rocks (Perdahl and Frietsch, 1993; Bergman, et al., 2001; 
Martinsson, 2004; Martinsson et al., 2016; Sarlus et al., 2017, 
2018), and the epidote-amphibolite facies (this study; Ros, 
1979; Edfelt et al., 2005) recorded by volumetrically minor 
Rhyacian pillow lavas in the Ekströmsberg area, we favor a 
model involving inversion of a backarc basin to account for 
D1-related structures in the WSB. This contrasts with models 
that envisage the development of a classic fold-thrust belt in 
the WSB and Kiruna area during D1 (Wright, 1988; Talbot and 
Koyi, 1995). Consistent evidence for the rotation of originally 
shallow-dipping thrust-type structures into sub-vertical 
orientations was not found along the WSB. Such a model 
was favored by Wright (1988) and rejected by Bergman et 
al. (2001). Furthermore, no classic fold-thrust belts involving 
shallow thrusts have been identified in nearby areas (Vollmer et 
al., 1984; Wright, 1988; Talbot and Koyi, 1995; Grigull et al., 
2018; Luth et al., 2018). However, Angvik (2014) identified 
a series of fold-thrust belts in the Rombak Teconic Window, 
west of the WSB. It is possible that the Rombak Tectonic 
Window represents a fundamentally different setting within 
the same volcanic arc environment and that the change from a 
fold-thrust to an extensional back-arc setting is to be found in-
between the WSB and the Rombak Tectonic Window.

6.2.2 D2-event
A phase of ca E-W compression caused meso-scale folding of 
S1 foliations and produced near-cylindrical, upright and steeply 
N- and S-plunging F2 folds. Similar F2-folding characteristics 
are developed in all key areas throughout the WSB. Based 
on the general lack of axial planar-parallel S2-cleavages, we 
suggest that D2-related folding took place at relatively shallow 
crustal levels and/or low-pressure shortening conditions 
(Pfiffner, 2017).

Strong strain partitioning focused D2-related deformation 
into pre-existing NNW-SSE-aligned D1-oblique-slip shear 
zones causing their reactivation with a reverse dip-slip, west-
side-up sense-of-shear. Synchronously, near vertical E-W 
directed sinistral (and dextral?: Wright, 1988) brittle-ductile 
strike-slip shear zones were active and off-set the NNW-SSE 
grain. Applying a basin inversion model to the WSB implies 

that the E-W directed structures might have originated as 
transfer faults between NNW-SSE trending normal faults and 
that the combined structural configuration was reactivated 
together, first during D1 and later during D2.

D2-related kinematics are based on SC fabrics along steep- 
to near-vertical plunging L2 stretching lineations within NNW-
SSE-trending high-strain zones at Ekströmsberg, north of 
Kaitum West and the Fjällåsen-Allavaara areas, and also  along  
shallowly E-plunging stretching lineations from E-W-trending 
high-strain zones in the Ekströmsberg area. The E-W-directed 
offset of NNW-SSE-trending high-strain zones is interpreted 
from magnetic maps (Frietsch et al., 1974; Bergman et al., 
2001). Joints and fracture planes pre-date the latest epidote 
alteration in the area and are interpreted as developed either 
during D2 or slightly after.

6.3 Timing of D1-D2 deformation within the WSB,  
 and comparative links with adjacent areas
Tectonic models for northern Norrbotten and the Skellefte 
district generally include an early phase of deformation at 
approx. 1.88-1.86 Ga (e.g. Wright, 1988; Talbot and Koyi, 
1995; Lahtinen et al., 2005; Skyttä et. al., 2012; Angvik, 2014). 
In the Skellefte district, the timing of crustal shortening with 
related folding and shearing was constrained to 1.87 Ga (Skyttä 
et al., 2012), which is comparable to the 1895 Ma - 1877 Ma 
maximum age of NNW-SSE-trending shear zones and related 
1886 Ma - 1837 Ma Au-Cu mineralization in the Kautokeino 
Greenstone belt (Bingen et al., 2015, Henderson et al., 2015). 
In accordance with this study, Allen et al. (1996), Bauer et al. 
(2011), and Skyttä et al. (2012) indicated that the shear zones 
formed during a phase of arc-extension and volcanic activity 
prior to 1.88 Ga, and were subsequently reactivated during the 
1.87 Ga accretion of the arc onto the Archean continent and 
related crustal shortening. Alternatively, in the West Troms 
Basement Complex some 250 km northwest of the WSB, Bergh 
et al. (2010) record no evidence of 1.88-1.86 Ga deformation, 
but instead a pronounced ductile footprint developed at 1.80-
1.75 Ga in response to NE-SW shortening.

 Overall, the interpreted early history of the NNW-
SSE tectonic grain in this study is similar to structural mapping 
results from the Skellefte district further south (Skyttä et al., 
2012) where an approx. N-S-directed crustal shortening (D2 
in Skyttä et al., 2012) was constrained to 1.87 Ga by SIMS 
U-Pb zircon dating. Such a timing of D1 (D2 in Skyttä et al., 
2012) would harmonize well with our interpretation of D1 as 
synchronously with the plutonic rocks (1.88-1.86: Bergman et 
al. 2001) boarding the WSB.

Figure 18: Conceptual models of the structural development of the WSB.
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 In terms of later deformation events, Bauer et al. 
(2016) and Lynch et al. (2018) report west-side-up movements 
during a D2 phase of deformation in the Nautanen Deformation 
Zone (NDZ) near Gällivare which generated a duplex Riedel-
shear system within that composite zone. Additionally, Bauer 
et al. (2018) argue for E-W compression during a D2 phase of 
deformation and link this event to the intrusion of 1.8 Ga syn-
tectonic minimum melt granites (e.g. Öhlander et al., 1987; 
Bergman et al., 2001; Sarlus et al., 2017). The results from the 
NDZ agree with results from the Rombak Tectonic Window 
(Angvik, 2014) ca. 100 km west of the WSB. Angvik (2014) 
brackets the timing of a comparable event (D3-D4 in Angvik, 
2014) between 1778 Ma and 1798 Ma based on U-Pb zircon 
ages for syn-tectonic granites. Based on the above studies, we 
suggest a similar timing for D2 in this study, which includes 
folding, reverse dip-slip reactivation of NNW-SSE-directed 
D1 shear zones, and strike-slip shearing along E-W directed 
structures under brittle-ductile conditions.

6.4 Hydrothermal alteration and its relationship to  
 deformational events
A preferentially aligned hornblende + epidote + plagioclase 
assemblage defines the S1 continuous cleavage in Rhyacian 
metabasalts in the Ekströmsberg area (Fig. 15e). A similar 
mineral assemblage was used by Ros (1979) and Edfelt et 
al. (2005) to define the metamorphic grade affecting mafic 
rocks in the Tjårrojåkka area (Fig. 2, 3, 9). According to Spear 
(1993), hornblende + epidote + plagioclase would indicate a 
transition from greenschist to amphibolite facies conditions. 
Similarly, we interpret the hornblende + epidote + plagioclase 
assemblage as a key metamorphic indicator assemblage (Ros, 
1979; Edfelt et al., (2005) which accords with the generally 
accepted, but poorly constrained, low- to medium-grade 
low-P regional metamorphism of northern Norrbotten (e.g. 
Frietsch et al., 1997; Bergman et al., 2001; Skelton et al., 
2018). In Figure 15g the hornblende + epidote + plagioclase 
S1-fabric forms axial planes to a folded hornblende + epidote 
vein-fill and possibly indicates a hydrothermal origin and 
pre-compressional timing for some hornblende + epidote. F1-
folded hornblende-veins with axial planar-parallel S1 foliation 
have also been observed in the Fjällåsen-Allavaara area (Fig. 
14a, d).

 Several generations of albite + scapolite are present 
throughout the WSB. The porphyroblastic and the semi-
conformable (selectively pervasive) types (Fig. 15a, b) are 
commonly encountered in low strain blocks close to shear 
zones or in mafic dykes within or at the margins of meter-wide 
shear zones. Scapolite porhyroblasts are often undeformed 
and tend to overprint early fabrics. Hence, we infer the timing 
of the regional porphyroblastic scapolite formation as syn- to 
late-D1. This inference is broadly consistent with a metasomatic 
(titanite) age of ca 1.9 Ga reported for a scapolite-altered 
mafic dyke that forms part of a Rhyacian greenstone sequence 
in the Nunasvaara area of central north-central Norrbotten 
(Smith et al., 2009). In the NDZ to the east of the study area, 
Lynch et al. (2015) report early sericite + scapolite + feldspar, 
which is probably representing the same regional alteration 
event. Local, late and discordant occurrences of scapolite, 
mainly in veins and shear bands, frequently occur proximal 
to the early scapolite. This discordant scapolite probably 
represents remobilization of the early albite + scapolite 
during possible D2-related deformation which would support 
recycling of chlorine in northern Norrbotten as suggested by  

Bernal et al. (2017). Stable Br/Cl ratios of scapolite altered 
rocks in northern Norrbotten plot in the magmatic field and 
suggest a mainly igneous fluid source (Martinsson et al., 
2016). However, several studies have postulated that scapolite 
occurrences in lower Rhyacian greenstones might represent 
former evaporate beds (Frietsch et al., 1997; Martinsson, 1997; 
Bernal et al., 2017). Nevertheless, due to a spatial relationship 
with 1.88-1.86 Ga monzonite (shoshonitic) plutons and mafic 
volcanic rocks, regional scapolite alteration in northern 
Norrbotten has been attributed to have played a role in the 
formation of IOA and Cu-Au deposits (e.g. Frietsch et al., 
1997; Martinsson et al., 2016). 

 Pervasive amphibole + magnetite alteration (Fig. 
15b, f) is commonly distributed in the WSB and probably of 
regional significance. Locally, it is overprinted and affected 
by both S1 foliations and paragenetically later alteration 
assemblages (Fig. 15f), hence, we attribute the timing of  
amphibole + magnetite alteration as early- to syn-D1. 
Pervasive amphibole + magnetite occasionally shows an 
early timing relative to the more selectively pervasive 
albite + scapolite alteration (Fig. 15b), although we have 
also observed the opposite relationship. In this context, the 
possibility that both assemblages represent an evolving 
calcic-sodic-ferroan alteration system similar to that 
suggested in other analogous IOA-IOCG-mineralized 
terranes may also be valid (e.g. Corriveau et al., 2016;  
Montreuil et al., 2016 a, b). Similar crosscutting relationships 
have been documented in the Cu-Au-mineralized NDZ 
near Gällivare (Lynch et al., 2015), although Lynch et al. 
(2015) included biotite as part of an selectively pervasive  
amphibole + magnetite alteration assemblage.  
Amphibole + magnetite alteration also occurs as discordant 
veins with albite haloes (Fig. 15c). The relative timing of these 
veins is difficult to resolve due to the lack of an association 
with other discernable tectonic structures but we tentatively 
assign a D1 timing and a paragenetic link with the pervasive 
amphibole + magnetite assemblage based on their similar 
mineralogy and often close spatial relationship.

 Regional selectively pervasive (patchy) K-feldspar 
alteration (replacing albite) is an important component in 
the felsic volcanic rocks of the WSB (Fig. 15g, h). It was 
documented already during the early mapping campaigns in the 
area (Offerberg, 1967) and is often accompanied by retrograde 
sericite and epidote. Development of selectively pervasive 
K-feldspar has a late timing relative to D1-related deformation, 
hence, it is assigned a D2-timing in this study. Local vein-fill 
K-feldspar alteration is rather common and is sporadically 
overprinted by epidote, iron oxides and sulphide (Fig. 15f). 
In the Tjårrojåkka area, Edfelt et al. (2005) suggest K-feldspar 
alteration is paragenetically late relative to scapolite. Similarly, 
in the Gällivare area, K-feldspar alteration shows a late  
D2-timing and a close spatial relation to c. 1.8 Ga granites and 
pegmatites (Bauer et al., 2018), hence in agreement with our 
observations from the WSB.

 A late D2-timing is also interpreted for the  
biotite + magnetite + K-feldspar alteration hosted by sinistral 
E-W shear zones near the NNW-SSE-aligned Ekströmsberg 
IOA deposit (Fig. 15i, j). A late D2 timing of this potassic-
ferroan alteration is evident by off-setting relationships 
between the E-W structural grain and more dominant NNW-
SSE-aligned D1-related fabrics. Magnetite in this shear band-
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hosted mineral assemblage may be locally remobilized from 
the IOA deposit, although further in-detail analytical studies 
are required.

 The mineral alteration styles identified throughout the 
WSB represent important vectors for both IOA- and IOCG-
deposits in northern Norrbotten (e.g. Martinsson et al., 2016) 
and world-wide (e.g. Corrieveau and Mumin, 2012). In our 
study, alteration styles typical for comparable IOA-IOCG 
districts elsewhere (i.e. calcic-sodic and potassic ± ferroan 
assemblages) are consistently developed along the WSB 
and show a spatial association with certain generations of 
structures that can be correlated with IOA- and/or IOCG-style 
mineralization (e.g. the Ekströmsberg and Tjårrojåkka areas).

 To summarize the timing of the dominant 
alteration styles the following scheme is presented (Fig. 16): 
 
Peak metamorphism is indicated by hornblende + epidote  
+ albite implying upper greenshist to lower amphibolite facies 
conditions around the Ekströmsberg area. The timing of peak 
metamorphism is interpreted as early to syn-D1.

D1 is related to the following hydrothermal/metasomatic 
mineral assemblages:

• Regional conformable albite-scapolite alteration or 
growth of albite-scapolite porphyroblasts.

• Regional pervasive amphibole + magnetite alteration.

• Discordant vein fill amphibole + magnetite + albite 
alteration.

• Shear zone hosted pervasive actinolite + tremolite 
alteration.

D2 is related to the following mineral alteration assemblages: 

• Regional selectively pervasive K-feldspar alteration.

• Local discordant vein fill K-feldspar + epidote + iron 
oxide + sulphide alteration.

• Local discordant vein/shear band fill scapolite 
alteration.

• Local shear band fill of biotite + magnetite + K-feldspar 
alteration.

• Local fracture-fill epidote alteration.

• Retrograde sericite alteration.

7 Conclusions
Based on new structural mapping and microstructural 
investigations presented in this study, two major compressional 
events affecting the WSB have been identified. These 
deformation events, D1 and D2, developed a pronounced 
structural signature and can be correlated with different types of 
mineral alteration assemblages. Early D1 produced a steep SW- 
to WSW-dipping heterogeneously developed penetrative and 
continuous S1 foliation related to F1 folds with either tight east-
verging symmetries with a shallow NW-plunge or tight upright 
symmetries with steep plunges. The steep F1-plunges are in 
this paper interpreted to be a result of later D2-transposition. 
Shear zones recording reverse oblique west-side-up kinematics 
were developed during D1 giving rise to an undulating NNW-
trending configuration of magnetic lineaments.

The S1 foliation was folded during D2 into near-cylindrical 
F2 folds with steep N- and S-plunges. Axial plane parallel S2 
foliation is rarely developed in relation to these folds and when 
present, S2 is spaced. The inability of D2 to produce a tectonic 
foliation over large areas indicates that the conditions during 
D2 were of low-pressure type. Instead, the finite D2 strain 
was partitioned into pre-existing shear zones, lithological 
contrasts, and rheologically favorable lithotypes, reactivating 
these structures with dip-slip west-side-up sense-of-shear. 
Synchronously, E-W trending sinistral strike-slip shear zones 
were active partly displacing the NNW-grain.

D1 is associated with regional scapolite ± albite alteration 
formed coeval with regional magnetite ± amphibole alteration 
and calcite under epidote-amphibolite metamorphism. The 
hydrothermal alteration linked to the D2 deformation phase 
is more potassic in character and dominated by K-feldspar ± 
epidote ± quartz ± biotite ± magnetite ± sericite ± sulphides, 
and calcite. D2 is associated to regional selectively pervasive 
K-feldspar alteration (replacing albite) and retrograde sericite 
and epidote but D2-alteration is to a large extent characterized 
by being hosted by structures. This implies that our field based 
observations support an early timing of calcic-sodic alteration 
whereas a late timing is interpreted for potassic ± ferroan 
style of alteration assemblages and the time difference may 
have been 80 m.y. based on geochronological circumstantials 
reported from northern Norrbotten.
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Abstract 
In this predominately field-based study, the structural characteristics of the central Kiruna area are under investigation to 
highlight the temporal relationships between iron oxide-apatite, iron oxide Cu-Au (IOCG), and deformation. In order to create a 
robust structural framework to guide future exploration of deep seated bodies we aim to establish geometries, relative ages and 
sense-of-shears of the dominant ductile to brittle-ductile structures. We have identified three compressional events attributed D2, 
D3, and D4. The regional D1 appears to be lacking in central Kiruna. D2 structures formed in response to E-W to NW-SE crustal 
shortening, D2 suggests NNW-SSE- to N-S shortening, whereas the shortening direction during D4 remains unresolved and may 
include several brittle events. We have re-interpreted the Orosirian stratigraphy in the study area that we argue to represent the 
development of a volcanic-sedimentary basin. The basin was inverted during D2 accompanied by folding and shearing with 
east-side-up kinematics under brittle-ductile conditions, refolded during D3, and further fractured during D4. Iron oxide-apatite 
deposits formed pre-tectonically and are interpreted to have been emplaced during the basin development. On the other hand, a 
weak IOCG-style mineralizing event can be linked to the D2 inversion phase, hence, probably not directly genetically linked in 
central Kiruna.

