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Den här rapporten presenterar de samlade resultaten från ett delprojekt inom det omfattande tvärveten­
skapliga Barentsprojektet i norra Sverige. Projektet initierades av Sveriges geologiska undersökning 
(SGU) som ett första led i den svenska mineralstrategin. SGU fick ytterligare medel av Näringsdeparte­
mentet för att under en fyraårsperiod (2012–2015) samla in nya geologiska, geofysiska och geokemiska 
data samt för att förbättra de geologiska kunskaperna om Sveriges nordligaste län. Det statligt ägda 
gruvbolaget LKAB bidrog också till finansieringen. Projektets strategiska mål var att, genom att till­
handahålla uppdaterad och utförlig geovetenskaplig information, stödja prospekterings- och gruv­
industrin för att förbättra Sveriges konkurrenskraft inom mineralnäringen. Ny och allmänt tillgänglig 
geovetenskaplig information från den aktuella regionen kan hjälpa prospekterings- och gruvföretag 
att minska sina risker och prospekteringskostnader och främjar därigenom ekonomisk utveckling. 
Dessutom bidrar utökad geologisk kunskap till en effektiv, miljövänlig och långsiktigt hållbar resurs­
användning. All data som har samlats in i projektet lagras i SGUs databaser och är tillgängliga via SGU.

Syftet med det här delprojektet var att få en djupare förståelse för den stratigrafiska uppbyggnaden 
och utvecklingen av de mineraliserade ytbergarterna i nordligaste Sverige. Resultaten, som är en kombi­
nation av ny geologisk kunskap och stora mängder nya data, kommer att gynna prospekterings- och 
gruvindustrin i regionen i många år framöver.

Norra Norrbottens malmprovins står för en stor del av Sveriges järn- och kopparmalmsproduktion. 
Här finns fyra aktiva metallgruvor (mars 2018) och mer än 500 dokumenterade mineraliseringar. 
Fyndigheterna är av många olika slag, där de viktigaste typerna är stratiforma kopparmineraliseringar, 
järnformationer, apatitjärnmalm av Kirunatyp och epigenetiska koppar-guldmineraliseringar. En van­
lig egenskap hos de flesta malmer och mineraliseringar i Norr- och Västerbotten är att de har paleo­
proterozoiska vulkaniska och sedimentära bergarter som värdbergart. För undersökningarna valdes 
ett antal nyckelområden med bästa tillgängliga blottningsgrad. De utvalda områdena representerar 
tillsammans en nästan komplett stratigrafi i ytbergarter inom åldersintervallet 2,5–1,8 miljarder år.

Rapporten består av tretton kapitel och inleds med en översikt över de geologiska förhållandena, 
som beskriver huvuddragen i de senaste resultaten. Översikten följs av fyra kapitel (2–5) som huvud­
sakligen handlar om litostratigrafi och åldersbestämningar av ytbergarterna. Huvudämnet för de 
därpå följande fem kapitlen (6–10) är 3D-geometri och strukturell utveckling. Därefter kommer två 
kapitel (11–12) som fokuserar på U-Pb-datering av en metamorf respektive intrusiv händelse. Rapporten 
avslutas med en studie av geokemin hos morän i Norra Norrbottens malmprovins (kapitel 13).

Introduktion

Stefan Bergman & Ildikó Antal Lundin
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This volume reports the results from a subproject within the Barents Project, a major programme in 
northern Sweden. The multidisciplinary Barents Project was initiated by SGU as the first step in imple­
menting the Swedish National Mineral Strategy. SGU obtained additional funding from the Ministry 
of Enterprise and Innovation to gather new geological, geophysical and till geochemistry data, and 
generally enhance geological knowledge of northern Sweden over a four-year period (2012–2015). The 
state-owned iron mining company LKAB also helped to fund the project. The strategic goal of the 
project was to support the exploration and mining industry, so as to improve Sweden’s competitiveness 
in the mineral industry by providing modern geoscientific information. Geological knowledge facili­
tates sustainable, efficient and environmentally friendly use of resources. New publicly available geo­
scientific information from this region will help exploration and mining companies to reduce their 
risks and exploration costs, thus promoting economic development. All data collected within the 
project are stored in databases and are available at SGU.

This subproject within the Barents Project aims to provide a deeper understanding of the stratigraphy 
and depositional evolution of mineralised supracrustal sequences in northernmost Sweden. The com­
bined results in the form of new geological knowledge and plentiful new data will benefit the explora­
tion and mining industry in the region for many years to come.