Keywords: Palaeoproterozoic, basin inversion, northern Norrbotten, structural evolution, alteration, IOCG, IOA.

1 Introduction
The central Kiruna area in northern Norrbotten (Fig. 1, 2 
a-c) hosts the largest underground iron mine in the world, the 
Kiirunavaara deposit. Together with the nearby Leveäniemi 
open pit and the Malmberget underground mine (Fig. 1), the 
area stands for a significant part of the total iron ore production 
in Europe. Despite of the relatively long tradition of mining in 
northern Norrbotten, the area is considered underexplored and 
many fundamental geological questions remain unanswered.
Several types of iron mineralization exist in the northern Nor-
rbotten region (Frietsch 1997). However, except for the re-
opened Tapuli deposit in the western parts of Norrbotten, the 
only iron ore type in production today is iron oxide-apatite 
(IOA), also called Kiruna-type (Geijer 1910). This ore type is 
classified by the occurrence of apatite together with high Fe-
grades (dominated by magnetite) and relatively high contents 
of V and low contents of Ti (e.g. Frietsch 1970, Parak 1975). 
Since the first comprehensive study, elaborating on the origin 
of Kiruna-type ores (Geijer 1910), the scientific debate on the 
genesis of IOA deposits has been intense and their genesis re-
main an enigma. The largest controversy among the research 
community is whether the iron oxides precipitated from a melt 
or a hydrothermal fluid. Geijer (1910) first suggested that the 
Kiirunavaara deposit was formed from a magnetite lava but 
later refined his magmatic model to an intrusive magmatic 
dyke-sill model, based on the presence of an ore-breccia in 
the hanging wall of Kiirunavaara (Geijer 1919). Later, Parak 

(1975) proposed an exhalative hydrothermal model including 
many components similar to our recent understanding of vol-
canic massive sulphide (VMS) deposits (e.g. Franklin et al. 
2005). Much of the argumentation by Parak (1975) are based 
on observations and chemical data from the Per Geijer iron 
ores, which are in the focus of this study. As the concept of hy-
drothermal or magmatic/hydrothermal iron oxide-copper-gold 
(IOCG) was introduced, Hitzman et al. (1992) classified IOA 
deposits as a copper-gold deficient member under the loosely 
defined IOCG group of deposit types. Other scholars further 
developed this model, as for example, recent studies from the 
Great Bear Magmatic Zone in Canada which indicate that IOA 
and IOCG deposits represent different metasomatic facies in 
one single metasomatic system (e.g. Corriveau et al. 2016, 
Montreuil et al. 2016 a, b). Martinsson (2004) suggested that 
IOA-deposits form due to the immiscibility of volatile rich 
melts giving rise to both magmatic and hydrothermal features. 
Recently, this view has gained support by workers studying 
Andean examples (e.g. Knipping et al. 2015, Valesco et al. 
2016, Tornos et al. 2016) and a direct link between magmatic 
IOA- and hydrothermal IOCG-formation has been indicated as 
geochemically possible (Reich et al. 2016).

One rarely studied key parameter is the structural setting 
and subsequent evolution of IOA deposits, which has only 
been addressed by a few studies from the northern Norrbotten 
area (Vollmer et al. 1984, Wright 1988, Bauer et al. 2018). In 
addition to some reported faults (Parak 1969), only one de-
tailed structural description of an ore-locality has ever been 
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published from the Kiruna area (cf. Fig. 4.3, 6.3 in Wright 
1988). Regional to semi-regional scale structural studies have 
been conducted in Kiruna or adjacent areas but these studies 
provide a somewhat intermittent assessment of the character 
and timing of the structural development (cf. Vollmer et al. 
1984, Wright 1988, Talbot & Koyi 1995, Bergman et al. 2001, 
Grigull et al. 2018, Luth et al. 2018).

In this predominately field-based study, we aim to identify 
key aspects of the Orosirian stratigraphic column in order to 
target the geological/tectonic conditions for the emplacement 
of IOA deposits in Kiruna. The subsequent tectonic reworking 
of the area is then described using regional-scale and depos-
it-scale key localities. By this approach, we aim to contribute 
an up-to-date documentation and interpretation of the structur-
al evolution of the first type locality for IOA deposits.

The overall aim of this study is to:
•	 Establish geometries, relative ages and sense-of-

shear of the dominant ductile to brittle-ductile struc-
tures within the study area.

•	 Investigate the relationship between these structures, 
ore formation and subsequent transposition.

•	 Re-evaluate the pre-compressional geological setting 
responsible for the IOA emplacement.

2 Regional Geology
Neoarchean granitic, tonalitic and amphibolitic basement 
rocks form the basement of the Fennoscandian Shield (Gaal & 
Gorbatschev 1987, Weihed et al. 2005). In northern Norrbot-
ten, the basement belongs to the Norrbotten nuclei, suggested 
to be one of three Neoarchean nuclei dispersed and reassem-

bled during a rifting and collisional-accretionary cycle during 
the Palaeoproterozoic (e.g. Lahtinen et al. 2005). Continental 
rifting during the Rhyacian caused regional-scale rift-parallel 
fault systems, tholeiitic volcanism, and associated sedimen-
tation generating a large greenstone province stretching from 
northern Norway to Russia (Pharaoh & Pearce 1984, Mar-
tinsson 1997, Hanski 2012, Melezhik & Hanski 2012, Hanski 
et al. 2014, Bingen et al. 2015). In northern Norrbotten, the 
Rhyacian greenstone belts occur as NNE- and NNW-trending 
belts (Fig. 1) and are associated to a number of metal depos-
its (Martinsson 1997, Bergman et al. 2001, Martinsson et al. 
2016, Lynch et al. 2018a).

During the Palaeoproterozoic, the early Svecokarelian cy-
cle (1.90-1.86 Ga) generated two coeval suites of co-magmatic 
plutonic-volcanic rocks: Haparanda suite-Porphyrite group and 
Perthtite Monzonite suite (PMS)-Porphyry group (Bergman et 
al. 2001). Haparanda suite-Porphyrite group rocks predomi-
nate to the east and constitute calc-alkaline series intermediate 
to felsic volcanic to volcanoclastic rocks and related dioritic to 
granodioritic intrusions. To the west, shoshonitic, felsic to in-
termediate Porphyry group volcanic and volcanoclastic rocks 
and related Perthtite Monzonite suite monzonitic intrusions 
predominate (Bergman et al. 2001). Late Svecokarelian-cycle 
(1.81-1.78 Ga) magmatism generated I- to A-type and associ-
ated S-type granitoids forming a belt that stretches from north-
western Norway to southern Sweden (Andersson 1991, Åhäll 
and Larson 2000, Weihed at al. 2002, Högdahl et al. 2004, Ru-
tanen and Andersson 2009). 

Mineralizing events during the Orosirian coincide with 
the early and late-cycles of the Svecokarelian orogeny (e.g. 
Billström et al. 2010). For example, IOA- and porphyry-style 
Cu-Au-Ag deposits (PCD) were formed in the time interval 
1995 Ma to 1874 Ma (e.g. Romer et al. 1994, Wanhainen et 
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al. 2009, Martinsson et al. 2016, Westhues et al. 2016). IOCG 
deposits also formed during the early cycle but the timing is 
not as tightly constrained and yield younger ages around 1860 
Ma, or slightly younger ages (e.g. Smith et al. 2007, Martins-
son et al. 2016). In contrast, ore deposits formed during the 
late Svecokarelian cycle are primarily restricted to structur-
ally-controlled Cu-Au deposits with ages spanning 1.80-1.78 
Ga (e.g. Edfelt 2007, Billström et al. 2010, Martinsson et al. 
2016). The only IOA-deposit linked to the late Svecokarelian 
cycle in northern Norrbotten is the Tjårrojåkka deposit dated 
at 1780 Ma (Edfelt 2007); however, the Tjårrojåkka deposit 
is anomalous in age and the role of late-cycle IOA-formation 
remains an unresolved question.

The metamorphic evolution of the northern Norrbotten 
area is poorly constrained but is considered to be of low to 
medium P-T Buchan-style (Bergman et al. 2001, Skelton et al. 
2018). Metamorphic key mineral assemblages and limited P-T 
modelling (Bergman et al. 2001) suggest that the metamorphic 
grade increases from west to east from greenshist facies to up-
per amphibolite facies conditions. Nevertheless, the effect of 
contact-metamorphic aerosols around early- and late-cycle in-
trusive rocks on the metamorphic systematics in Norrbotten 
is unknown but probably significant (cf. Bergman et al. 2001, 
Tollefsen 2014, Hellström 2018, Skelton et al. 2018). Sever-
al circumstantials indicate that regional metamorphic grades 
can be linked to the early Svecokarelian cycle whereas low-P 
high-T conditions predominated during the late cycle. At the 
Aitik Cu-Au-Ag deposit, Wanhainen et al. (2012) report lower 
amphibolite facies conditions at 500-600°C and 4-5 kbar at 
1.88 Ga subsequently overprinted by a hydrothermal event at 
1.78 Ga estimated to 200-500°C and 1-2 kbar. At the Malm-
berget IOA deposit, Bauer et al. (2018) observed a gneissic 
amphibolite facies S1-fabric folded without the development 
of an axial plane parallel S2 cleavage in the resultant F2-syn-
form, thus, interpreted as D2 taking place at higher crustal lev-
els (Bauer et al. 2018). U-Pb ages of stilbite from open frac-
tures (D4 in Bauer et al. 2018) in the Malmberget IOA-deposit 
yield 1730 ± 6.4 Ma, indicating that temperatures remained 
below 150°C from that time and that relatively stable tectonic 
conditions have remained up until today (Romer 1996).

The structural subsurface architecture of this part of the 
Fennoscandian shield is the result of a polyphase deformation 
history with deformation events approximately coinciding 
with the early and late magmatic cycles of the Svecokarelian 
orogeny. Prominent NW- to NE-trending crustal-scale defor-
mation zones tend to spatially coincide with Rhyacian-Oro-
sirian metasupracrustal belts that took up the majority of strain 
in northern Norrbotten. On regional scale aeromagnetic maps 
(Bergman et al. 2001), associated magnetic lineaments form 
an approximately north-directed undulating pattern wrapping 
around intrusive bodies. At least two phases of folding can be 
recognized (e.g. Wright 1988, Bergman et al. 2001, Bauer et 
al. 2018, Grigull et al. 2018). The early phase (D1), generated 
a heterogeneously developed, regional, penetrative continuous 
fabric. D2 is characterized by strong strain partitioning into de-
formation zones, whereas outside of these zones cleavage was 
only sparsely developed and in Gällivare (Fig. 1) accompanied 
by brittle components (Bauer et al. 2018). Similar deforma-
tion systematics have been recorded from the Skellefte district 
(Bauer et al. 2011, Skyttä et al. 2012, Bauer 2013) where the 
minimum age of D1 is constrained by an U-Pb zircon age at 
1874 ± 4 Ma (D2 in Skyttä et al. 2012). In northern Norrbotten, 
Hellström (2018) report a maximum age at 1878±3 Ma for fold-

ing in the Masugnsbyn area (Fig 1), which also represents the 
age of migmatization due to early Svecokarelian-cycle contact 
metamorphism in that area. Other estimates of the timing of 
early deformation are broadly limited to field observations in 
relation to geochronological data of early-cycle plutonic rocks 
(Bergman et al. 2001) and dykes (Cliff et al. 1990) indicating a 
minimum deformation age at 1.88 Ga, however, contradicting 
field relations are present (Luth et al. 2018). Timing of the late 
cycle deformation is generally attributed to the intrusion of the 
approximately 1800 Ma, granitic Lina suite (Bergman et al. 
2001). In the Gällivare area (Fig. 1), Wanhainen et al. (2005) 
report Re-Os ages at 1850 Ma and 1765 to 1750 Ma for de-
formed and undeformed pegmatite-aplite dykes, respectively, 
representing maximum and minimum ages for late-cycle de-
formation which agrees with field observations in nearby areas 
(Lynch et al. 2015, Bauer et al. 2018).

3 Local Geology

3.1 The stratigraphic column of central Kiruna area
Since the discovery of the Kiirunavaara deposit, the Kiruna 
area has been mapped several times. The first 1:50 000 maps 
were produced by the Geological Survey of Sweden (SGU) 
during the mid-1960s (Offerberg 1967) but significant map-
ping campaigns and petrographic studies provided a rather 
holistic understanding much earlier (e.g. Geijer 1910, 1919, 
1920 etc.).

The central Kiruna area constitutes the best preserved, 
continuous Rhyacian-Orosirian sequence in Norrbotten (Fig. 
2 a). The sequence was emplaced on top of Neoarchean tonal-
itic-granodioritic basement rocks (Skiöld 1979, Martinsson et 
al. 1999). The basement rocks cover vast areas north of Kiru-
na and constitute one of the least known geological domains 
in Sweden. The depth to the basement increases towards the 
south and has been estimated based on reflection seismic in-
vestigations (Holmgren 2013) and modelling of gravimetric, 
magnetic and petrophysical data (Luth et al. 2018) to range 
between 2 - 3.5 km in Kiruna.

In Kiruna, NE- to NNE-trending Rhyacian greenstone belts 
represent the basal parts of the Palaeoproterozoic stratigraphic 
column. The Rhyacian pile is subdivided into a lower and an 
upper unit; the predominately sedimentary Kovo group and the 
predominately volcanic Kiruna Greenstone group, respective-
ly (Martinsson 1997). The latter hosts the syngeneic Viscar-
ia Cu-deposit west of Kiruna and the epigenetic Pahtohavare 
Cu-Au-deposit in the south (Martinsson et al. 1993, Martins-
son 1997).

The Orosirian stratigraphy was broadly established during 
the early 20th century and constitutes an east-dipping sequence 
younging to the east. The only fundamental disagreement 
raised during the subsequent 100 years of geological research 
regards the position of the basal horizon, the Kurravaara con-
glomerate, and its relation to the underlying Rhyacian green-
stones (c.f. Geijer 1910, Ödman 1957, Forsell 1987, Frietsch 
1979, Wright 1988, Martinsson et al. 1993, Kumpulainen 
2000). The Kurravaara conglomerate has been interpreted as a 
molasse that formed in an emergent thrust zone (Wright 1988, 
Talbot & Koyi 1995) or, alternatively, as an alluvial fan depos-
it (Kumpulainen 2000). The clasts originate from underlying 
Rhyacian basalts (e.g. Forsell 1987) and calc-alkaline inter-
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mediate-felsic volcanic rocks presumed to originate from the 
Porphyrite group (Martinsson & Perdahl 1993). On top of the 
Kurravaara conglomerate, trachyandesitic sub-volcanic rocks 
and lavas (Hopukka formation) and rhyodacitic tuffs and sub-
ordinate breccia-conglomerates (Loussavaara formation) con-
stitute the foot- and hanging-wall rocks to the Kiirunavaara 
and Loussavaara IOA deposits (e.g. Martinsson 2004, Martins-
son & Hansson 2004). A c. 5km long horizon of IOA miner-
alization, or sometimes apatite-only, referred to as the Rek-
tor-Nukutus ore field (Geijer & Ödman 1974), is found at the 
contact between the Loussavaara formation and an overlying 
rhyolitic ignimbrite unit (Frietsch 1979). Traditionally, it has 
been described as the “Rektor porphyry” (e.g. Geijer 1950), 
and constitutes the lowest member of the Matojärvi formation 
(Martinsson 2004). The Matojärvi formation marks a change 
in the geological development of the area as the stratigraphy 
turns subsequently into more volcanosedimentary-sedimentary 
in character. Explosive bimodal volcanism, rapid erosion, and 
turbulent deposition gave rise to a volcanic-volcanosedimen-
tary-sedimentary sequence composed of rhyolitic tuffs and ig-
nimbrites (Geijer 1950, Frietsch 1979), which are overlain by 
basaltic agglomerates, tuffs, and lavas (Martinsson 2004), and 
followed by heterolithic breccia-conglomerates (Andersson et 
al. 2017), lithic greywackes and a phyllitic uppermost hori-
zon (Frietsch 1979). The volcanic sequence of the Orosirian in 
Kiruna was formed in a short time interval of maximum 15 my 
(Westhues et al. 2016). The volcanic period was followed by 
sedimentation of cross-bedded arenites below the wave base 
interrupted by horizons of sedimentary breccia-conglomerates 
situated at its basal and middle parts, together referred to as the 
Hauki quartzite (Martinsson 2004). The Hauki quartzite can be 
correlated regionally to similar units (Bergman et al. 2001) and 
marks the end of the Orosirian in the study area. The timing 
of deposition of the Hauki quartzite is ambiguous but detrital 
zircon data (Ladenberger et al. 2017) suggest 1850 Ma as a 
possible maximum age.