The Northern Norrbotten ore province is a major supplier of iron and copper ore in Sweden. There 
are four active metal mines (March 2018) and more than 500 documented mineralisations. A wide 
range of deposits occur, the most important types being stratiform copper deposits, iron formations, 
Kiruna-type apatite iron ores and epigenetic copper-gold deposits. A common feature of most deposits 
is that they are hosted by Palaeoproterozoic metavolcanic or metasedimentary rocks. A number of key 
areas were selected across parts of the supracrustal sequences with the best available exposure. The 
areas selected combine to represent an almost complete stratigraphic sequence.

This volume starts with a brief overview of the geological setting, outlining some of the main recent 
achievements. This is followed by four papers (2–5) dealing mainly with lithostratigraphy and age 
constraints on the supracrustal sequences. 3D geometry and structural evolution are the main topics 
of the next set of five papers (6–10). The following two contributions (11–12) focus on U-Pb dating of 
a metamorphic event and an intrusive event, respectively. The volume concludes with a study of the 
geochemical signature of till in the Northern Norrbotten ore province (13).

Introduction

Stefan Bergman & Ildikó Antal Lundin
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ABSTRACT

An older phase of deformation and high-grade metamorphism is preserved in the Masugnsbyn area, 
west of the Pajala deformation belt, in the northeastern Norrbotten province. The Pajala deformation 
belt is a major high-strain belt characterised by NNE–SSW to NNW–SSE-oriented zones with high-
grade metamorphic alterations, while the area west of the Pajala deformation belt is structurally het-
erogeneous, displaying both medium- and high-grade metamorphic alterations. High-grade metamor-
phism in the Pajala deformation belt was previously dated in the 1.83–1.78 Ga interval. In contrast, 
U-Pb SIMS analyses of metamorphic, low-Th/U zircon rims from a migmatitic, sillimanite-cordierite-
bearing paragneiss in the western domain are dated here at 1878 ±3 Ma (2σ). This age is interpreted 
to date migmatisation and constrains the maximum age of folding of supracrustal rocks. There were 
possibly also later metamorphic/hydrothermal events in the Masugnsbyn area, as previously recorded 
by a U-Pb monazite age of approximately 1.86 Ga and by U-Pb titanite ages of 1.80–1.76 Ga. 1.88 Ga 
migmatisation was contemporaneous with large volumes of early orogenic intrusions, and it is sug-
gested that heat from these intrusions caused high-grade metamorphism and partial melting in the 
southern part of the Masugnsbyn area. Metamorphic alteration of supracrustal rocks at 1.88 Ga has 
implications for the timing of skarn iron ore formation and base-metal sulphide mineralisations. De-
spite the limited amount of SIMS data on zircon core domains, the maximum depositional age of 
sediments in the Kalixälv group may be constrained by the youngest zircon core age of 1882 ±25 Ma 
(2σ), but must have occurred before migmatisation at 1878 ±3 Ma. 50% of the recorded zircon core 
ages fall in the range 2.02–1.92 Ga, suggesting that rocks of this age interval were the main source of 
the Kalixälv group, together with debris from 2.97–2.75 Ga Archaean rocks (29%). This suggests that 
2.02–1.92 Ga felsic to intermediate rocks can be expected to be present to a greater extent than is known 
from available age determination of the rocks in the Svecokarelian orogen. 

11. Early Svecokarelian migmatisation  
west of the Pajala deformation belt,  
northeastern Norrbotten province, northern Sweden

Fredrik A. Hellström
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INTRODUCTION

Bergman et al. (2006) recognised two different structural domains in northeastern Norrbotten sepa-
rated roughly along a N–S-trending structural boundary defined by the western margin of the Pajala 
deformation belt (Fig. 1; see Luth et al. 2018). The eastern domain occurs within the Pajala deformation 
belt, and is characterised by N-NE to N-NW high-strain zones with high-grade metamorphic altera-
tions. The area west of the Pajala deformation belt is structurally heterogeneous, with both medium- 
and high-grade metamorphic areas and is here referred to as the Masugnsbyn structural domain (Fig. 1; 
Bergman et al. 2001). The latter domain is located between the N-NE-oriented Karesuando–Arjeplog 
deformation zone in the northwest, the N-NE to NE-oriented Pajala deformation belt in the east, and 
the NW-trending Nautanen deformation zone in the southwest (Fig. 1). Metamorphic monazite and 
titanite as well as zircon overgrowths in the Pajala deformation belt verify deformation and high-grade 
metamorphism in the 1.83–1.78 Ga interval, while metamorphic monazite in rocks of the Masugnsbyn 
structural domain records a 1.86–1.85 Ga metamorphic event (Bergman et al. 2006, Hellström & 
Bergman 2016).

Monazite was dated from two localities south of Masugnsbyn (Fig. 1–2), interpreted to date meta-
morphism at approximately 1.86 Ga (Bergman et al. 2006). One sample was taken from an andalusite-
bearing meta-argillite at Pahakurkio and the other sample from a weakly migmatitic, sillimanite-
bearing paragneiss at Takanenvaara, i.e. in the higher-grade area southeast of Pahakurkio (Figs. 1–2; 
Bergman et al. 2006). The single discordant monazite analysis from the Pahakurkio sample has an 
upper intercept age of 1 856 ±7 Ma, whereas the two Takanenvaara analyses record ages of 1 856 ±4 
and 1 861 ±4 Ma, with regression forced through a lower intercept at 300 ±300 Ma. Based on analysis 
of only 1–2 monazite fractions, the calculated ages are uncertain, however. A strongly migmatitic 
paragneiss was sampled close to the Takanenvaara locality in order to perform U-Pb SIMS dating of 
possible, secondary zircon domains to improve the poorly constrained approximately 1.86 Ga meta-
morphic age. It has recently been suggested that the Pajala deformation belt marks an old suture zone 
between the continents of Norrbotten and Karelia (Lahtinen et al. 2015). One of the significant ques-
tions addressed here is: is there a preserved older metamorphic event in the Masugnsbyn domain than 
within the Pajala deformation belt?

GEOLOGY OF THE MASUGNSBYN AREA

The Masugnsbyn area shows variable foliations and complexly-folded supracrustal rocks (Bergman et al. 
2001). Metamorphism in the Masugnsbyn key area reaches medium- to high-grade, and generally 
increases towards the south and west, where migmatitic paragneiss occurs next to adjacent granitic 
intrusions (Fig. 2). In the central part of the area, the clastic metasedimentary rocks of the Pahakurkio 

▶ Figure 1. A. Metamorphic map of northern Norrbotten showing high-grade rocks in the eastern and south-
central parts of the area and low-grade rocks in the Kiruna and Stora Sjöfallet areas in the west. The study 
area at Masugnsbyn is of medium metamorphic grade, but the southern part contains high-grade, silliman-
ite-bearing, migmatitic paragneisses. KADZ – the Karesuando–Arjeplog deformation zone, KNDZ – the Kiru-
na–Naimakka deformation zone, NDZ – the Nautanen deformation zone, PDB – the Pajala deformation belt 
(modified after Bergman et al. 2001). Selected metamorphic ages (U-Pb) are from: Bergman et al. (2006), 
Storey et al. (2007), Smith et al. (2009), Hellström & Bergman (2016), and this study (FHM140097A). B. Simpli-
fied map of the Fennoscandian Shield, modified from Koistinen et al. (2001) & Bergman et al. (2006). The 
area of northern Norrbotten County is marked with a red polygon. C. Magnetic anomaly map of northern 
Sweden, including adjacent areas of Norway and Finland. White = high magnetisation, dark grey = low mag-
netisation. Data from adjacent areas have been supplied by the geological surveys of Norway (ngu.no), and 
Finland (gtk.fi). The Pajala deformation belt is seen as an approximately north–south-trending zone along 
the Swedish-Finnish border, with a continuation into Norway. M – Masugnsbyn, B – Bothnian shear zone 
(southern part of the Pajala deformation belt), K – Kiruna, R – Rovaniemi.
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Figure 2. B. Magnetic anomaly map with same extent as in figure A. Map gridded from SGU data.

◀ Figure 2. A. Bedrock geological map of the Masugnsbyn area. Age determinations are from Bergman et al. 
(2001, 2006) Hellström et al. (2018), Lynch et al. (2018) and this study (FHM140097A). 
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group still show primary sedimentary structures such as cross-bedding (Padget 1970). The sampled 
migmatitic paragneiss is part of the Kalixälv group, which forms the upper part of the supracrustal 
sequence in Masugnsbyn (Figs. 2, 3). 

Karelian greenstones of the Veikkavaara greenstone group are overlain by Svecofennian metasedi-
mentary pelitic to arenitic rocks of the Middle sediment group (Witschard 1984), which include the 
Pahakurkio and Kalixälv groups (Padget 1970). The latter group also contains intermediate metavol-
canic rocks. Of economic interest in the Masugnsbyn area are layers of iron mineralisations and dolo-
mite between the greenstones and metasedimentary rocks, as well as graphite schist layers and base-
metal, sulphide mineralisations within the volcaniclastic greenstones and in the Svecofennian 
supracrustal rocks (Geijer 1929, Padget 1970, Witschard et al. 1972, Grip & Frietsch 1973, Niini-
skorpi 1986, Frietsch 1997, Martinsson et al. 2013, 2016, Hellström & Jönsson 2014, Bergman et al. 
2015).