The chemistry (e.g. Geijer 1910, 1931, Parak 1975, Geijer 
& Ödman 1974, Westhues et al. 2016) and crystallization ages 
(e.g. Cliff et al. 1990, Romer et al. 1994, Westhues et al. 2016) 
of the volcanic rocks are well studied in Kiruna and many at-
tempts have been made to correlate these volcanic rocks to the 
geological/tectonic development of northern Norrbotten (e.g. 
Parak 1975, Witschard 1984, Perdahl & Fritsch 1993, Martins-
son 2004, Martinsson et al. 2016). However, the development 
of the metasedimentary rocks (Ödman 1972, Frietsch 1979, 
Wright 1988, Kumpulainen 2000, Ladenberg et al. 2017) has 
not been given the same attention despite the information these 
rocks provide regarding the geological evolution in one of the 
more important mining districts in Europe. In section 5.1, we 
present field descriptions of the metasedimentary units that 
will serve as a background when the pre-deformational geo-
logical history is discussed in section 6.1. The volcanic rocks 
will only be briefly described here, as their mineralogical and 
chemical character has been covered several times during the 
20th century.

This paper follows the nomenclature used by Martinsson 
(2004) and accepted by the Geological Survey of Sweden 
(Bergman 2018). We aim to keep descriptions in accordance 
with the recommendations by the Committee for Swedish 
Stratigraphic Nomenclature (Kumpulainen 2016, Kumpulain-
en et al. 2017).

3.2 Ores
The supracrustal rocks in Kiruna host a wide range of de-
posit-types. A tuffitic unit of the upper part of the Rhyacian 
greenstones (Kiruna Greenstones; Martinsson 1997) hosts the 
syn-genetic exhalative Viscaria Cu-deposit (Martinsson 1997, 
Martinsson et al. 1993, Masurel 2011). Ten km south of Vis-
caria, the epigenetic Pahtohavaare Cu-Au deposit occurs at the 
same stratigraphic level as Viscaria (Martinsson et al. 1993, 
Martinsson 1997). Both deposits were mined during the 1990s. 
The IOCG-style Rakkurijärvi sulphide breccia-mineralization 
(Smith et al. 2007) is an advanced exploration project located 
a few kilometers east of Pahtohavaare and hosted by Orosirian 
metavolcanic rocks. Beyond these deposits, several others are 
mentioned and/or described by for example Grip & Frietsch 
(1973), Frietsch (1997), Bergman et al. (2001), Martinsson et 
al. (2016), Bergman (2018).

The most famous deposit in Kiruna is the > 2500 Mt 
Kiirunavaara magnetite-apatite deposit. It constitutes a 5 km 
long and up to 100m thick, moderately steep (60-70°), east-dip-
ping tabular body (Grip & Frietsch 1973). The magnetite-apa-
tite body is situated at the contact between the trachyandesitic 
Hopukka formation (footwall) and the rhyodacitic Loussa-
vaara formation (hanging wall). Both formations are brecciat-
ed by the ore (Geijer 1919). As of 2018, the magnetite-apatite 
body is mined from a main haulage level at 1365m depth and 
mineral reserves are reported at 668Mt @ 44.3% Fe (LKAB 
Annual Report 2017). To the north along the same contact, the 
tabular-shaped Loussavaara magnetite-apatite deposit occurs 
(e.g. Geijer 1910). The Loussavaara deposit is approximately 
700 m long, up to 40 m thick and comprises 20 Mt of ore (Grip 
& Frietsch 1973). It was mined as both an open-pit and under-
ground until mining ceased in 1967.

The Per Geijer iron ores comprise five hematite-mag-
netite-apatite deposits, namely Rektor, Henry, Nukutus, 
Haukivaara, and Lappmalmen. They form a rather large min-
eralized system of IOA-mineralizations (Geijer & Ödman 
1974). The ore bodies are situated at the contact between the 
Loussavaara formation and the Matojärvi formation (Fig. 2c), 
or hosted/partly hosted by the Matojärvi formation. The Lap-
pmalmen mineralization is a “blind” ore body known from 
drilling, which possibly represents a deep-seated continuation 
of smaller deposits on the surface (Parak 1969). During the 
20th century, 9 Mt were produced in open pits and underground 
operations @ 43.25% Fe from the Per Geijer iron ores (Grip 
& Frietsch 1973).

The timing of IOA-emplacement in Kiruna is rather well 
constrained. Reported crystallization ages at 1888 ± 6 Ma (U-
Pb titanite; Romer et al. 1994), 1878 ± 4 Ma (U-Pb titanite; 
Martinsson et al. 2016) 1877 ± 4 Ma and 1874 ± 7 Ma (U-Pb 
zircon; Westheus et al. 2016) are overlapping within error.

3.3 Metamorphism and hydrothermal alteration
In detail, the metamorphic evolution of the Kiruna area is poor-
ly understood and only covered by a few studies (cf. Frietsch et 
al. 1997, Bergman et al. 2001). No P-T data is currently avail-
able but key metamorphic minerals (hornblende, actinolite, 
chlorite, plagioclase, albite, epidote) in mafic rocks indicate 
greenshist facies, or rarer lower amphibolite facies conditions 
(Bergman et al. 2001). In low strain blocks, the supracrust-
al rocks in central Kiruna show a high degree of preservation 
of primary volcanic and sedimentary features (e.g. Martins-
son 1997, Kumpulainen 2000, Bergman et al. 2001). The high 
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level of preservation makes the area particularly useful for 
geological interpretations, which can be used as a proxy when 
similar areas in high-grade metamorphic terrains are studied 
further east in Norrbotten.

Kiruna is characterized by alkali and calcic-iron alteration 
spatially and temporally related to IOA and IOCG mineral-
izations (e.g. Martinsson et al. 2016, Westhues et al. 2016). 
The stratigraphic lower Kiirunavaara- and Loussavaara (mag-
netite-apatite) deposits are different from the Per Geijer iron 
ores (hematite-magnetite-apatite) in terms of their associated 
hydrothermal alteration (e.g. Geijer 1910, Parak 1975, Mar-
tinsson & Wanhainen 2000, Martinsson 2015, Westhues et al. 
2016). The trachyandesitic footwall rocks to the Kiirunavaara 
and Loussavaara deposits are affected by sodic-calcic alter-
ation in terms of volumetrically dominant, pervasive albite 
and more localized massive actinolite (Geijer 1910, Martins-
son & Wanhainen 2000, Martinsson 2004). Hydrobreccias 
dominated by magnetite-actinolite are common features of 
these deposits, extending tens of meters into the hanging wall 
(Martinsson & Wanhainen 2000). In contrast, the Per Geijer 
iron ores show a potassic-dominated hydrothermal overprint 
(e.g. Westhues et al. 2016) represented by K-feldspar, quartz, 
sericite, calcite-ankerite, chlorite and minor tourmaline which 
is best developed in the hanging wall rocks (Martinsson 2015). 
Albite occurs only sparsely and actinolite has never been re-
ported from the Per Geijer iron ores.

Time constraints on hydrothermal mineral assemblages in 
Kiruna indicate that at least two temporally separated hydro-
thermal events can be recognized. Hydrothermal titanite-actin-
olite-calcite assemblages from the Loussavaara footwall rocks 
yield a titanite U-Pb age at 1876 ± 9 Ma (Romer et al. 1994) 
and represent the earliest documented fluid flow through the 
volcanic pile. This hydrothermal event can be temporally cor-
related with U-Pb zircon ages at 1875 ± 5 Ma and 1876 ± 7 Ma 
from altered hanging wall rocks at Kiirunavaara and Rektor, 
respectively (Westhues et al. 2016). Furthermore, it is possible 
that also the 1854±18 U-Pb allanite age at the Rakkurijärvi 
Cu-Au deposit, which has been attributed to IOCG formation 
(Smith et al. 2009), correlates to this early hydrothermal event. 
However, the geochronological data from this period overlaps 
within errors leaving the actual number of hydrothermal-mag-
matic events during this early phase an unresolved question 
(c.f. Cliff et al. 1990, Romer et al. 1994, Smith et al. 2009, 
Westhues et al. 2016).

Younger hydrothermal ages have been recorded by 
1718±12 Ma and 1623±23 Ma monazites along apatite grain 
boundaries (Blomgren 2015) in Rektor and Kiirunavaara. Cliff 
& Rickard (1992) report a secondary Pb-Pb isochron age at 
1540 ± 7 Ma for pyrite overprinting the Kiirunavaara ore body 
which is similar to Sm-Nd isotope reset ages (Cliff & Rickard 
1992). Ages between 1500-1600 Ma are ambiguous in north-
ern Norrbotten with Rb-Sr disturbed ages reported regional-
ly (e.g. Welin et al. 1971). These much younger ages do not 
correlate to any known magmatic event in Norrbotten and the 
meaning of these ages is poorly understood.

3.4 Structural geology
The structural grain in Kiruna is steeply east dipping and 
strikes north to northeast (Fig. 2b-c). It is dominated by a het-
erogeneously developed cleavage sub-paralleling lithological 
contacts. Bedding often shows uniform attitudes over large 
distances and only few areas show clear evidence of folding 

(Wright 1988, Grigull et al. 2018). In low strain blocks, cleav-
age is steeper than bedding and strikes counterclockwise from 
bedding, indicating westward vergence (Wright 1988, Grigull 
& Jönnberger 2014) of the east-dipping supracrustal stack. 
The general trend is the development of LS-tectonites (Wright 
1988).
The central Kiruna area is situated adjacent to a steep, 
NNE-trending, crustal-scale deformation zone, the Kiru-
na-Naimakka deformation zone (Fig. 1; KNDZ: Bergman et 
al. 2001). Based on SC-fabrics near Naimakka, Bergman et al. 
(2001) interpreted west-side-up kinematics for this zone (Fig. 
54c in Bergman et al. 2001). In contrast, 20km northeast of 
Kiruna, Luth et al. (2018) interpreted east-side-up kinematics 
of the same zone in response to NE-SW to E-W shortening 
during inversion of Rhyacian intracontinental rift basins. In 
central Kiruna and the open-pits, shear zones with similar 
NNE-orientations are present that run parallel to lithological 
contacts, but these structures have never been investigated in 
detail and the relation to the Kiruna-Naimakka Zone remains 
uncertain.

The relation between the IOA-deposits and deformation in 
central Kiruna remains an unresolved question. Early studies 
of the open pits did not recognize the ductile tectonic foot-
prints and most geological features were interpreted as pri-
mary magmatic (e g. Geijer 1950). When the role of ductile 
deformation was recognized the ore bodies were interpreted 
as megaboudins (Vollmer et al. 1984) or continuous sheets oc-
cupying limbs and hinge zones of overturned folds (Forsell 
1987). Faults have been mapped and subscribed as a con-
trolling factor on shape and position of ore lenses (Parak 1969) 
but the character of these faults is unknown. Wright (1988) 
provides the only publicly available account of a deformed 
magnetite-apatite ore in Kiruna where a boudinaged section of 
the Loussavaara deposit was described in detail (cf. Fig. 4.3, 
6.3 in Wright 1988). Later studies describe the hanging wall 
rocks to the Rektor deposit as strongly sheared (Bergman et al. 
2001, Martinsson 2015) and folded (Grigull et al. 2018).

There is no generally accepted structural model for the 
central Kiruna area but a commonality for most models in-
clude ~E-W shortening (Vollmer et al. 1984, Forsell 1987, 
Wright 1988, Talbot & Koyi 1995, Grigull et al. 2018). Wright 
(1988) introduced a WNW-directed fold-thrust model (D1-D2) 
with a relative timing synchronous or slightly post-emplace-
ment of the IOA-deposits followed by subsequent folding 
(D3) and shearing (D4) with unknown shortening direction 
and timing. The fold-thrust model presented by Wright (1988) 
gained support by Talbot & Koyi (1995) but was rejected by 
Bergman et al. (2001) on the basis of the steep dips of the 
inferred thrusts. Vollmer et al. (1984) argued for one single ep-
isode of west-northwest directed compressional deformation 
manifested by folding around a fold axis plunging 60° to the 
south-southeast, a view supported by Grigull et al. (2018). The 
model suggested by Grigull et al. (2018) include an additional 
component of continued E-W shortening responsible for the 
inversion of the Hauki quartzite, interpreted as a graben-struc-
ture in agreement with Witschard (1984). Both west-side-up 
(Bergman et al. 2001) and east-side-up senses of shear (Wright 
1988, Talbot & Koyi 1995, Grigull et al. 2018) have been in-
terpreted for the central Kiruna area, however, little evidence 
is at hand (cf. Wright 1988, Grigull et al. 2018). 

The timing of deformation in Kiruna is ambiguous. An 
U-Pb zircon age of an undeformed cross-cutting granophyre 
dyke at the Kiirunavaara IOA-deposit yields 1880 ± 3 Ma and 
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has been suggested to represent the minimum age of the N-S 
oriented tectonic grain (Cliff et al. 1990). Field observations of 
the 1.88-1.86 Ga plutonic rocks (PMS; Bergman et al. 2001) 
have been interpreted both as syn- (Vollmer et al. 1984) and 
post- to late-D1 (Wright 1988, Bergman et al. 2001, Talbot & 
Koyi 1995), but components supporting both interpretations 
are present (Luth et al. 2018).

The purpose of this study is to re-evaluate the structural 
setting responsible for the emplacement of the IOA deposits in 
central Kiruna and the subsequent tectonic overprint. The stra-
tigraphy is re-examined to delineate between the inferred fold-
thrust belt (Wright 1988, Talbot & Koyi 1995) and Orosirian 
graben development (Witschard 1984, Grigull et al. 2018). 
Structural mapping and micro-structural analysis are used to 
constrain the number of deformation events (c.f. Vollmer et al. 
1984, Wright 1988, Grigull et al. 2018), kinematics (cf. Wright 
1988, Bergman et al. 2001, Grigull et al. 2018), and the role 
of deformation on the shape of the ore bodies (c.f. Vollmer et 
al. Wright 1988). The Per Geijer iron ore field and the Loussa-
vaara ore body are used as case examples because they provide 
excellent exposures in the open pits. The open pits are not in 
production, which allows for detailed structural investigation 
and sampling. By using this approach, we hope to show the 
most probable pre-compressional setting in Kiruna and to clar-
ify the relative chronology and kinematics of the subsequent 
deformation as well as the role of deformation on shape of the 
orebodies.

4 Methodology
Geological mapping was conducted between 2016-2018 cov-
ering the study area as well as adjacent areas in order to pro-
vide regional background data for comparison. One oriented 
1173m drill core (PG81619) intersecting the Matojärvi for-
mation was mapped in order to obtain information on contact 
relationships to- and within the Matojärvi formation as well as 
structural variations. A total of 847 outcrop observations were 
performed and 1127 structural elements were measured. All 
structural measurements were collected using a Brunton Geo 
Pocket Transit and all data was digitized in field on a rugge-
dized iPad mini device using the Field Move application (Mid-
land Valley Exploration Ltd). All lineations were measured 
as the pitch on planes and recalculated into true orientation 
using the Geo Calculator software (Holocombe, Coughlin, Ol-
iver, Valenta Global). For magnetic rocks, the strikes of planar 
structures were estimated using known points in the terrain. 
Structural analysis was performed using the Move 2017 soft-
ware package (Midland Valley Exploration Ltd) and Leapfrog 
Geo 4.0 (Aranz Geo) whereas maps were constructed using 
ArcMap 10.1 (ESRI). Stereographic plots were produced as 
lower-hemisphere, equal area stereographic projections using 
Move 2017 and Dips 7.0 (Rocscience). Sixty-eight oriented 
samples were collected and cut perpendicular to foliation and 
parallel with lineation in order to allow for kinematic inter-
pretations. The samples were sent to Vancouver Petrograph-
ics Ltd for thin section preparation. Petrography and micro-
structural investigations were performed using a conventional 
petrographic polarization microscope equipped with a digital 
camera (NIKON ECLIPSE E600 POL). Kinematic interpreta-
tions on macroscopic structures were performed parallel with 
lineation.

5 Result

5.1 Orosirian stratigraphy
In the following section the prefix meta for metamorphic 
rocks is avoided in order to simplify the text and to empha-
size protoliths. The stratigraphic column is summarized in 
Fig. 2a. 