The supracrustal sequence in the Masugnsbyn area is deformed into large-scale fold structures and 
cut by faults. The structures have NE or NW trends, thus intersecting at high angles. According to 
Padget (1970), the main tectonic features include the Kalixälv dome, the Masugnsbyn syncline, the 
Saittajärvi anticline and the Oriasvaara syncline with the associated Kalixälv fault (Fig. 2, Padget 1970). 
The fold structures in Masugnsbyn have recently been evaluated by Grigull et al. (2018), with the 
Saittajärvi fold structure now interpreted as a synform structure, supported by geophysical modelling. 
The fold axial planes are oriented in a northwesterly direction, except for the Oriasvaara syncline, which 
has a northeasterly trend, parallel to the Kalixälv fault, and the Saittajärvi synform, which has a N–NW 
orientation.

The Oriasvaara syncline is bounded to the NW by the northeasterly-oriented Kalixälv fault. Move-
ments along that fault have down-thrown the southeastern block, creating a tectonic contact between 
the Pahakurkio and Kalixälv groups. For a description of the structural geology of the Masugnsbyn 
area, see Grigull et al. (2018).

The original shales of the Pahakurkio group have been metamorphosed to andalusite +/- sillimanite-
bearing mica schists (Fig. 4A, C, D), and the sandstones have been recrystallised to quartzites with 
metamorphic biotite (Padget 1970, Kumpulainen 2000, Hellström et al. 2018). Other secondary mine
rals include muscovite, epidote, amphibole and scapolite, the last-named mineral showing a charac-
teristic white spotted appearance in basic to intermediate rocks (Fig. 4B). The higher-grade gneisses in 

Superunit Unit Subunit Rock units

Svecofennian 
supracrustal 
rocks

Rissavaara quartzite 4 Quartz arenite
Kalixälv grp 3b Semipelitic,-pelitic-, basic schists, migmatitic parag-

neiss
3a Conglomerate, meta-arenite, intermediate metavolca-

nic rocks
Sakarinpalo suite Intermediate metavolcanic rocks

Pahakurkio grp

2d Meta-arenite
2c Pelitic schist,  graphite schist, carbonate rocks
2b Meta-arenite, greenshist
2a Pelitic schist

Karelian
supracrustal
rocks

Veikkavaara
greenstone grp

Masugnsbyn fm (1c) Graphite schist, skarnbanded chert (BIF), carbonate 
rock

Nokkokorvanrova greenstone fm (1c) Basaltic tuff, graphite schist,  dolerite sills
Suinavaara fm (1b) Pelitic schist and meta-arenite (Suinavaara quartzite)
Tuorevaara greenstone fm (1a) Basaltic greenstone

Figure 3. Schematic stratigraphy of the Masugnsbyn area. grp = group, fm = formation, modified from Padget (1970). The names 
used in Padget (1970) have been modified, and new names have been added, here used as informal names (see Lynch et al. and 
Hellström et al., both 2018).
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the south of the area contain bundles of fibrolitic sillimanite, growing at the expense of biotite, and 
locally cordierite and andalusite. The rocks have been altered to migmatitic paragneisses in places 
(Fig. 4E). The migmatitic gneiss is interlayered with quartzitic bands, interpreted to represent a pri-
mary variation from pelitic to arenitic layers, where the former composition is more susceptible to 
melting during high-grade, amphibolite-facies metamorphic conditions (4F). The primary mafic mine
rals in the Veikkavaara greenstones have been altered to amphibole, giving the rocks their dark green 
colour. The amphibole is commonly a green pleochroic hornblende, but non-pleochroic, pale-coloured 
amphibole is also quite common (Padget 1970). Garnet porphyroblasts occur together with amphibole 
in certain, distinct layers in the basaltic tuffs (Fig. 4G) and seem to be late-kinematic, overgrowing the 
foliation in the rock (Fig. 4H). The composition of the plagioclase (An10–50) and the presence of horn-
blende together with almandine suggest the rocks are in the garnet amphibolite facies of regional 
metamorphism (Padget 1970). The metamorphic mineral association in the mica schists with andalu-
site, sillimanite and cordierite, and the absence of kyanite also indicate amphibolite facies conditions 
of relatively high temperature and low to moderate pressure. Partial melting in the migmatitic parag-
neisses in the south suggests this area has even reached an upper amphibolite facies grade of metamor-
phism. 