5.1.1 Kurravaara conglomerate

The Kurravaara conglomerate is situated below the Hopukka 
formation to the east and on top of Rhyacian basalts to the west 
(Fig 2a). The unit occurs together with the uppermost Hau-
ki quartzite as the largest continuous sedimentary unit of the 
area. The contact between the Kurravaara conglomerate and 
the overlying Hopukka formation is, based on drill hole ob-
servations, gradational (Martinsson et al. 1993), whereas the 
lower contact, where exposed, is sharp (Fig. 3a).

The Kurravaara conglomerate is a polymict conglomerate 
with rounded to sub-angular clast shapes. The clast sizes range 
from c. 0.5 cm to 50 cm and tend to show prolate shapes with 
increasing strain. Three types of clasts occur: Rhyacian basalt, 
felsic volcanic, and intermediate volcanic rocks. The two last 
types are compositionally and texturally similar to the volcanic 
rocks of the Hopukka- and Loussavaara formations, but are 
calc-alkaline in chemistry and suggested to derive from the 
Porphyrite group (Martinsson & Perdahl 1993), even though 
Porphyrite group rocks are missing in this stratigraphic posi-
tion in central Kiruna. Rhyacian basalt clasts dominate in the 
lower parts of the Kurravaara conglomerate whereas felsic and 
intermediate volcanic clasts dominate the upper parts of the 
unit. The conglomerate is moderately to poorly sorted (Blatt et 
al. 2006; Fig. 3b), however, local clast size gradations are pres-
ent (Fig. 3c). Within the Kurravaara conglomerate, phyllonite 
horizons (Fig. 3d) as well as matrix-dominated greywackes 
with developed bedding (Fig. 3e) do occur but are volumetri-
cally subordinate. The same lithic greywacke forms the matrix 
in the volumetrically dominant gravelly horizons of the unit 
but phyllosilicate-dominated matrices also occur in altered 
high-strain sections. Both clast-supported (Fig 3b) and ma-
trix-supported (3f) conglomerates and breccia-conglomerates 
occur. For further description of the Kurravaara conglomerate, 
please review Frietsch (1979), and Kumpulainen (2000).

5.1.2 Hopukka formation

The Hokukka formation (Fig. 2a) was traditionally called the 
“syenite porphyry” (for a detailed description cf. Geijer 1910). 
The Hopukka formation consists of basalt and trachyandesite 
that form the footwall to the Kiirunavaara and Loussavaara 
deposits.

A characteristic feature is the presence of amygdules (Fig. 
4a) consisting of hornblende, magnetite, titanite and apatite 
(Geijer 1910, 1931), especially in association with the ore 
bodies. The Hopukka formation is often albite-altered, either 
by selective-pervasive (patchy) reddish albite together with 
magnetite (4b), or pervasive whitish albite alteration (4 b, c).

5.1.3 Loussavaara formation

5.1.3.1 Loussavaara felsic volcanic to porphyroclastic rocks

The Loussavaara formation (Fig. 2a) is traditionally called 
the “quartz-bearing porphyry” (for a detailed description 
cf. Geijer 1910, 1919). The Loussavaara formation consti-
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Figure 3: Field characteristics of the Kurravaara conglomerate. a) Sharp contact to Rhyacian pillow basalt. b) Poorly sorted clast-supported 
conglomerate. c) Local clast gradation. d) Phyllonite horizon. e) Well developed bedding in greywacke horizon. f) Matrix supported conglom-
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Figure 5: Field characteristics of volcanic rocks of the Loussavaara formation. a) Coherent volcanic 
rocks carrying a xenolith of the Hopukka formation. b) Tuffitic unit of the Loussavaara formation. The 
marked dyke is feldspar-phyric.

tutes of rhyodacitic to rhyolitic tuffs and coherent volcanic 
rocks (Martinsson 2004). It forms the hanging wall rocks to 
the Kiirunavaara and Loussavaara deposits and the foot wall 
rocks to the Per Geijer iron ore field. Commonly, the appear-
ance is a reddish fine-grained rock carrying reddish feldspar 
phenocrysts (Fig. 5a), but greyish groundmasses with whitish 
feldspar phenocrysts are also common along with aphyric tuff-
ites (5b). Xenoliths of the Hopukka formation occur rarely in 
the Loussavaara formation (Fig. 5a).

5.1.3.2 Loussavaara breccia-conglomerate 

Within the lower parts of the Loussavaara formation, near the 
contact to the underlying Hopukka formation and in associa-
tion with felsic tuffites, a poorly sorted polymict breccia-con-
glomerate occurs (Fig. 6a) in a c. 30x100 m “pocket” geometry 
(2a, c). The clasts consist of aphyric, light colored and darker 
intermediate volcanic rocks (Fig. 6b), most probably derived 
from the Hopukka formation, suggesting a local origin. The 
clast shape is angular to sub-rounded (Fig. 6a-c) ranging from 
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pebble-boulder varying up to 30 cm in size. The unit is both 
clast- and matrix-supported, which varies from outcrop to out-
crop. The matrix is composed of a lithic greywacke grading 
into a greyish feldspar-phyric felsic volcanic rock.

5.1.4 Matojärvi formation 

The Matojärvi formation (Fig. 2a, c) is a strongly tectonized 
heterogeneous sequence of volcanic, volcanosedimentary, and 
sedimentary rocks. The rocks are often affected by an intense 
ductile deformation forming distinct protho- to ultra-mylo-
nites. Along the contact between the Loussavaara formation 
and the Matojärvi formation, a continuous mineralization of 
iron oxide-apatite or more rarely apatite-only is present (Parak 
1969, Geijer & Ödman 1974). The mineralized horizon has 
been referred to as the Rektor-Nukutus ore zone (Geijer & Öd-
man 1974) belonging to the Per Geijer iron ores. At Rektor, 
Henry, and Nukutus the mineralized horizon reaches econom-
ic thickness at the surface; today they are seen as water-filled 
open pits. While the Haukivaara hematite deposit is also clas-
sified as one of the Per Geijer iron ores, its stratigraphic posi-
tion is probably slightly higher than for the Rektor-Nukutus 
ore zone because rocks of the Matojärvi formation constitutes 
the footwall rocks of the deposit, which is located near the con-
tact to the Hauki quartzite.

5.1.4.1 Matojärvi rhyolite

The stratigraphically lowest part of the Matojärvi formation 
comprises the immediate hanging wall rocks to the Rektor 
and Henry deposits (Fig. 2a, c). It constitutes of a red aphyric 
quartz-rich rock pervasively and selectively pervasive (patchy) 
K-feldspar alteration (Fig. 7a, c). A compositional banding is 
often present that possibly represents bedding (S0; Fig. 7b), but 
due to the partly mylonitic character of the Matojärvi rhyolite, 
the banding can also be of tectonic origin. The banded type 
grades into a quartz matrix, sometimes with a black color due 

to pervasive iron-oxide alteration (Geijer 1950), with a char-
acteristic selectively-pervasive (patchy) K-feldspar alteration 
(Fig. 7c). Preserved ignimbritic structures have been observed 
in the Matojärvi rhyolite at the Henry deposit (Frietsch, 1979). 
The term “Rektor porphyry” used in older literature (e.g. Gei-
jer 1910, 1950, Frietsch 1979 etc.) is misleading for this rock 
type because its “porphyric” character is non-primary. For a 
more detailed description of the Matojärvi rhyolite, please re-
view Geijer (1950) and Frietsch (1979).

5.1.4.2 Matojärvi basalt

The Matojärvi basalt is overlying the rhyolitic tuff (Fig. 2a, c) 
and, it is generally not in contact with the ore except at the Nu-
kutus deposit. The Matojärvi basalt is composed of amygdaloi-
dal basalt (cf. “Syenite porphyry of Hauki-type” Fig. 23, 28 in 
Frietsch 1979), basaltic agglomerate (Fig. 8a), and basaltic tuff 
(Fig. 8b), as well as basalt carrying plagioclase phenocrysts 
(Fig. 8c). It is affected by strong selective-pervasive sericite + 
quartz + chlorite ± calcite alteration (shear band hosted), and 
strong selective-pervasive (veins and patches) calcite alter-
ation and often shows a schistose character. In field, the Ma-
tojärvi basalt is easily mistaken for the Matojärvi greywacke 
and the two tend to grade into each other. For a more detailed 
description of the Matojärvi basalt, please review the “syenite 
porphyry of Hauki-type” in Geijer (1910) and Frietsch (1979).

5.1.4.3 Matojärvi breccia-conglomerate

Within the Matojärvi formation, several polymict breccia-con-
glomerate horizons occur (Fig. 2c). On the map (Fig. 2c) we 
interpret the largest occurrence as a continuous unit, but it is 
possible that this horizon is not interconnected and instead de-
posited in smaller sub-basins. The Matojärvi breccia-conglom-
erate is generally situated between the underlying Matojärvi 
basalt and the overlying greywacke unit. However, west of the 
Hauki deposit a smaller occurrence seems to be interbedded 
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Figure 6: Field characteristics of sedimentary rocks of the Loussavaara formation. a-c) Breccia-conglomerates carrying clasts of the Hopukka 
formation altered by albite to variable degree. 
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within the greywacke whereas another breccia-conglomerate 
of similar character is found at the contact to the Kurravaara 
conglomerate in the north where the Matojärvi-stratigraphy is 
disturbed (Fig 2a). 

Within the Matojärvi breccia-conglomerate, a wide range 
of clast compositions occur. Hematite, felsic feldspar-phyric 
and aphyric volcanic rocks, intermediate feldspar-phyric and 
aphyric volcanic rocks, basalt, jasper, chert, and quartz. The 
amount of different clast species vary along strike of the Ma-
tojärvi formation. In spatial association with the Rektor ore 
body, hematite dominates the clast material (Fig. 9a), whereas 
in other parts, hematite clasts are normally present in sub-or-
dinate amounts (Fig. 9b). The clasts are generally stretched 
with aspect ratios locally of up to 1/8 (Fig.9c) but rather unde-
formed clasts can also be found where strain is lower (Fig. 9a).
Locally, portions of the clast material consists of rheologically 
weak aggregated whitish and reddish material (Fig. 9 d, e). In 
the northernmost part of the map sheet, a layered tuff (Frietsch 
1979) is present within the Matojärvi breccia-conglomerate, 
implying a rather complex epiclastic-pyroclastic origin for 
this unit. The clast shape is sub-angular to sub-rounded with 
sizes ranging from pebble to boulder with sizes up to 30 cm. 
The breccia-conglomerate is moderately- to very poorly sorted 
and generally, matrix-supported but clast-supported sequences 
(Fig. 9a) can be found locally. The matrix constitutes of grey-

ish to reddish (Fig. 9b) lithic greywacke but in some localities 
a hematite replacement constitutes the matrix (Fig. 9f). Where 
strain is high, the matrix is often intensely altered into a seric-
ite schist.  

5.1.4.4 Matojärvi greywacke

The Matojärvi greywacke is a greyish lithic greywacke and is 
probably the most voluminous unit within the Matojärvi for-
mation (Fig. 2a, c). It is present from the Kurravaara area in the 
north to central Kiruna in the south. It is situated on top of the 
Matojärvi breccia-conglomerate, with thin (meter scale) hori-
zons of the similar breccia-conglomerates occurring within. 
The rock is dark, fine-grained and heterogeneous in character 
and shows generally a weak (Fig. 10a) to intense schistosi-
ty which is rarely lacking. A pre-tectonic selective-pervasive 
calcite alteration is common (Fig. 10b). The transition from 
basaltic tuffite to greywacke is gradual and the two may be 
indistinguishable from each other in contact zones. For a more 
detailed description of the Matojärvi greywacke, please review 
Greywacke of the Quartzite Group in Frietsch (1979).

5.1.4.5 Matojärvi phyllite

The Matojärvi phyllite is voluminously the smallest unit with-
in the Matojärvi formation (Fig. 2a, c). It is poorly exposed at 
the surface but can be studied in detail within the Haukivaara 
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3) Rheologically weak aggregated reddish clast. f) Matrix replaced by hematite. 
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open pit (Fig. 11a) and has been transected by several drill 
holes along the contact to the Hauki quartzite. The Matojär-
vi phyllite is a banded whitish-green sericite-chlorite phyllite 
(Fig. 11b) selectively altered by carbonate along S0/S2 foliation 
planes (Fig. 11c). Thin quartz-arenitic horizons are sometimes 
present. It shows tight intrafolial F2 folding with an associat-
ed brittle-ductile spaced S2-cleavage (Fig. 11b) and is often 
distinctly mylonitized. Pyrite is present along the S0 and S0/S2 
planes and redistributed into F2 fold hinges.

5.1.5 Hauki quartzite

5.1.5.1 Hauki arenite

The Hauki quartzite (Fig. 2a, c) reflects the youngest deposi-
tion in the central Kiruna area. It constitutes of either reddish 
arkosic- to light grey quartz-arenite and the two types grade 
into each other. However, locally, sharp contacts between the 
two types are present (Fig. 12a). Bedding is well developed in 
the reddish arenite but only weakly developed or even absent 
in the quartz-arenite. The unit in general is characterized by a 
well-developed bedding (e.g. Frietsch 1979) marked by iron 
oxides (Fig. 12b), and cross-bedding is widespread (Fig. 12c). 
Deformation shows mainly brittle character, but in the north-
ern part of the map folding can be observed (Fig. 2b, section 
5.22). Close to the lower contact mylonitic zones are present. 
In the folded area to the north, the quartz is often stressed and 
dynamically recrystallized showing bulging (BLG) quartz tex-
tures (Fig. 12d).

5.1.5.2 Hauki breccia-conglomerate 

The Hauki breccia-conglomerate occurs in two horizons with-
in the Hauki quartzite (Fig. 2a, c). The lower breccia-conglom-
erate occurs at the basal contact to the Matojärvi formation 
whereas the upper horizon occurs in the central parts. The up-
per breccia-conglomerate occurs in the southern part and we 

interpret it as individually deposited and unconnected units be-
cause the horizons tend to thin out. However, a long, thin, con-
tinuous unit with bulging thickness is also a possible scenario.

The clasts are dominated by reddish feldspar-phyric and 
aphyric volcanic rocks followed by intermediate to mafic por-
phyric and aphyric volcanic clasts together with hematite (Fig. 
12e). Jasper and chert is occasionally observed. The clasts ori-
gin probably locally from the Hopukka, Loussavaara, and Ma-
tojärvi formations. The breccia-conglomerate is generally ma-
trix supported (12f) with minor clast supported sections (12g) 
and clast sizes range from c. 0.5 cm up to 50 cm (Fig. 12e). The 
clast shapes are angular to sub-rounded and the deposits are 
poorly sorted without bedding planes. However, in between 
clastic horizons and in contact with the breccia-conglomerates, 
cross bedding is common in the surrounding arenite. The ma-
trix to the breccia-conglomerate is arenitic. The ductile defor-
mation is often strong in the breccia-conglomerates forming 
distinct proto- to meso-mylonites.

The Hauki breccia-conglomerate is generally semi-con-
formable with the bedding of the surrounding arenite. The 
contacts are often gradational and rather large isolated clasts 
can be found several tens of meters away from the clast rich 
horizons. Where the contacts are sharp and exposed, 15° of 
discordance to the surrounding bedding have been measured 
(Fig. 12h), but local erosional discordances of up to 60° to the 
surrounding bedding do occur in the upper breccia-conglom-
erate (Fig. 12i).

5.2 Structural characteristics 
In the following section, the recognized structures are de-
scribed according to its relative age, (i.e. D1, D2, D3 etc.). Re-
gional work has shown the existence of an early deformation 
event producing S1 cleavage regionally (D1 in Andersson et 
al. in prep.), but this earliest deformation cannot be identified 
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Figure 10: Characteristics of the Matojärvi greywacke. a) Greywacke in outcrop. b) Drill core 
with bedding-parallel calcite alteration.

Figure 11: Characteristics of the Matojärvi phyllite. a) Phyllite plates in association with open-pit wall. b) Sericite-chlorite banded phyllite. 
c) Folding of compositional bands.
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in the central Kiruna area. Instead, the earliest identified de-
formation correlate to the regional D2. In order to facilitate 
regional comparisons, the first deformation in in this paper is 
designated D2.