Sample description 

The sampled rock for U-Pb SIMS geochronology is a sillimanite-cordierite-biotite-muscovite-bearing 
migmatitic paragneiss from the Kalixälv group in the southern part of the Masugnsbyn area (Fig. 4E, 
5A–B, Table 1). The gneiss is rich in medium- to coarse-grained, granitic leucosome, interlayered with 
quartzitic bands showing less partial melting (Fig. 4F). The veining is complexly and polyphase folded, 
in part asymmetric with both S and Z folds. Needles of fibrolitic sillimanite have grown at the expense 
of biotite and cordierite, and seem to crosscut post-kinematic muscovite (Fig. 5B), suggesting that 
sillimanite is a late phase. Accessory mineral phases are monazite, zircon, sulphides and tourmaline.

Analytical results and interpretation of geochronological data

Zircons were obtained from a density separate of a crushed rock sample using a Wilfley water table. 
Magnetic minerals were removed with a hand magnet. Handpicked crystals were mounted in transparent 
epoxy resin together with chips of the reference zircon 91 500. Zircon mounts were polished and after 
gold coating examined with Back Scattered Electron (BSE) and Cathodoluminescence (CL) imaging 
using electron microscopy at EBC, Uppsala University and the Swedish Museum of Natural History 
in Stockholm. High-spatial resolution secondary ion masspectrometer (SIMS) analysis was carried out 
in November and December 2014 using a Cameca IMS 1280 at the Nordsim facility at the Swedish 

Table 1. Summary of the sample data.
Rock type Migmatitic paragneiss
Tectonic domain Svecokarelian orogen
Tectonic sub-domain Norrbotten lithotectonic unit
Stratigraphic unit Kalixälv group
Sample number FHM140097A
Lab ID n5161 (Nordsim)
Coordinates 7480256 / 810923 (SWEREF 99TM)
Map sheet 28L NO (RT90)
Locality Tiankijoki
Project Barents
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Museum of Natural History. Detailed descriptions of the analytical procedures are given in White-
house et al. (1997, 1999), and Whitehouse & Kamber (2005). An approximately 6 nA O2− primary ion 
beam was used, yielding spot sizes of 10–15 μm. U/Pb ratios, elemental concentrations and Th/U ratios 
were calibrated relative to the Geostandards zircon 91 500 reference, which has an age of approxi-
mately 1 065 Ma (Wiedenbeck et al. 1995, 2004). Common Pb-corrected isotope values were calcu-
lated using modern common Pb composition (Stacey & Kramers 1975) and measured 204Pb, in cases 
of a 204Pb count rate above the detection limit. Decay constants follow the recommendations of Steiger 
& Jäger (1977). Diagrams and age calculations of isotopic data were made using Isoplot 4.15 software 
(Ludwig 2012). BSE imaging of the dated zircons was performed using electron microscopy at the 
Department of Geology, Uppsala University.

The heavy mineral concentrate contains subhedral zircon with rounded edges; most are turbid. Many 
rounded grains of yellowish monazite are also present in the sample. BSE images of the zircon reveal 
oscillatory zoned cores and texturally younger, homogenous, BSE-bright rims (Fig. 5C). Two analyses 
(4c, 6a) show high values for common lead (f206% = 4.99, 0.51), and are excluded in the description and 
diagrams below (see Table 2). Rims are rich in uranium (807–1 303 ppm) and are very low in Th (2.7–
16.3 ppm), resulting in very low Th/U ratios, 0.00–0.01 (Fig. 5D, Table 2). In contrast, the oscillatory 
zoned cores have distinctly higher Th/U ratios (0.33–1.78), with 49–372  ppm uranium and  
26.1–301 ppm Th. Examination of the post-analysis BSE images show that some rim analyses include 
some core domain material (analyses no 02, 03b, 04, 09, Fig. 5C) and these analyses record slightly 
higher Th/U ratios (0.03–0.06), and somewhat older (mixed) ages (Fig. 5E, Table 2). 

Two rim analyses are excluded from the age calculations; analysis no 6b hits a fracture, and plots 
discordantly, and analysis no 01 records a rather high value for common lead (f206% = 0.35), probably 
because the spot was placed too close to, and partly outside the margin of the grain. It also seems to 
include BSE-dark inclusions. The remaining seven rim analyses record a concordia age of 1880 ±5 Ma. 
High MSWD of concordance at 24 and zero probability of concordance, result from analyses being 
slightly reversely discordant, although all but two plot concordantly at the two sigma confidence 
level. The weighted average 207Pb/206Pb age is calculated at 1 878 ±3 Ma (Fig. 5, MSWD = 0.94, proba
bility = 0.47, n = 7) and is chosen as the best age estimate, interpreted to date migmatisation at 
approximately 1.88 Ga.

The oscillatory zoned core analyses plot concordant or weakly reversely discordant, and show a spread 
in 207Pb/206Pb apparent ages from 2 972 ±23 Ma to 1 882 ±25 Ma (2σ). The age distribution is: 2.97 Ga 
(n = 1), 2.87–2.86 Ga (n = 2), 2.75 (n = 1) 2.35–2.34 Ga (n = 2), 2.02 Ga (n = 1), 1.99–1.98 Ga (n = 2), 
1.96 Ga (n = 1), 1.93–1.92 (n = 3) and 1.88 Ga (n = 1). The youngest core analysis (5C) records a similar 
age to the BSE-bright rim (no 5) in the same grain (Table 2).

◀ Figure 4. A. Mica schist with porphyroblasts of andalusite (Pahakurkio group, unit 2b 7483486/807939.  
B. Strongly scapolite-altered meta-andesite, with characteristic whitespotted appearance of the scapolite 
(Pahakurkio group, unit 2c, greenschist, 7489838 / 806809). C. Photomicrograph in cross-polarised light of anda-
lusite-sillimanite mica schist (same rock as in Fig. 4 A). D. Photomicrograph in plane-polarised light of andalusite-
sillimanite mica schist (same extent as in Fig. 4C). E. Complexly poly-phase-folded, migmatitic paragneiss at 
Tiankijoki. North is to the left in the photograph (Kalixälv group, 7480253/810919). F. The migmatitic gneiss is 
interlayered with quartzitic bands, interpreted to represent a primary variation from pelitic to arenitic layers, 
where the pelitic layers are more susceptible to melting during the high-grade, amphibolite facies metamorphic 
conditions. G. Certain layers within the Veikkavaara greenstones contain abundant garnet porphyroblasts 
(7497316 / 804044). H. The garnet in the basaltic tuffs appears late-kinematic, overgrowing the lamination and 
foliation in the rock (7494442 / 805044). Coordinates are in SWEREF 99TM. All photographs by Fredrik Hellström.
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DISCUSSION

Overall, ages of metamorphism and deformational events in the Svecokarelian orogeny north of the 
Skellefte district are poorly constrained. Within the Pajala deformation belt in eastern Norrbotten 
County, deformation and high-grade metamorphism occurred in the 1.83–1.78 Ga interval (Bergman 
et al. 2006, Luth et al. 2016, Hellström & Bergman 2016), possibly overprinting earlier structures. In 
the southern part of the Pajala deformation belt, migmatisation and related emplacement of Lina 
granite is dated at 1 783 ±3 Ma (Wikström & Persson 1997). In the central and southwestern part of 
Norrbotten County, 1.88–1.87 Ga metagranitoid-metasyenitoid intrusions of the Perthite-monzonite 
suite show variable low to high degrees of deformation and metamorphic recrystallisation, suggesting 
heterogeneous, post-1.87 Ga age of deformation and metamorphism also in large areas west of the 
Pajala deformation belt domain (Hellström et al. 2012, 2015). Granites-pegmatites of the late-orogen-
ic 1.81–1.78 Ga Lina suite are also usually weakly foliated in central Norrbotten County. In contrast, 
Bergman et al. (2001) suggested there was an early orogenic event at 1.89–1.87 Ga, based on the 
observation of markedly different degrees of deformation between rocks of the Haparanda and the 
Perthite monzonite suites in the northwestern part of the Norrbotten County, although radiometric 
age determinations show no significant age differences between the two intrusive suites. Evidence of 
an older phase of migmatisation and shearing was reported from the southeastern part of the Norr
botten County, where the 1 881 ±9 Ma Bläsberget felsic-mafic dykes cuts migmatites occurring im-
mediately west of the Pajala deformation belt (at “B” in Fig. 1B; B – Baltic–Bothnian mega-shear; 
Wikström et al. 1996). In the northeastern part of the Skellefte ore district, 1.88 Ga old plutons also 
crosscut deformed metasedimentary rocks (Lundström et al. 1997, 1999).

The Masugnsbyn area, just west of the Pajala deformation belt, is an area with a preserved, older 
phase of early orogenic Svecokarelian migmatisation and deformation. U-Pb analyses of secondary 
BSE-bright rim domains are interpreted to date migmatisation in the Tiankijoki paragneiss at 
1 878 ±3 Ma (2σ). The rim analyses have very low Th/U ratios in contrast to core analysis, which sug-
gests a metamorphic origin of the rims and a contemporaneous crystallisation with the coexisting 
monazite. Bergman et al. (2006) dated monazite from a meta-argillite at Pahakurkio and a weakly 
migmatitic paragneiss at Takanenvaara, both located close to Tiankijoki dating locality (Fig. 2). 
A weighted average 207Pb/206Pb age of the two weakly discordant fractions of Takanenvaara monazites 
can be calculated at 1 857 ±3 Ma (2σ), suggesting an age of metamorphism of approximately 1.86 Ga. 
The 20 Ma age difference between the zircon rim age obtained in this study and the monazite age of 
Bergman et al. (2006), may reflect resetting of the U-Pb isotopic system in monazite during a later 
metamorphic event, i.e. 20 million years after the migmatisation event dated by U-Pb in zircon. 
Martinsson et al. (2016) reported single fraction, weakly discordant U-Pb titanite 207Pb/206Pb ages of 
1.80–1.76 Ga, interpreted to date an even younger event of metamorphism or hydrothermal alteration 
in the Masugnsbyn area.