5.2.1 D2 shear zones

In central Kiruna, steep, east dipping, low grade ductile to brit-
tle-ductile D2 shear zones developed at lithological contacts 
giving rise to lithostructural boundaries (Fig. 2b). However, 
only one major stratigraphic repetition occurs in the area, evi-

dent by the superposition of a Rhyacian basaltic tuffite on top 
of the Orosirian Hauki quartzite (Fig. 2a-c). This deformation 
zone is not exposed anywhere at the surface but has been inter-
sected by drill holes showing as a mylonitic contact. Within the 
study area, the most prominent shear zones developed within 
the Kurravaara conglomerate, Matojärvi formation, and the 
breccia-conglomerates of the Hauki quartzite (Fig. 2a). These 
units took up the majority of the finite D2 strain whereas large 
volcanic blocks remained undeformed or developed only weak 
cleavage. The shear zones within these units are often sub-par-
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Figure 12: Characteristics of the Hauki quartzite. a) Sharp contact between reddish arkosic- and whitish quartz-arenite. b) Bedding marked by 
iron oxide. c) Cross-bedding. d) Bulging recrystallization quartz texture. e) Polymict breccia-conglomerate. f) Matrix supported sedimentary 
breccia. g) Clast supported breccia-conglomerate. h) Low-angle erosional discordance. i) High-angle erosional discordance.
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allel to the lithostructural contacts, but several oblique struc-
tures link up with the structures bounding the units (Fig. 2c). 
Brittle components are few in the highly strained rock units. 
In contrast, brittle components in the D2-shear zones tend to 
increase where more competent rocks, e.g. the Hopukka for-
mation, are affected by the D2 shearing. In the more competent 
rock types, strain partitioning is strong and ductile deformation 
is concentrated into cm- to meter-wide zones with rather sharp 
contacts leaving the adjacent wall rocks intact. The mineralo-
gy of the S2 mylonite fabrics are dominated by phyllosilicates 
(sericite, chlorite and minor biotite) and recrystallized quartz. 
Grains of magnetite-hematite are present and often shows 
asymmetrical shapes and pressure shadows.

Along the Matojärvi formation, the L2 stretching lineation 
steepens from south to north. Within the Rektor open pit and 
southward, the L2 stretching lineation plunges moderately 
steep towards south, whereas north of the Rektor open pit the 
L2 stretching lineation shows steep to vertical plunges (Fig. 
13a). This indicates a kinematic change from an oblique-slip 
dominated system in the south to a dip-slip dominated system 
towards north. The stretching lineations in the Loussavaara 
open-pit are steep and plot similar to the stretching lineations 

north of Rektor (Fig. 13a). Despite the larger spread among 
the slickensides measured in association to the shear zones, 
the slickensides plot similar as the stretching lineations and do 
show a similar steepening trend towards north along the struc-
ture (Fig 13b), indicating that brittle and ductile components 
were temporally-spatially linked during D2.

The kinematics of the D2 shear zones are consistently re-
verse oblique- to dip-slip-dominated showing east-block-up. 
This is evident by kinematic indicators such as rotated delta 
(Fig. 14a-b) and sigma (Fig. 14 c-d) porphyroclasts/sigmoids, 
S-C-C´ fabrics (Fig. 14 e-g), and oblique foliation (Fig. 14 h). 
We have also observed microstructures resembling magnetite 
fishes (Fig. 14i) showing a contrasting sense-of-shear relative 
to the area as a whole. These structures are not well established 
(Passhier and Trouw 2005) and it is rather unclear whether any 
reliable kinematic information can be obtained from them in 
the Kiruna area.

5.2.2 F2 Folding 

The large-scale fold pattern in the Kiruna area is rather am-
biguous. Mesoscale F2 folds with a related axial plane parallel 
amphibole + biotite + pyroxene + plagioclase S2 continuous 
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ravaara conglomerate.
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cleavage are present (Fig. 15 a-b) in the Kurravaara area (Fig. 
2b). Here, Rhyacian pillow basalts and the Kurravaara con-
glomerate bend around younger lithologies (Fig. 2) indicating 
a synclinal shape. The measured fold axes of these mesoscale 
folds plunge rarely to the northeast (75/020), or more regu-
larly, moderately steep to the southwest (45/220). The form 
line defining the overturned anticlinal F2 shape in the north 
(Fig. 2b) is interpreted from ground magnetic data. The most 
obvious F2 fold pattern is found in the northernmost parts of 
the Hauki quartzite (Fig. 2b), where relatively good exposures 
give access to a series of upright folds. Where exposure is high 
enough for fold characterization, synformal Ramsey class 1C 
folds (Fig. 15c) have been recorded. Parts of the topography is 
controlled by bedding, allowing the use of high resolution LI-
DAR data to support the extrapolation of some of the bedding 
form lines (Fig. 2) in line with Grigull & Jönnberger (2014). 
Stereographic projections indicate near-symmetrical upright 
folding (Fig. 2b) around a bedding-bedding β-axis plunging 
moderately steep to the SW (56/214), in line with measured 
fold axes and previous results (cf. Wright 1988, Grigull et al. 
2018). 

5.2.3 F3 folding

D3 structures are gently deforming the D2 shear zones. Cren-
ulation of S2 sericite and chlorite domains (Fig. 16 a-e) af-
fects the lithostructural boundaries hosting the Loussavaara 
(Fig. 16e) and Haukivaara deposits (Fig. 16 a), as well as the 
breccia-conglomerates in the Hauki quartzite (Fig. 16 b-d). 
The related S3 cleavage is generally spaced (Fig. 16 c) and 
the resultant micro F3-folds are open with a bluntness ranging 
from concentric in sericite dominated parts (16 d), to kinked in 
chlorite dominated parts (16 e). Only locally the S3 crenulation 
cleavage could be measured in field, but the related crenula-
tion lineation plunges shallowly to steeply towards ENE (Fig. 
16f), which we interpret as the folds axis traces of gentle F3 
(Fig. 2b-c, section 6.23).

The S2 fabric of the shear zone hosting the Per Geijer iron 
ores is undulating and both the Rektor and Henry ore bod-
ies exhibit a gentle bent geometry (Fig. 2, Geijer 1950, Parak 
1969). The β-axis of the S2 measurements from the Rektor 
open pit plots sub-parallel to the measured crenulation linea-
tion measured throughout the study area (Fig. 16g). The S2-S2 
intersection point of a gently folded 1-meter section of the Nu-
kutus hanging wall (Fig. 16h) also sub-parallels the crenula-
tion lineation (Fig. 16i).

5.2.4 Brittle structures

In the Haukivaara open pit, a distinct east dipping reverse fault 
has thrusted the Hauki complex on top of mylonitic rocks of 
the Matojärvi formation, giving rise to structural discordances 
(Fig. 17a). The brittle faulting mainly occurred along the bed-
ding planes of the Hauki arenite, producing a several meter 
thick fault gouge (Fig. 17a). A meter-thick zone of the gouge 
is poorly lithified and consists of sand- to gravel sized particles 
mixed with a hematite rich clay, possibly due to recent reac-
tivations and ground water flows within the fault zone. Bed-
ding/fault-parallel ductile components are present in the form 
of mylonitic intercalations (Fig. 17b) indicating that the fault-
ing occurred under brittle-ductile conditions, however, brittle 
components dominate. This is supported by drill core observa-
tions 3.5 km northward along the same structure where small-
er stratigraphic repetitions are present and where there is an 
interplay between mylonitic rocks and brittle fracturing. South 
of the Haukivaara open-pit, rocks of the Loussavaara forma-
tion form a wedge ranging into the younger Hauki quartzite 
(Fig. 2). Close to the eastern boundary of the Loussavaara 
wedge, moderately steep (40/104) protho-mylonitic felsic vol-
canic rocks yield reverse dip-slip dominated sense-of-shear 
(Fig. 14b) thrusting the Loussavaara formation on top of the 
overlying Matojärvi formation. The protho-mylonitic foliation 
sub-parallels the brittle-ductile reverse fault in the Haukivaara 
open-pit. Similar orientation correlations for ductile deforma-
tion and brittle faulting is also present in the Rektor and Henry 
open pits. In the Rektor hanging wall, a stratigraphic repetition 
is caused by a fault paralleling oblique-reverse mylonitic rocks 
of the Matojärvi breccia-conglomerate 100m east of the pit. 
Associated oblique structures resembling reverse duplex struc-
tures (Fig. 17c) would yield a reverse kinematics of the fault, 
however, the associated structures can also represent Riedel 
structures, and hence, the kinematics of the fault remains un-
resolved.

Secondary copper minerals and visible sulphides are re-
stricted to brittle structures or amygdule infills. For example, 
bornite + malachite + magnetite/hematite + quartz + calcite 
occur in brittle veins (Fig. 17 d, e). Cavities within the hema-
tite/magnetite ore bodies often carry Fe- and Cu-sulphide and 
malachite, (17 f) and malachite in pressure shadows on slick-
ensides are common. In the Nukutus deposit, sulphide min-
erals are associated to a D2-related fluid-assisted breccia (see 
section 5.31). Vein hosted bornite is locally found crosscutting 
pervasively K-altered Matojärvi rhyolite (Fig. 17g) with an in-
terpreted similar D2-timing as the above mentioned sulphide 
occurrences.
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Figure 15: Field characteristics of F2 folds. a) North-northeast plunging asymmetric parasitic synclinal F2, Rhyacian pillow basalt, northern 
part of the map sheet. b) S0-S2 relations at fold bend of regional synclinal F2, Rhyacian basalt, northern part of map sheet. c) South-plunging 
upright synclinal F2, Hauki arenite, northern part of map sheet.
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Quartz + calcite fluid-assisted brecciation carrying xeno-
liths of both the ore and wall rocks occurs (Fig. 17h). This 
hydrothermal overprint represents the last recorded event in 
this study, hence, D4. Discordant reddish apatite veins show-
ing cross-cutting relations to ductile deformation (Fig. 17i) are 
also of a late timing, but are earlier than the quartz + calcite 
hydrothermal D4 breccia (Fig. 17h) based on cross-cutting re-
lationships.

5.3 Structural characteristics of the Per Geijer- and 
Loussavaara open pits

5.3.1 Nukutus 

Nukutus is the northernmost IOA deposit mined in the central 
Kiruna area. Basaltic rocks are in contact with the ore at the 
hanging wall contact. The hanging wall rocks are affected by 
a strong pervasive feldspar + calcite alteration, often showing 
high strain associated with sub-vertical S2 and L2. The volca-
nic rock mass is crosscut by reddish apatite-veins with a late 
timing (see section 5.24). The ore contact is parallel with S2 
and partly exposed in the open pit wall (Fig. 18a). The strain 
intensity decreases abrupt within the ore in relation to the wall 
rocks indicating that the magnetite body acted as a competent 

rigid body during the ductile deformation. The ductile fabric in 
the sidewall rock is mylonitic and consists of chlorite + calcite 
+ sericite (Fig. 18b) together with dynamically recrystallized 
quartz showing bulging (BLG) textures (Fig. 18c). Overprint-
ing magnetite-hematite alteration, possibly remobilized from 
the ore, obscures the tectonic cleavage and feldspar alteration 
(Fig. 18d), thus lowering the overall quality of the kinematic 
interpretation. The porphyroclasts are mainly magnetite show-
ing pressure shadows but the kinematic interpretation of these 
clasts are not straight forward. A few magnetite delta-clasts in 
the Nukutus samples possibly yield east-side-up dip-slip dom-
inated sense-of-shear, in line with district-scale results, but we 
consider the confidence of the kinematic interpretation of the 
Nukutus open-pit as low in comparison to the ore localities 
further south. Tight meso-scale F2-folding of probable S0 (Fig. 
18f), calcite, apatite, and felsic veins as well as gentle F3-fold-
ing (Fig. 16h) occurs locally but the folding is not present in 
open pit-scale. 

An important structural feature of the Nukutus open pit 
is the presence of a D2-related fluid-assisted “mosaic brec-
cia” (Jébrak 1997). In competent low-strain blocks, the mo-
saic breccia is forming classic jigsaw puzzle patterns, which 
is transposed into alignment with S2 as strain increases  
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(Fig. 18c-e) further into the hanging wall due to east-block-
up shearing. Horizontal (Fig. 18 j) and vertical (Fig. 18 k) 
sections of the Nukutus breccia show that two sets of veins 
(V1 and V2 in Fig. 18 j–k) dominate and both sets affect each 
other. V1-veins probably represent extensional veins whereas 
V2-veins probably developed as shear fractures subsequently 
offsetting V1-veins and being offset by the same as new V1-
veins form during progressive vein development.

5.3.2 Henry

The hanging wall of the Henry ore body has been subjected 
to strong ductile shearing along an interconnecting structure 
fading out in the footwall and probably connecting with the 
reverse lithostructural boundary separating the Hauki complex 
from the Matojärvi formation (Fig. 2). Distinct mylonitic se-
quences and highly strained schistose rocks associated with 
steep L2-lineation and local pinch-and-swell structures (Fig. 
19a) dominate the exposed hanging wall profile. The mylo-
nitic fabric is dominated by sericite + calcite + chlorite along 
with dynamically recrystallized quartz showing sub-grain ro-
tation and bulging textures (Fig. 19b, 14h). The interconnect-
ing shear zone mapped in the hanging wall is locally present as 
thin mylonitic zones (Fig. 19c) deviating in orientation from 
the general N-S grain of the footwall (Fig. 2). The sense-of-
shear along the interconnecting structure is reverse dip-slip 

dominated southeast-side-up. It is established by sericite S-C 
fabrics (Fig. 19b) and rotated lithic porphyroclasts (Fig. 19c) 
in the footwall together with sericite S-C fabrics and oblique 
foliation in a calcite domain (Fig. 14h) of the hanging wall.

In association with the mylonitic zones in the footwall, 
brittle faults are present sub-paralleling the mylonitic grain. 
Slickensides are common throughout the entire footwall pro-
file. 

Between the Rektor porphyry and the overlying basaltic 
unit a deformed clastic hematite body (Hematite of Hauki 
type: e.g. Geijer 1950, Parak 1975, Geijer & Ödman 1974, Fri-
etsch 1979) parallels the shear zone (Fig. 19e). The clasts are 
angular to sub-rounded, 1-10 cm, mostly matrix hosted and 
dominated by a cherty material and intermediate to mafic vol-
canic clasts. In the Loussavaara formation footwall rocks, the 
strain is low and the cleavage is oriented parallel to the litho-
structural boundaries. 

Old mine maps of the Henry ore body (Parak 1969) show 
that the ore body splits into two branches (Fig. 2). One branch 
is magnetite-dominated and runs discordantly to the west 
reaching the contact between the Hopukka- and Loussavaara 
formations whereas the other branch is hematite-dominated 
running semi-concordantly along the Loussavaara-Matojär-
vi contact. The ground magnetic anomaly of the discordant 
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branch is bending towards the south when reaching the Ho-
pukka contact. Within the Hopukka formation the magnetic 
anomaly can be explained by a strong pervasive and selective 
pervasive (patchy) magnetite-albite alteration in a low strain 
andesite (Fig. 4b). The mapped tectonic structures cannot ex-
plain the branching, indicating that this geometrical feature 
could be of primary origin.

5.3.3 Rektor 

Basaltic and rhyolitic rocks of Matojärvi-type dominate the 
hanging wall of the Rektor open-pit. D2 strain partitioning has 

focused the ductile strain into chlorite-dominated domains in 
the basaltic rocks (Fig. 20a) whereas several meter-wide zones 
have undergone mylonitization in the rhyolite (Fig. 7 b). The 
L2-lineation is plunging moderately steep towards the south 
(Fig. 13). The sense-of-shear is oblique reverse southwest side 
up based on S-C-fabrics (Fig. 14g). In the Rektor open-pit, the 
Matojärvi rhyolite (Rektor porphyry: Geijer 1950) is well ex-
posed and is present at the hanging wall ore contact. Locally, 
the ore shows cross-cutting relationships to the hanging wall 
rocks (Fig. 20b). The ore is occasionally apatite-banded (Fig. 
20c) and locally shows features resembling drag-folds of apa-
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tite and carbonate (Fig. 20d) as well as minor pinch-and-swell 
of the apatite bands (Fig. 20e). However, it is rather unclear 
whether these ore-features are in parts primary or solely a re-
sult of deformation. The ore shows dynamically recrystallized 
quartz showing SGR and GBM textures (Fig. 20f) indicating 
that the structural features in the Rektor ore, at least to some 
extent, are tectonic or tectonically enhanced.

A reddish apatite vein shows crosscutting relations with 
the ore and the dominant ductile grain (Fig. 17 k-l). The apatite 
dyke carries ore xenoliths and specularite veins and the apatite 
crystals show abundant monazite micro-inclusions (Blomgren 
2015). Locally, the apatite veins are cut by quartz-carbonate 
fluid assisted D4 breccia and veins cross-cut the ore and wall 
rocks as well as, to a minor extent, the apatite dyke (Fig. 17j). 
These quartz-carbonate brittle structures usually show a rim of 
carbonate around a quartz center.

5.3.4 Haukivaara 

The Haukivaara hematite deposit is situated in a highly tecton-
ized area. It sits beneath the Hauki quartzite, which has been 

thrusted over the Matojärvi formation (Fig. 17c, d). It is hosted 
by a red feldspar-dominated felsic volcanic rock, and hema-
tite altered lithic greywacke locally carrying stretched breccia 
fragments (Fig. 21a). Closer to the Haukivaara complex, phyl-
lonites dominate the rock mass (Fig. 17c). The highly strained 
rocks are associated with a well-developed L2 stretching linea-
tion plunging moderately steep to the south (Fig. 13). Where 
the footwall is mylonitic it shows S2 S-C-fabrics indicating 
oblique southeast side up sense-of-shear during D2 (Fig. 21b). 
The phyllonites are associated with boudinaged felsic horizons 
(Fig. 21c) along the S0/S2 planes but yield few kinematic indi-
cators due to the very fine-grained nature of the matrix. The 
same phyllonites are folded by cm-scale F2-folds giving rise 
to well-developed crenulation lineation on the S0/S2 foliation 
planes (Fig. 16a, f).

5.3.5 Loussavaara

The Loussavaara deposit is situated at a lower stratigraphic 
level than the Per Geijer iron ores. As is the case for the much 
larger Kiirunavaara deposit, the Loussavaara deposit is found 
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at the contact between the Hopukka- and Loussavaara forma-
tions (Fig. 2). The footwall is affected by strong brittle-ductile 
D2 shearing (Fig. 22a-b) dominated by a chlorite-sericite S2 
fabric associated to a steep L2 stretching lineation. The sense-
of-shear along the D2 structures in the Loussavaara open pit is 
reverse dip-slip dominated east-block-up based on S-C-C´ fab-
rics (Fig. 14f), rotated delta clasts (Fig. 14c) and interpretation 
of field observations (Fig. 22a-b). In chlorite-dominated parts, 
the S2 fabric is locally crenulated with a kinked bluntness (Fig. 
16e,) forming an L3 crenulation lineation that locally devel-
oped on larger meso-scale S2-planes (Fig. 22c). In contrast to 
the footwall, the hanging wall is generally unaffected by duc-
tile deformation. Only locally, chlorite-sericite-dominated high 
strain zones are present (Fig. 22d); instead, joints and fracture 
planes dominate the structural character of the felsic hanging 
wall rocks. The ore is affected by the D2 chlorite-sericite dom-
inated brittle-ductile shear zone and locally shows pinch-and-
swell structures and a penetrative S2 cleavage (Fig. 22e), but 
reacted mostly in a brittle manner during D2. Open cavities and 
veins in the ore contain pyrite, bornite, malachite and Fe-oxide 
(Fig.17g). Characteristic for the Loussavaara magnetite ore is 
the development of calcite-quartz tension gashes possibly re-
lated to D2 compression (Fig. 22f). These tension gashes tend 
to have a shallow orientation, but steep tension gashes are also 
present, and occasionally show tendencies of anti-clockwise 
rotation. A weak hydrothermal overprint is present in the Lous-
savaara open pit characterized by vein-fills of quartz + calcite 
(Fig. 22g), which represents the last D4 phase.

6 Discussion

6.1 Pre-deformational evolution
The Orosirian stratigraphy in central Kiruna is dominated by 
conglomeratic rocks at its bottom followed by bimodal maf-
ic-felsic volcanic rocks subsequently changing character to 
volcanosedimentary/sedimentary rocks followed by a final 
stage of sandstone deposition below the wave base. Such a 
stratigraphic build-up indicates a volcanic-sedimentary basin 
changing from dominantly volcanic to dominantly sedimen-
tary character with time. The following section argues for the 
existence and development of such a basin in order to illumi-
nate the pre-compressional geological evolution of the central 
Kiruna area responsible for the ore emplacement. The IOA-de-
posits are in general hosted by the volcanic rocks occupying 
the lower-middle sequence of the basin.

The Orosirian contact to the underlying Rhyacian green-
stones is sharp (Fig. 3a), and weakly discordant (Martinsson 
1997). The timing of deposition of the Kurravaara conglomer-
ate is unknown but is bracketed between the crystallization of 
the calc-alkaline clasts (probably locally derived from the 1.89-
1.87 Ga Porphyrite group; Martinsson et al. 1993, Martinsson 
et al. 2016) and the overlying ~1.88 Ga Hopukka formation 
(Martinsson et al. 2016). The contact relationship between the 
Kurravaara conglomerate and the overlying volcanic rocks is 
poorly exposed. However, the overlapping ages reported for 
the Porphyrite (1.9-1.87 Ga) and Kiirunavaara (1.88-1.86 Ga) 
group rocks (see section 2), together with the gradational up-
per contact of the Kurravaara conglomerate (Martinsson et al. 
1993) indicate a geological continuum in the basal part of the 
Orosirian Kiruna stratigraphy. The deposition of the bimod-
al mafic-felsic volcanic units was fast (<15 Ma; Westhues et 
al. 2016) generating both sub-aerial and sub-aqueous (Perdahl 
1995) volcanic facieses and IOA deposits. The volcanic pile 
was subsequently buried under lithic greywacke and siltstones, 
and a rather thick ~1.5 km package of cross-bedded sand-
stones. The timing of deposition of the final arenitic sequence 
is critical because it determines the duration of the basin devel-
opment. Ladenberger et al. (2017) present detrital U-Pb zircon 
data for the Hauki quartzite suggesting 1850 Ma as a probable 
maximum depositional age based on concordant ages.

The supracrustal pile contains sedimentary polymict brec-
cia-conglomerates that occur repetitively in the stratigraphic 
record. These horizons are from stratigraphic bottom to top; 
Kurravaara conglomerate, Loussavaara breccia-conglomerate, 
Matojärvi breccia-conglomerate, Hauki lower breccia-con-
glomerate, and Hauki upper breccia-conglomerate. The vol-
umetrically largest of these units is the lowermost unit, the 
Kurravaara conglomerate. The character of these units varies 
in respect of clast- and matrix-composition as well as geom-
etry. For example, Rhyacian greenstone clasts are restricted 
to the Kurravaara conglomerate and the matrix of the Hauki 
breccia-conglomerates are quartz arenitic in contrast to the 
other breccia-conglomerates with lithic greywacke as a ma-
trix. Furthermore, in contrast to the general absence of de-
veloped bedding planes in these deposits, bedding is locally 
well developed in the Kurravaara conglomerate. Shapes of the 
epiclastic deposits vary from small (30 x100 m) and lensoid 
to concordant and coherent (or weakly discordant) horizons. 
However, many commonalties are present that indicate similar 
processes generating these epiclastic rocks. For example: 1) 
They are all polymict with clasts of diverse but local origin 
with sizes ranging from pebble to boulder (up to 30-50 cm 
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in diameter). 2) The shape of the clasts range from angular to 
sub-rounded suggesting short but variable water transports. 3) 
They are in general poorly sorted. Bedding and clast grada-
tion are developed in most units but these features are rare and 
broadly suggests rapid deposition and burial in general. 4) The 
breccia-conglomerates show both clast- and matrix-supported 
characteristics, indicating both high- and lower energy depo-
sitional processes.
Kumpulainen (2000) suggested that the Kurravaara conglom-
erate represents a fan delta fed by an intermediate volcanic 
source. According to our observations, an alluvial environment 
is the most likely scenario for the Kurravaara conglomerate; 
however, all the breccia-conglomerates in central Kiruna show 
depositional characteristics similar to alluvial environments 
(e.g. Nemec & Steel 1984). The term “Broken formation”, 
defined by Festa et al. (2012) as “chaotic intra-formational 
deposits”, is here suggested as a suitable term for the poly-
mict breccia-conglomerates of the central Kiruna area that 
would correlate with tectonic-sedimentary Type 7 in Festa 
et al. (2012). Based on the repetitive development of simi-
lar epiclastic deposits, we suggest that these formations rep-
resent erosional peaks driven by normal faulting during the 
progressive basin development. This interpretation is in line 
with Andersson et al. (2017) who tentatively suggested that 
some shear zones in central Kiruna originated as normal faults. 
Wright (1988) interpreted the Kurravaara conglomerate as a 
thrust-bounded mélange that would correlate with tectonic 
Type 3, Type 5, or Type 6 in Festa et al. (2012), typical for 
foreland or nappe regions. This interpretation cannot explain 
the exclusively local origin of the clasts (Ödman 1957, Offer-

berg 1967, Forsell 1987, Martinsson & Perdahl 1995, Kum-
pulainen 2000) and the locally well-developed bedding and 
sorting present in the Kurravaara conglomerate (Fig. 3e), thus, 
here regarded as a less likely scenario.

A classic fold-thrust model synchronous with the IOA em-
placement in Kiruna as argued by Wright (1988) and Talbot & 
Koyi (1995) would imply that the area represents the foreland 
sector of a larger subduction system at approximately 1.9 Ga 
(Cliff et al. 1990, Romer et al. 1994, Martinsson et al. 2016, 
Westhues et al. 2016). We see several problems with this inter-
pretation; the most obvious is that large volumes of volcanic 
rocks developed in this geological domain of northern Norr-
botten at this period of the geological evolution. In Gällivare 
(Fig. 1), the Dundret mafic- to ultramafic layered intrusion is 
temporally related to the same volcanic rocks as found in Kiru-
na (Sarlus et al. 2017, 2018), indicating crustal thinning at this 
time. Regionally, similar volcanic rocks as found in Kiruna 
have a shoshonitic character which has been attributed to an 
extensional setting (Perdahl & Frietsch 1993). In the Kiruna 
area, Martinsson (2004) points out the importance of a thick 
basaltic unit at the basal parts of the volcanic pile, the maf-
ic-felsic bimodality of the volcanic rocks, and the tendency to 
a within-plate basalt-character: chemical/petrological charac-
teristics further indicative of an extensional setting. In a sub-
duction context, we argue that the crustal thinning during the 
early Svecokarelian-cycle is best explained to have occurred in 
the back-arc rather than the fore-arc of the subduction system. 
However, we note the paradoxical tectonic models that come 
from structurally based (Wright 1988, Talbot & Koyi 1995) 
studies at one hand, and geochemical/petrological (Perdahl & 
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Frietsch 1993, Martinsson 2004, Sarlus et al. 2017, 2018) stud-
ies on the other hand. We add here a stratigraphic argument in 
favor of an extensional setting generating a basin in Kiruna 
synchronously with IOA emplacement during the early Sve-
cokarelian-cycle orogeny.

Basin development in Kiruna during the Orosirian is 
not a new hypothesis; however, it has only been tentatively 
suggested by earlier workers (Witschard 1984, Grigull et al. 
2018). Witschard (1984) suggested that the Hauki quartzite 
was “deposited in a tectonically active graben” and Grigull et 
al. (2018) briefly suggested a hypothesis of inversion of this 
same graben structure, interpreted to have been eroded down 
into the Matojärvi formation (Grigull et al. 2018). We have 
not found evidence in support or against the existence of an 
erosional contact between the Matojärvi formation and the 
Hauki quartzite, as suggested by Grigull et al. (2018). Instead, 
we have only observed tectonic contacts between these units, 
including smaller tectonic repetitions and breccias related to 
shearing using the uppermost phyllite horizon as a shear plane. 
We agree that the development of grabens during Orosirian ex-
tension is the most likely scenario, however, we argue that the 
entire Orosirian record in central Kiruna, ranging from 1.88 Ga 
(Cliff et al. 1990, Romer et al. 1994, Martinsson et al. 2016, 
Westheus et al. 2016) to the deposition of the Hauki quartzite 
(Ladenberger et al. 2017), reflect the development of a basin 
environment.

The generation of rift-basins due to continental break-up 
during the Rhyacian is rather well established in the Fennos-
candian shield (e.g. Pharaoh & Pearce 1984, Martinsson 1997, 
Hanski et al. 2012, Melezhik & Hanski 2012, Hanski et al. 
2014, Bingen et al. 2015). The normal faults associated with 
this early phase of rifting constitute candidates for being the 
controlling structures also in the case of later rifting events 
during the Orosirian by normal reactivation. We suggest that 
the Orosirian volcanic rocks were deposited in a Rhyacian rift 
valley and that the succeeding Orosirian crustal thinning, man-
ifested by ultramafic intrusions of this age (Sarlus et al. 2017, 
2018), occurred in the back-arc regions during the Svecokare-
lian early-cycle orogeny. The newly formed back-arc basins 
were then subsequently filled by younger material.

6.2 Basin inversion
The structural characteristics in central Kiruna are compatible 
with a polyphase compressional structural evolution in north-
ern Norrbotten. We suggest that the Kiruna back-arc (sub)-ba-
sin was inverted as a response to an east-west-directed crustal 
shortening, resulting in structural characteristics sharing some 
similarities to what has been reported from an inverted back-
arc basin in the U.S. Cordillera (e.g. Wyld 2002). We propose 
that the Kiruna basin was inverted accompanied by reverse 
shearing/faulting and folding during D2, gently refolded during 
D3, and further fractured during D4, giving rise to the crustal 
architecture. In the following section, we suggest a structural 
framework for a basin-inversion model for the study area.

6.2.2 D2-deformation

D1 structures are recognized regionally in northern Norrbotten. 
S1-foliation is folded into F2 folds west of Kiruna (Andersson 
et al., in prep.) as well as east (Grigull et al. 2018) and south-
east (Bauer et al. 2018) of the study area. The F2 folding of S1 
is best recognized in low strain blocks where S1 is not trans-
posed into parallelism with the D2 shear zones (Andersson 
et al., in prep.). We suggest two alternative explanations for 

the absence of recognizable D1 structures in the study area: 1) 
The central Kiruna area was subjected to high D2 strain and S1 
got transposed into alignment with the D2 structures; or 2) D1 
structures never developed in central Kiruna. 

The second explanation is favored in this study for sev-
eral reasons. If S1 would have developed in central Kiruna it 
should be expected to recognize it at least in distal parts of 
the high strain zones where S1 would be folded, in accordance 
with regional results. The areas where S1 is recognizable in 
northern Norrbotten show higher metamorphic grades than the 
central Kiruna key area. The regions of higher metamorphic 
grade suggest deeper crustal sections during D1 compared to 
the greenschist facies metamorphism in central Kiruna and it 
is likely that the P-T conditions were not high enough to form 
a tectonic foliation at this time. Furthermore, regional obser-
vations of brittle-ductile D2-structures, formed in response to 
E-W shortening, suggest that the earliest structures observed in 
central Kiruna are coeval with regional D2 deformation.

Based on the orientation and kinematics of the D2 struc-
tures in Kiruna, E-W to NW-SE crustal shortening is inferred, 
a compression direction typically subscribed to the late c. 1.80 
Ga Svecokarelian-cycle (e.g. Andersson 1991, Weihed et al. 
2002, Bergman et al. 2001, Lahtinen et al. 2005, Bauer et al. 
2018). The most prominent compressional deformation foot-
print in the area constitutes of steep NNE-striking reverse D2 
brittle-ductile high strain zones developed at lithological con-
tacts, as well as in favorable lithologies of the Kurravaara con-
glomerate and Matojärvi formations (Fig. 3, 7-11). Dynamic 
recrystallization of quartz in the ore bodies (Fig. 22 f) indicate 
that D2 affected the ore bodies (Passchier and Trouw 2005) 
even though cleavage is only sparsely developed (Fig. 22 e). 
The ore bodies served as rigid bodies and the sections that 
reach economic thicknesses probably represent boudinaged 
sections of the mineralized horizon, as was suggested by Vol-
lmer et al. (1984) and in line with meso-scale boudinage and 
pinch-and-swell structures (e.g. Fig. 19a). In this respect, the 
structural style of the ore deposits investigated in this study 
show many similarities to the boudinaged Malmberget IOA 
deposit (Bauer et al. 2018).

In low-strain blocks in the north, F2 folds developed to-
gether with a heterogeneously developed steeply east-dipping, 
penetrative, continuous axial plane-parallel cleavage sub-par-
allel to the lithostructural boundaries. F2 folds in the northern 
part of the study area are closed to tight and, where sufficiently 
exposed to be classified, symmetrical and upright of Ramsey 
class 1C-type (Fig. 15c) or slightly asymmetrical and west ver-
gent (Fig. 15a). The series of folds developed in the northern 
part of the Hauki quartzite occur in an area squeezed between 
D2 shear zones at the lithostructural boundaries. We interpret 
the F2 folds to have developed as a response to reverse shear-
ing (see section 5.21) at the lithostructural boundaries where 
most strain during D2 inversion accumulated.

Based on microstructures (Fig. 14), D2 structures show 
systematic reverse dip-slip or reverse oblique-slip movements 
(Fig. 13a) thrusting the east block up. East block up is also 
indicated by the only major stratigraphic repetition in the study 
area, where a slice of a Rhyacian basaltic tuffite is superim-
posed on the youngest Hauki quartzite in the eastern part of 
the study area. Oblique movements predominate to the south 
whereas dip-slip movements predominate to the north with-
in the Matojärvi formation and Kurravaara conglomerate. 
However, the steep movements recorded by the lithostructural 
boundary in the Loussavaara open pit, at similar latitudes as 
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moderate steep movements in Matojärvi formation do not ac-
cord with a systematic northward steepening for all the shear 
zones and need to be explained otherwise. The kinematic 
changes along and across the shear zone system is ambiguous 
and we suggest two alternatives: (1) Strain partitioning, caused 
by the competent hematite-magnetite ore bodies, gave rise to 
both dip-slip and oblique-slip movements in different parts of 
the system, synchronously. (2) D2 is characterized by a cyclic 
activity activating different structures, and parts of structures, 
individually, with different kinematics.