The 1.88 Ga age of migmatisation is contemporaneous with large volumes of early orogenic intru-
sions of the 1.88–1.86 Ga Perthite monzonite suite (Bergman et al. 2001, Hellström et al. 2015). The 
increase in metamorphic grade towards the adjacent intrusive rocks in the Masugnsbyn area suggests 
that heat from the intrusions was responsible for the metamorphic conditions. Thus, heat from these 
intrusions is inferred to have caused the high-grade metamorphism and partial melting. The area to 
the southeast of the migmatites is dominated by granites, syenites and gabbro. Padget (1970) placed 
the granites in the Lina suite, whereas Bergman et al. (2001) suggested that the rocks belong to the 
1.8 Ga granite-syenitoid-gabbroid association. However, 30 km towards the southeast, in the Narken 
area, a nearly isotropic metagranite sample was dated at 1 872 ±4 Ma (MSWD = 1.4, n = 4, TIMS, U-Pb 
zircon, Hellström et al. 2012). That granite is co-magmatic with gabbroic rocks and was assigned to 
the Perthite monzonite suite, which is also suggested to have an affinity with the intrusive rocks south-
east of the Masugnsbyn key area. The Tärendö gabbro occupies an area of 22 × 6 km, and several 
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smaller gabbro intrusions surrounded by granite also occur. Input of large volumes of mafic magmas 
would increase the temperature of the crust, possibly causing partial melting and migmatisation in the 
pelitic rocks south of Masugnsbyn.

Implications for mineralisations

The metamorphic alteration of supracrustal rocks at 1.88 Ga has implications for the timing of skarn 
iron ore formation, and remobilisation of base metals in sulphide mineralisations. The Masugnsbyn 
iron mineralisations form a more or less regular sheet, concordant between the Veikkavaara greenstones 
and the overlying quartzitic and metapelitic metasedimentary rocks of the Pahakurkio group (Figs. 2–3, 
Frietsch 1997, Geijer 1929, Padget 1970, Witschard et al. 1972). The southern iron deposits are classified 
as skarn iron ores, whereas the mineralisations to the north have characteristics of sedimentary, 
millimetre- to centimetre-wide, quartz-magnetite banded iron ore of an exhalative origin. A significant 
difference between the mineralisations is that the southern area is characterised by the presence of a 
rather thick dolomitic marble unit and by a perthite granite, which borders the skarn iron ores. The 
close spatial connection between the skarn iron ores and the perthite granite suggests that the intrusion 
of the granite is responsible for skarn formation and remobilisation of iron, with a higher grade and 
coarser grain size of the magnetite ore in the footwall next to the granite. The perthite granite was 
dated at 1 858 ±9 Ma using discordant U-Pb TIMS zircon data (Skiöld & Öhlander 1989). However, 
recent U-Pb SIMS zircon data suggest an age of 1 881 ±5 Ma (Hellström et al. in prep.), thus contem-
poraneous with the age of migmatisation in the high-grade southern part of the Masugnsbyn area. 

The Kurkkionvaara Zn-Pb-Cu mineralisation is located approximately 15 km south of Masugnsbyn 
at the contact between the metasedimentary rocks of the Pahakurkio group and the metasedimentary 
and intermediate metavolcanic rocks of the Kalixälv group (Fig. 2, Niiniskorpi 1986). The mineralisa-
tions occur as scattered sulphide veins or fracture fillings with sphalerite and galena, mainly in the 
metasedimentary rocks of the Pahakurkio groups, but also in the overlying quartz-rich conglomerate. 
Locally, richer mineralisations in some fracture zones, with total Zn-Pb content up to a few per cent 
over 0.4–2.0 m occur. Impregnations of pyrrhotite and pyrite occur in metre-wide zones, where the 
richest concentrations of Fe-sulphides occur in the 10–20 m wide conglomerate horizon above the 
Pahakurkio group as an impregnation in the matrix. Veins of pyrrhotite generally occur parallel to 
bedding in the sedimentary rocks, whereas the Pb-Zn-filled fractures usually dip steeply and crosscut 
bedding. Lithochemical analyses show a positive correlation between B and Zn + Pb content, suggest-
ing a hydrothermal system with boron-rich fluids containing base metals (Niiniskorpi 1986). At Kurk-
kionvaara, tourmaline-rich layers (tourmalinites) occur in the pelitic sedimentary rocks, along with 
tourmaline-rich pegmatites. Boron-rich fluids probably have a source in the metapelites, originally 
deposited as marine sediments. Sulphide mineralisations may have resulted from boron-rich fluids 
formed during migmatisation of these pelitic sedimentary rocks, but the fracture-style Zn-Pb miner-
alisation suggests that this type of mineralisation post-dates migmatisation and ductile deformation. 
The migmatisation age obtained thus provides a maximum age of the fracture-type Pb-Zb mineralisa-
tion at Kurkkionvaara.