The interplay between ductile and brittle structures during 
D2 is important in Kiruna. The shear zones show both brit-
tle and ductile features (e.g. Fig. 22 a-b). Slickensides plot in 
poorly defined clusters (Fig. 13b) in respect to the stretching 
lineation (Fig. 13a). However, slickensides show a steepening 
trend towards north in accordance with the stretching linea-
tion indicating that brittle and ductile structures were formed 
under the same stress regime and related in space and time, 
hence L2stretching and L2slickenside. The poorly defined clusters in the 
slickenside-plot can be explained on the basis of the varying 
orientations of the fracture planes along which the movements 
occurred. The orientation of the foliation planes showing the 
stretching lineation is more consistently oriented resulting in a 
tighter clustering of the stretching lineation (Fig. 13a).

Reverse faulting and shearing probably acted simultaneous-
ly controlled by competence contrasts. For example, mylonitic 
zones developed in between brittle movements along bedding 
planes during reverse brittle faulting in the Haukivaara open 
pit (17c-d) indicate such an interplay. The subparallel orienta-
tion and the reverse kinematics of the fault at Haukivaara and 
a protho-mylonite zone thrusting the Loussavaara formation 
on top of the Matojärvi formation is another example of such 
an interplay (Fig. 2).

Copper minerals are associated to brittle D2 structures or 
primary amygdules in central Kiruna, and similar structur-
al-copper associations are shown by copper deposits close to 
the study area (Bergman et al. 2001, Smith et al. 2007, Mar-
tinsson et al. 2016). Malachite-azurite is common in pressure 
shadows of L2 slickensides and copper sulphide occur in brittle 
veins (Fig. 17i) and cavities (Fig. 17 f-g). Furthermore, in Nu-
kutus a hydrothermal breccia carries pyrite and chalcopyrite 
hosted by veins and formed in response to D2 reverse shearing. 
Because of the very low sulphide content of the hematite-mag-
netite orebodies, we suggest that much of the visible copper 
minerals were introduced into the system during D2 compres-
sion. This would imply that a superimposed IOCG-style of 
overprint can be possibly linked to the inversion phase of the 
basin evolution, hence, in contrast to the IOA-deposits linked 
to the basin development phase. A possible link between IOA 
and IOCG deposits have been thoroughly studied (e.g. Cor-
riveau & Mumin 2010, Knipping et al. 2015, Martinsson et 
al. 2016, Reich et al. 2016, Tornos et al. 2016, Valesco et al. 
2016) but a general concept is still not reached. We add here 
a structural argument favoring that IOCG and IOA systems 
in Kiruna are associated to different phases of the geological 
evolution. Geochronological works from IOA- (cf. Cliff et al 
1990, Romer et al. 1994, Martinsson et al. 2016, Westhues et 
al. 2016) and IOCG-style of deposits (Smith et al. 2009, Mar-
tinsson et al. 2016) indicate that IOA emplacement is earli-
er than epigenetic copper in Kiruna, which is in line with our 
structural results.

6.2.3 D3-deformation

D3 structures are subtle in the Kiruna area and in accordance 
with an overall NNW-SSE directed compression gently 
re-folding rocks in the study area. In thin section, crenulation 
of sericite and chlorite domains in D2 shear zones (Fig. 16a-e) 
plot sub-parallel with the S2-S2 β-axis from the Rektor deposit, 
which has a gentle bent geometry (Fig. 2c). Similarly, the axis 
of a gentle F2-fold in Nukutus also plots sub-parallel with the 
L3 crenulation lineation. This correlation between L3 crenula-
tion lineation and the gentle undulation of the Rektor-Nukutus 
ore field as a whole, and in meso-scale, lead us to interpret 
the undulating character of the ore field as a result of F3 fold-
ing (Fig. 2b-c). The weak deformation during D3 probably oc-
curred under upper crustal conditions based on the gentle fold 
hinges and the general absence of S3 or strain accumulations 
into D3 deformation zones.

6.2.4 D4 and later brittle and hydrothermal overprint

Several brittle structures in the study area cannot have formed 
during early compression. In Rektor, a possibly normal fault 
(Fig. 17e) shows a similar strike as oblique-reverse mylonit-
ic rocks of the Matojärvi breccia-conglomerate (Fig. 2, 17f). 
The possibly contrasting kinematics recorded by the second 
order structures indicate that the fault may not be related to the 
ductile grain and therefore classified as D4 in this study. How-
ever, the kinematics of the fault is not straight forward and the 
second order structures may reflect reverse duplex structures 
suggesting reverse movements which would harmonize with 
the area in general during D2.

Reddish apatite veins indicate a late timing because of 
their discordant positions relative to the wall rock, ore, and 
S2-foliation (Fig. 17k-l). The apatite dykes probably represent 
remobilized early apatite, however, it is not clear whether the 
apatite remobilization occurred during D3 or D4. In the Rektor 
open pit, a late hydrothermal calcite + quartz breccia over-
prints geological contacts and ductile deformation, as well as 
the apatite vein. We interpret this hydrothermal breccia as the 
last major geological event based on cross-cutting relations 
and because the veins do not show any clear signs of rework-
ing.

6.2.4 Summary of the structural evolution

To summarize the structural evolution in Kiruna we present 
the following model:

• Extension: IOA emplacement

• D1:  Not identified.

• D2:  Basin inversion.

  Reverse faulting-shearing and folding.

  Hydrobreccia.

  Introduction of Cu- and Fe-sulphide.

• D3: Gentle refolding

• D4: Hydrobreccia

  Jointing
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7 Conclusion
Three compressional events attributed D2, D3, and D4 have 
been identified in the Kiruna area. The regional D1 appears to 
be lacking in central Kiruna. D2 structures formed in response 
to E-W to NW-SE crustal shortening, D3 indicate NNW-SSE- 
to N-S shortening, whereas the shortening direction during D4 
remains unclear and may include several brittle events. The 
Orosirian stratigraphy in the study area is interpretted to rep-
resent the development of a volcanic-sedimentary basin. The 
basin was subsequently inverted during D2 accompanied by 
folding and shearing with east-side-up kinematics under brit-
tle-ductile conditions, refolded during D3, and further fractured 
during D4. Iron oxide-apatite deposits formed pre-tectonically 
and are interpreted to have been emplaced during the basin 
development. On the other hand, a weak IOCG-style of miner-
alization can be linked to the D2 inversion phase, hence, prob-
ably not directly genetically linked to IOA formation in central 
Kiruna.

Acknowledgement
This study was financed by Centre of Advanced Mining and 
Metallurgy (CAMM) who is thanked for the financial support. 
The project is supported by Loussavaara Kiirunavaara AB 
(LKAB) who is thanked for the sharing of data and permission 
to enter the open pits. Software from Midland Valley was used 
for data collection and subsequent structural analysis. Prof. 
Thorkild Maack Rasmussen is thanked for the processesing of 
the magnetic data and for compiling the magnetic maps.

References
Åhäll, K.-I., and Larsson, S.-Å., 2000. Growth related 1.85-1.55 

Ga magmatism in the Baltic Shield; a review addressing the tectonic 
characteristics of the Svecofennian, TIB-1, and Gothian events. GFF, 
122, pp. 193-206.

Andersson, J.B.H, Bauer, T.E., Martinsson, O., and Wanhainen C., 
2017. The tectonic overprint on the Per Geijer iron ores in Kiruna, 
northern Sweden. Abstract volume, SGA biennial meeting 2017, 
Quebec, August, pp. 903-906.

Andersson, U.B., 1991. Granitoid episodes and mafic-felsic mag-
ma interaction in the Svecofennian of the Fennoscandian Shield, with 
main emphasis on the ~1.8 Ga plutonics. Precambria. Res., 51, pp. 
127-149.

Bauer, T.E., 2013. The crustal architecture of the central Skellefte 
district, Sweden. PhD thesis, Luleå University of Technology, Luleå, 
Sweden. 142p.

Bauer, T.E., Skyttä, P., Allen, R.L., and Weihed, P., 2011. Syn-
extensional faulting controlling structural inversion- Insights from the 
Palaeoproterozoic Vargfors syncline, Skellefte mining district, Swe-
den. Precambria. Res., 191, pp. 166-183.

Bauer, T.E., Andersson, J.B.H., Sarlus, Z., Lund, C., and Kearney, 
T., 2018. Structural controls on the setting, shape, and hydrothermal 
alteration of the Malmberget iron oxide-apatite deposit, Northern 
Sweden. Econ. Geol., 113, pp. 377-395.

Bergman, S., 2018. Geology of the northern Norrbotten ore prov-
ince, northern Sweden. Rapporter och meddelanden 141, 432p.

Bergman, S., Kübler, L., and Martinsson, O., 2001. Description 

of regional geological and geophysical maps of northern Norrbotten 
County (east of the Caledonian orogen). Geological Survey of Swe-
den, Ba56, 110p.

Billström, K., Eilu, P., Martinsson, O., Niiranen, T., Broman, C., 
Weihed, P., Wanhainen, C., and Ojala, J., 2010. IOCG and related 
mineral deposits of the northern Fennoscandian Shield; In T. M. Por-
ter (ed): Hydrothermal iron oxide copper gold and related deposits: 
A global perspective, Vol. 3. Advances in the understanding of IOCG 
deposits. PGC publishing, Adelaide, pp. 283-296.

Bingen, B., Solli, A., Viola, G., Torgersen, E., Svandstad, J.S., 
Whitehouse, M.J., Rør, J.S., Ganerød, M., and Nasuti, A., 2015. Geo-
chronology of the Palaeoproterozoic Kautokeino Greenstone Belt: 
Tectonic implications in a Fennoscandia context. Norwegian Journal 
of Geology, 95, pp. 365-396.

Blomgren, H., 2015. U-Pb dating of monazites from Kiirunavaara 
and Rektorn ore deposits. Master thesis, University of Gothenburg, 
Gothenburg, Sweden, 39p.

Cliff, R.A., Rickard, D., and Blake, K., 1990. Isotope systematics 
of the Kiruna magnetite ores, Sweden: Part 1, age of the ore. Econ. 
Geol., 85, pp. 1770-1776.

Cliff, R.A., and Rickard, D., 1992. Isotope systematics of the 
Kiruna magnetite ores, Sweden: Part 2, evidence of a secondary event 
400 m.y. after ore formation. Econ. Geol., 87, pp. 1121-1129.

Corriveau, L., Mumin, H., 2010. Exploring for iron oxide copper-
gold deposits: Canada and global analogues. Geological association 
of Canada, short course notes, volume 20, 185p.

Corriveau, L., Montreuil, J., F., and Potter, E., G., 2016, Alteration 
facies linkages among iron oxide copper-gold, iron oxide-apatite, and 
affiliated deposits in the Great Bear Magmatic Zone, Northwest Ter-
ritories, Canada. Econ. Geol. 111, pp. 2045-2072.

Edfelt, Å., 2007. The Tjårrojåkka apatite-iron and Cu (-Au) depos-
its, northern Sweden – Products of one ore forming event. PhD thesis, 
Luleå University of Technology, Luleå, Sweden, 167p.

Festa, A., Dilek, Y., Pini, G.A., Codegone, G, and Ogata, K., 2012. 
Mechanisms and processes of stratal and mixing in the development 
of mélanges and broken formations: Redefining and classifying mé-
langes. Tectonophysics, 568-569, pp. 7-24. 

Forsell, P., 1987. The stratigraphy of the Precambrian rocks of 
the Kiruna district, northern Sweden. Geological Survey of Sweden, 
C812, 36p.

Franklin, J.M., Gibson, H.L., Jonasson, I.L., and Galley, A.L., 
2005. Volcanogenic massive sulphide deposits. Econ. Geol., 100th 
anniversary volume, pp. 523-560.

Frietsch, R., 1970. Trace elements in magnetite and hematite. Geo-
logical Survey of Sweden, Avhandlingar och uppsatser, serie C, 646, 
136p.

Frietsch, R., 1974. The Ekströmsberg iron ore deposit, northern 
Sweden. Geological Survey of Sweden, Serie C, 708, 52p.

Frietsch, R., 1979. Petrology of the Kurravaara area, northeast of 
Kiruna, northern Sweden. Geological Survey of Sweden, C760, 82p.

Frietsch, R., 1997. The iron ore inventory program 1963-1972 in 
Norrbotten County. Geological Survey of Sweden, Rapporter och 
Meddelanden, 92, 77p.

Frietsch, R., Tuisku, P., Martinsson, O., and Perdahl, J.-A., 1997. 
Early Proterozoic Cu-(-Au) and iron deposits associated with regional 
Na-Cl metasomatism in northern Fennoscandia. Ore Geol. Rev., 12, 
1-34.

Gaal, G., and Gorbatschev, R., 1987. An outline of the Precam-
brian evolution of the Baltic Shield. Precambria. Res., 35, pp. 15-52.



26

Geijer, P., 1910. Igneous rocks and iron ores of Kiirunavaara, 
Loussavaara and Toullavaara. Scientific and practical researches in 
Lappland arranged by Loussavaara-Kiirunavaara Aktiebolag, 278p.

Geijer, P., 1919. Recent developments in Kiruna. Geological Sur-
vey of Sweden, C288, 23p.

Geijer, P., 1920. Toullavaara malmfälts geologi. Geological Sur-
vey of Sweden, C296, 49p.

Geijer, P., 1931. The iron ores of the Kiruna type. Geological Sur-
vey of Sweden. C367, 39p.

Geijer, P., 1950. The Rektor ore body. Geological Survey of Swe-
den, C514, 18p.

Geijer, P., and Ödman, O.H., 1974. The emplacement of the 
Kiruna iron ores and related deposits. Geological Survey of Sweden, 
C700, 48p.

Grigull, S., and Jönnberger, J., 2014. Geological and geophysi-
cal field work in the Kiruna-Jukkasjärvi and Svappavaara key areas, 
Norrbotten. Geological Survey of Sweden, SGU rapport 2014:10, 
30p.

Grigull, S., Berggren, R., Jönnberger, J., Jönsson, C., Hellström, 
S., and Luth, S., 2018. Folding observed in Palaeoproterozoic suprac-
rustal rocks in northern Sweden. In S. Bergman, 2018, Geology of 
the northern Norrbotten ore province, northern Sweden. Geological 
Survey of Sweden, Rapporter och Meddelanden, 141, pp. 205-258.

Grip, E., and Frietsch, R., 1973. Ore deposits in Sweden 2, north-
ern Sweden: Almqvist & Wiksell, 295p. 

Hanski, E.J., Huhma, H., and Melezhik, V.A., 2014. New geo-
chemical and isotopic data Palaeoproterozoic Pechenga greenstone 
belt, NW Russia: Implication for basin development and duration of 
volcanism. Precambria, Res., 246, pp. 51-65.

Harlov, D.E., Andersson, U.B., Förster, H.J., Nyström, J.O., Dul-
ski, P., and Broman, C., 2002. Apatite-monazite relations in the Kiiru-
navaara magnetite-apatite ore, northern Sweden. Chem. Geol., 191, 
pp. 47-72.

Hellström, F.A., 2018. Early Svecokarelian migmatization west of 
Pajala deformation belt, northeastern Norrbotten province, northern 
Sweden. . In S. Bergman, 2018, Geology of the northern Norrbotten 
ore province, northern Sweden. Geological Survey of Sweden, Rap-
porter och Meddelanden 141, pp. 361-380.

Hitzman, M.W., Oreskes, N., and Einaudi, M.T., 1992. Geological 
characteristics and tectonic setting of Proterozoic iron oxide (Cu, U, 
Au, REE) deposits. Precambria, Res., 58, pp. 241-287.

Högdahl, K., Andersson, U.B., and Eklund, O., 2004. The Trans-
candinavian Igneous Belt (TIB) in Sweden: a review of its character 
and evolution. Geological Survey of Finland, Special Paper 37, 125p.

Holmgren, J., 2013. Seismic modelling of reflection survey near 
Kiruna. Bachelor thesis, Luleå University of Technology, Luleå, Swe-
den, 41p.

Jébrak, M., 1997. Hydrothermal breccia in vein-type ore depos-
its: A review of mechanisms, morphology, and size distributions. Ore 
Geol. Rev., 12, pp. 111-134.

Knipping, J.L., Bilenker, L.D., Simon, A.C., Reich, M., Barra, F., 
Deditius, A.P., Wälle, M., Heinrich, C.A., Holtz, F., and Munizaga, 
F., 2015. Trace elements in magnetite from massive iron oxide-apatite 
deposits indicate a combined formation igneous and magmatic-hy-
drothermal processes. Geochim. Cosmochim. Acta, 171, pp. 15-38.

Kumpulainen, R.A., 2000. The Palaeoproterozoic record of north-
ernmost Norrbotten, Sweden. Report, Stockholm University, Stock-
holm, Sweden, 45p.

Kumpulainen, R.A., 2016. Guide for geological nomenclature in 

Sweden. GFF, pp. 1-18. DOI: 10.1080/11035897.2016.1178666

Kumpulainen, R.A., Bergman, S., Claesson, S., 2017. Sweden to 
review its geological nomenclature. GFF, 139, pp. 1-2.

Ladenberger, A., Bergman, S., Kumpulainen, R., Morris, G., 
Hellström, F., Thomsen, T.B., Lynch, E.P., Luth, S., Grigull, S., Sad-
eghi, M., and Vesturklett, H., 2017. Provenance of Palaeoproterozoic 
clastic metasedimentary rocks in Norrbotten, northern Sweden. 33rd 
Nordic geological winter meeting, Copenhagen, Denmark, pp. 57-57.

Lahtinen, R., Korja, R., and Nironen, M., 2005. Paleoproterozoic 
tectonic evolution. In: M. Lehtinen, P. A. Nurmi, O. T. Rämö (eds.): 
Precambrian Geology of Finland- key to the evolution of the Fen-
noscandian Shield. Developments in Precambrian geology, Vol 14, 
Elsevier, Amsterdam, pp. 481-532.

Loussavaara-Kiirunavaara AB Annual Report, 2017. https://www.
lkab.com/en/SysSiteAssets/documents/finansiell-information/en/
annual-reports/lkab_2017_annual_and_sustainability_report.pdf

Luth, S., Jönnberger, J., and Grigull, S., 2018. The Vakko and 
Kovo Greenstone belts: Integrating structural geological mapping 
and geophysical modelling. In S. Bergman, 2018, Geology of the 
northern Norrbotten ore province, northern Sweden. Geological Sur-
vey of Sweden, Rapporter och Meddelanden 141, pp. 287-310.

Lynch, E.P., Jönnberger, J., Bauer, T.E., Sarlus, Z., and Martins-
son, O., 2015. Meta-volcanosedimentary rocks in the Nautanen area, 
Norrbotten: preliminary lithological and deformation characteristics. 
Geological Survey of Sweden, SGU Rapport 30: 2015, 51p.

Lynch, E.P., Hellström, F.A., Huhma, H., Jönnberger, J., Persson, 
P.-O., and Morris, G.A., 2018a. Geology, lithostratigraphy and petro-
genesis of c. 2.14 Ga greenstones in the Nunasvaara and Masugnsbyn 
areas, northernmost Sweden; In S. Bergman, 2018, Geology of the 
northern Norrbotten ore province, northern Sweden. Geological Sur-
vey of Sweden, Rapporter och Meddelanden 141, pp. 19-78.

Masurel, Q., 2011. Volcanic and volcano-sedimentary facies anal-
ysis of the Viscaria D-zone Fe-Cu occurrence, Kiruna district, north-
ern Sweden. Master thesis, Luleå University of Technology, Luleå, 
Sweden, 125p.

Martinsson, O., 1997. Tectonic setting and metallogeny of the 
Kiruna greenstones. PhD thesis, Luleå University of technology, 
Luleå, Sweden, 165p.

Martinsson, O., 2004. Geology and metallogeny of the northern 
Norrbotten Fe-Cu-Au province; In R., L., Allen, O., Martinsson, P., 
Weihed (eds.): Svecofennian ore-forming environments of northern 
Sweden- volcanic associated Zn-Cu-Au-Ag, intrusion related Cu-Au, 
sediment hosted Pb-Zn, and magnetite-apatite deposits in northern 
Sweden. Society of economic geologists, Guide book series, 33, pp. 
131-148.

Martinsson O (2015) Genesis of the Per Geijer apatite iron ores, 
Kiruna area, northern Sweden. Abstract volume, SGA biennal meet-
ing 2015, Nancy, August: 23-27

Martinsson, O., Perdahl, J.-A., and Bergman, J., 1993. Greenstone 
and porphyry hosted ore deposits in northern Norrbotten. PIM report, 
92-00752P, 78p.

Martinsson, O., Vaasjoki, M., and Persson P., 1999. U-Pb zircon 
ages of Archean to Palaeoproterozoic granitoids Torne-träsk-Råsto-
jaure area, northern Sweden. In: S. Bergman (eds): Radiometric dat-
ing results, Geological Survey of Sweden, C881, pp. 70-90.

Martinsson, O., Wanhainen, C., 2000. Excursion guide, GEODE 
workshop, August 20 to September 1, 2000. In Weihed, P., Martins-
son, O., (es.): Abstract Volume & Field Trip Guidebook, 2nd Annual 
GEODE-Fennoscandian Shield Field Workshop on Palaeoproterozo-
ic and Archaean Greenstone Belts and VMS Districts in the Fennos-



27

candian Shield, 28 August to 1 September 2000, Gällivare-Kiruna, 
Sweden, Luleå University of Technology: Vol. 6, 63–76 (Research 
Report 2000).

Martinsson, O., and Hansson, K.-E., 2004. Apatite iron ores in 
the Kiruna area. In R., L., Allen, O., Martinsson, P., Weihed (eds.): 
Svecofennian ore-forming environments of northern Sweden- vol-
canic associated Zn-Cu-Au-Ag, intrusion related Cu-Au, sediment 
hosted Pb-Zn, and magnetite-apatite deposits in northern Sweden. 
Society of economic geologists, Guide book series, 33, pp. 173-175.

Martinsson, O., Billström, K., Broman., C., Weihed, P., and Wan-
hainen, C., 2016. Metallogeny of the Northern Norrbotten Ore Prov-
ince, Northern Fennoscandian Shield with emphasis on IOCG and 
apatite-iron ore deposits. Ore Geol. Rev., 78, pp. 447-492.

Melezhik, V.A., and Hanski, E., 2012. The early Proterozoic of 
Fennoscandia: Geological and tectonic settings. In (eds.): V. Me-
lezhik, A. R. Prave, E. J. Hanski, A. E. Fallick, A. Lepland, L. R. 
Kump, H. Strauss. Reading the archives of earth oxygenation. Vol. 1, 
Springer, Berlin, Germany, pp. 33-38.

Montreuil, J.-F., Corriveau, L., and Davis, W.J., 2016a. Tecton-
omagmatic evolution of the southern Great Bear Magmatic Zone 
(North West Territories Canada): Implications for the genesis of iron 
oxide-alkali altered hydrothermal systems. Econ. Geol., 111, pp. 
2111-2138.

Montreuil, J.-F., Corriveau, L., Potter, E.G., and Toni, A.F., 2016b. 
On the relationship between alteration facies and metal endowment 
of iron oxide-alkali altered systems, southern Great Bear Magmatic 
Zone (Canada). Econ. Geol., 111, pp 2139-2168.

Ödman, O.H., 1957. Beskrivning till bergrundskarta över urberget 
i Norrbottens län. Geological Survey of Sweden, CA41, 151p.

Ödman, O.H., 1972. Översikt av konglomeratförekomster I Norr-
bottens urberg och den stratigrafiska betydelsen av dessa. Geological 
Survey of Sweden. C677, 12p.

Offerberg, J., 1967. Beskrivning till berggrundskartbladen Kiruna 
NV, NO, SV, SO. Geological Survey of Sweden, Af 1-4, 147p.

Passchier, C.W., and Trouw, R.A.J., 2005. Microtectonics. Spring-
er, Berlin Heidelber, New York, 366p.

Parák, T., 1969. Nya undersökningar inom Kirunafältets norra del. 
GFF, 91, pp. 34-51.

Parák, T., 1975. The origin of the Kiruna iron ores. Geological 
Survey of Sweden, C709, 209p.

Perdahl, J.-A., 1995. Svecofennian volcanism in northernmost 
Sweden. PhD thesis, Luleå University of Technology, Luleå, Swe-
den, 159p.

Perdahl, J.-A., and Frietsch, R., 1993. Petrochemical and petro-
logical characteristics of 1.9 Ga old volcanics in northern Sweden. 
Precambria. Res., 64, pp. 239-252.

Pharaoh, T.C., and Pearce, J.A., 1984. Geochemical evidence for 
the geotectonic setting of early Proterozoic metavolcanic sequences 
in Lapland. Precambria. Res., 25, pp. 283-308.

Reich, M., Simon, A.C., Deditius, A., Barra, F., Chryssoulis, S., 
Lagas, G., Tardani, D., Knipping, J., Bilenker, L., Sánchez-Alfaro, P., 
Roberts, M.P., and Munizaga, R., 2016.Trace element signatures of 
pyrite from Los Colorados iron oxide-apatite (IOA) deposit, Chile: A 
missing link between Andean IOA and iron oxide copper-gold sys-
tems?. Econ. Geol., 111, pp. 743-761.

Romer, R., 1996. U-Pb systematics of stilbite-bearing low-tem-
perature mineral assemblages from the Malmberget iron ore, northern 
Sweden. Geochim. Cosmochim. Acta, 60, pp. 1951-1961.

Romer, R., Martinsson, O., and Perdahl, J.-A., 1994. Geochronol-

ogy of the Kiruna iron ores and related hydrothermal alteration. Econ. 
Geol. 89, pp. 1249-1261.

Rutanen, H., and Andersson, U., B., 2009. Mafic plutonic rocks in 
a continental-arc setting: Geochemistry of 1.87-1.78 Ga rocks from 
south-central Sweden and models of their palaeotectonic setting. 
Geol. J., 44, pp. 241-279.

Sarlus, Z., 2018. Timing and origin of igneous rocks in the Gälli-
vare area, northern Sweden. PhD thesis, Luleå University of Technol-
ogy, Luleå, Sweden, 148p.

Sarlus, Z., Andersson, U.B., Bauer, T.E., Martinsson, O., Wan-
hainen, C., Nordin, R., and Andersson, J.B.H., 2017. Timing of plu-
tonism in the Gällivare area: Implications for Proterozoic crustal de-
velopment in the northern Norrbotten ore district, northern Sweden. 
Geol. Mag., pp. 1-26. Doi:10.1017/S0016756817000280

Sarlus, Z., Martinsson, O., Bauer, T.E., Wanhainen, C., Andersson, 
J.B.H., Nordin, R., 2018. Character and tectonic setting of plutonic 
rocks of the Gällivare area, northern Sweden. GFF, pp. 1-20, DOI: 
10.1080/11035897.2018.1526209.

Skelton, A., Mansfeld, J., Ahlin, S., Lundqvist, T., Linde, J., and 
Nilsson, J., 2018. A compilation of metamorphic pressure-tempera-
ture estimates from the Svecofennian province of eastern and central 
Sweden. GFF, pp. 1-10.

Skiöld, T., 1979. Zircon ages from an Archean gneiss province in 
northern Sweden. GFF, 101, pp. 169-171.

Skyttä, P., Bauer, T.E., Tavakoli, S., Hermansson, T., Andersson, 
J., and Weihed, P., 2012. Pre-1.87 Ga development of crustal domains 
overprinted by 1.87 Ga transpression in the Palaeoproterozoic Skel-
lefte-district, Sweden. Precambria. Res., 206-207, pp. 109-136.

Smith, M., Coppard, J., Herrington, R., and Stein, H., 2007. The 
geology of the Rakkurijärvi Cu-(Au)-prospect, Norrbotten, A new 
iron oxide copper gold deposit in north Sweden. Econ. Geol. 102, 
pp. 393-414. 

Smith, M.P., Storey, C.D., Jeffries, T.E., and Ryan, C., 2009. In 
situ U-Pb and trace element analysis of accessory minerals in the 
Kiruna district, Norrbotten, Sweden: New constraints on timing and 
origin of mineralization. Jour. Petrol., 50, pp. 2063-2094. 

Talbot, C.J., and Koyi, H., 1995. Palaeoproterozoic intraplating 
exposed by resultant gravity overturn near Kiruna, northern Sweden. 
Precambria. Res., 72, pp. 199-225.

Tollefsen, E., 2014. Thermal and chemical variations in metamor-
phic rocks in Nautanen, Gällivare, Sweden. MSc Thesis, Stockholm 
University, Stockholm, 50p.

Tornos, F., Valesco, F., and Hanchar, J.M., 2016. Iron rich melts, 
magmatic magnetite, and super-heated hydrothermal systems: The El 
Laco deposit, Chile. Geology, 44, pp. 427-430.

Valesco, F., Tornos, F., and Hanchar, J.M., 2016. Immiscible iron- 
and silica-rich melts and magnetite geochemistry at the El Laco vol-
cano (northern Chile): Evidence for a magmatic origin for the mag-
netite deposits. Ore Geol. Rev., 79, pp. 346-366.

Vollmer, F.W., Wright, S.F., and Hudleston, J.P., 1984. Early de-
formation in the Svecokarelian greenstone belt in the Kiruna iron dis-
trict, northern Sweden. GFF, 106:2, pp. 109-118.

Wanhainen, C., Billström, K., Martinsson, O., Stein, H., and Nor-
din, R., 2005. 160 Ma of magmatic/hydrothermal and metamorphic 
activity in the Gällivare area: Re–Os dating of molybdenite and U–Pb 
dating of titanite from the Aitik Cu–Au–Ag deposit, northern Swe-
den. Min. Dep. 40, pp. 435-447.

Wanhainen, C., Billström, K., and Martinsson, O., 2009. Age, pe-
trology, and geochemistry of the porphyritic Aitik intrusion, and its 



28

relation to the disseminated Aitik Cu-Au-Ag deposit, northern Swe-
den. GFF, 128:4, pp. 273-286.

Wanhainen, C., Broman, C., Martinsson, O., and Magnor, B., 
2012. Modification of a Palaeoproterozoic porphyry-like system: In-
tegration of structural, geochemical, petrographic, and fluid inclusion 
data from the Aitik Cu–Au–Ag deposit, northern Sweden. Ore Geol. 
Rev. 48, pp. 306-331.

Wanke, A., and Melezhik, V., 2005. Sedimentary and volcanic fa-
cies recording the Neoarchean continent breakup and decline of the 
positive δ13Ccarb excursion. Precambria. Res., 140, pp. 1-35.

Weihed, P., Billström, K., Persson, P.-O., and Bergman-Weihed, 
J., 2002. Relationship between 1.90-1.85 Ga accretionary processes 
and 1.82-1.80 Ga oblique subduction at the Karelian craton margin, 
Fennoscandian Shield. GFF, 124, pp. 163-180.

Weihed, P., Arndt, N., Billström, K., Duchesne, J.-C., Eilu, P., 
Martinsson, O., Papunen, H., and Lahtinen, H., 2005. Precambrian 
geodynamics and ore formation: The Fennoscandian Shield. Ore 
Geol. Rev., 27, pp. 273-322.

Welin, E., Christiansson, K., and Nilsson, Ö., 1971. Rb-Sr radio-
metric ages of extrusive and intrusive rocks in northern Sweden 1. 
Geological Survey of Sweden, C666, 38p.

Westhues, A., Hanchar, J.M., Whitehouse, M.J., and Martinsson, 
O., 2016. New constraints on the timing of host rock emplacement, 
hydrothermal alteration and iron oxide-apatite mineralization in the 
Kiruna district, Norrbotten, Sweden. Econ. Geol. 111, pp. 1595-1618.

Witschard, F., 1984. The geological and tectonic evolution of the 
Precambrian of northern Sweden, a case for basement reactivation?. 
Precambia. Res., 23, pp. 273-315.

Wright, S.F., 1988. Early Proterozoic deformational history of the 
Kiruna district, northern Sweden. Unpublished PhD thesis, Univer-
sity of Minnesota, 170p.

Wyld, S.J., 2002. Structural evolution of a Mesozoic backarc fold-
and-thrust-belt in the U.S. Cordillera: New evidence from northern 
Nevada. GSA Bulletin, 11, pp. 1452-1468.



 





LICENTIATE T H E S I S

Structural evolution of two ore-bearing
Palaeoproterozoic metasupracrustal belts in the 

Kiruna area, northwestern Fennoscandian Shield

Joel Andersson

Joel A
ndersson     Structural evolution of tw

o ore-bearing Palaeoproterozoic m
etasupracrustal belts in the K

iruna area, northw
estern Fennoscandian Shield   

Department of Civil, Environmental and Natural Resources Engineering
Division of Geosciences and Environmental Engineering

ISSN 1402-1757
ISBN 978-91-7790-287-4 (print)
ISBN 978-91-7790-288-1 (pdf)

Luleå University of Technology 2019

Ore Geology


	Kappa2
	Blank page - Copy - Copy
	Blank page - Copy
	Midpage1
	Blank page
	Manuscript 1
	Blank page2
	Blank page
	Midpage2
	Blank page - Copy - Copy
	Manuscript 2
	Blank page - Copy