Provenance

The large spread in zircon core ages suggests a detrital origin of the zircon, and therefore a sedimen-
tary origin of the migmatitic gneiss. Despite the limited number of SIMS analyses on zircon core 
domains, the maximum depositional age can be constrained by the youngest core analysis (5c) at 
1 882 ±25 Ma (2σ), but deposition must have occurred before migmatisation at 1 878 ±3 Ma (2σ). 50% 
of the recorded ages fall in the range 2.02–1.92 Ga, suggesting that rocks of this age interval were the 
main source, together with debris from Archaean rocks (29%). Archaean rocks are exposed in the 
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Råstojaure complex in northernmost Sweden (Martinsson et al. 1999, Lauri et al. 2016). Sm-Nd iso-
topic analyses of Proterozoic granitoids and metavolcanic rocks suggest a covered Archaean basement 
south of the Råstojaure Complex (Öhlander et al. 1987a, b, 1993, Skiöld et al. 1988, Lauri et al. 2016, 
Hellström et al., 2018). 

The Archaean palaeoboundary zone between the reworked Archaean craton in the north and more 
juvenile Palaeoproterozoic domains to the south occurs along the Luleå–Jokkmokk zone in Sweden 
and along the Raahe–Ladoga zone in Finland (Öhlander et al. 1993, Mellqvist et al. 1999, Vaasjoki & 
Sakko 1988, Nironen 1997). To date, there are very few age determinations of igneous rocks in the 
interval 2.02–1.92 Ga, but some occur in the Savo schist belt within the Raahe–Ladoga zone in Finland, 
at Norvijaur in the Jokkmokk area and in the Rombak–Sjangeli basement window of the Caledonides, 
all of which lie along the Archaean–Palaeoproterozoic boundary (Helovuori 1979, Korsman et al. 1984, 
Vaasjoki & Sakko 1988, Kousa et al. 1994, Lahtinen & Huhma 1997, Vaasjoki et al. 2003, Kousa et al. 
2013, Skiöld et al. 1993, Romer et al. 1992; Hellström 2015). In addition, 1.96–1.94 Ga calc-alkaline 
rocks with island arc affinity occur in the northern part of the Bothnian Basin, south of the Skellefte 
district (Wasström 1993, 1996, Lundqvist et al. 1998, Eliasson et al. 2001, Skiöld & Rutland 2006).

CONCLUSIONS

•	 Early Svecokarelian migmatisation is dated at 1 878 ±3 Ma in the Masugnsbyn structural domain, 
west of the Pajala deformation belt, which constrains the maximum age of folding of the supra-
crustal rocks.

•	 It is suggested that the 1.88 Ga migmatisation was caused by heat transfer from large volumes of 
contemporaneous early orogenic Svecokarelian intrusions.

•	 Intrusion of a 1.88 Ga perthite granite at Masugnsbyn caused contact metamorphic alterations of 
the upper part of the Veikkavaara greenstones, containing banded iron formations and carbonate 
rocks, resulting in skarn formation and remobilisation of iron to higher grades to form the Masugns
byn skarn iron ores, contemporaneous with migmatisation in the higher-grade south of the 
Masugnsbyn area.

•	 The obtained migmatisation age provides a maximum age for the Kurkkionvaara fracture-type 
Pb-Zb mineralisation, which occurs in metapelites in the upper part of the Pahakurkio group, 
below the migmatitic paragneisses of the Kalixälv group.

•	 The maximum depositional age of the original sediments in the Kalixälv group is constrained by 
the youngest zircon core analysis at 1 882 ±25 Ma (2σ), but must have occurred before migmatisation 
at 1 878 ±3 Ma.

•	 The main source of the original sediments of the Kalixälv group is 2.02–1.92 Ga (50%) and 2.97–
2.75 Ga rocks (29%). 2.02–1.92 Ga felsic to intermediate rocks can be expected to be present to a 
greater extent than is known from present age determination of rocks in the Svecokarelian orogeny.
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