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Introduktion

Stefan Bergman & Ildiké Antal Lundin

Den hir rapporten presenterar de samlade resultaten frin ett delprojekt inom det omfattande tvirveten-
skapliga Barentsprojektet i norra Sverige. Projektet initierades av Sveriges geologiska undersokning
(SGU) som ett forsta led i den svenska mineralstrategin. SGU fick ytterligare medel av Niringsdeparte-
mentet for att under en fyradrsperiod (2012-2015) samla in nya geologiska, geofysiska och geokemiska
data samt for att forbittra de geologiska kunskaperna om Sveriges nordligaste lin. Det statligt 4gda
gruvbolaget LKAB bidrog ocksa till finansieringen. Projektets strategiska mal var att, genom att till-
handahalla uppdaterad och utforlig geovetenskaplig information, stédja prospekterings- och gruv-
industrin for att férbittra Sveriges konkurrenskraft inom mineralniringen. Ny och allmint tillginglig
geovetenskaplig information fran den aktuella regionen kan hjilpa prospekterings- och gruvforetag
att minska sina risker och prospekteringskostnader och frimjar dirigenom ekonomisk utveckling.
Dessutom bidrar utkad geologisk kunskap till en effektiv, miljévinlig och langsiktigt hallbar resurs-
anvindning. All data som har samlats in i projektet lagras i SGUs databaser och ir tillgingliga via SGU.

Syftet med det hir delprojektet var att fa en djupare forstaelse for den stratigrafiska uppbyggnaden
och utvecklingen av de mineraliserade ytbergarterna i nordligaste Sverige. Resultaten, som 4r en kombi-
nation av ny geologisk kunskap och stora mingder nya data, kommer att gynna prospekterings- och
gruvindustrin i regionen i manga ar framéver.

Norra Norrbottens malmprovins star for en stor del av Sveriges jirn- och kopparmalmsproduktion.
Hir finns fyra aktiva metallgruvor (mars 2018) och mer 4n 500 dokumenterade mineraliseringar.
Fyndigheterna dr av manga olika slag, dir de viktigaste typerna ir stratiforma kopparmineraliseringar,
jarnformationer, apatitjirnmalm av Kirunatyp och epigenetiska koppar-guldmineraliseringar. En van-
lig egenskap hos de flesta malmer och mineraliseringar i Norr- och Visterbotten ir att de har paleo-
proterozoiska vulkaniska och sedimentira bergarter som virdbergart. For undersokningarna valdes
ett antal nyckelomriden med bista tillgingliga blottningsgrad. De utvalda omridena representerar
tillsammans en nistan komplett stratigrafi i ytbergarter inom aldersintervallet 2,5-1,8 miljarder ér.

Rapporten bestér av tretton kapitel och inleds med en 6versikt 6ver de geologiska forhallandena,
som beskriver huvuddragen i de senaste resultaten. Oversikten foljs av fyra kapitel (2-5) som huvud-
sakligen handlar om litostratigrafi och édldersbestimningar av ytbergarterna. Huvudimnet f6r de
dirpa foljande fem kapitlen (6-10) 4dr 3D-geometri och strukturell utveckling. Direfter kommer tva
kapitel (11-12) som fokuserar pd U-Pb-datering av en metamorf respektive intrusiv hindelse. Rapporten
avslutas med en studie av geokemin hos morin i Norra Norrbottens malmprovins (kapitel 13).

GEOLOGICAL SURVEY OF SWEDEN



Introduction

Stefan Bergman & Ildiké Antal Lundin

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 Palacoproterozoic 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).
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5. Age and lithostratigraphy of Svecofennian
volcanosedimentary rocks at Masugnsbyn,
northernmost Sweden — host rocks to
Zn-Pb-Cu- and Cu *Au sulphide mineralisations

Fredrik A. Hellstrom, Risto Kumpulainen, Cecilia Jonsson, Tonny B. Thomsen,
Hannu Huhma, Olof Martinsson

ABSTRACT

This study focuses on the Svecofennian volcanosedimentary rock units of the Pahakurkio and Kalixilv
groups in the Masugnsbyn area, approximately 90 km to the S-SE of Kiruna in northeasternmost
Sweden, with the aim of constraining their depositional timing and environment. The Pahakurkio
group comprises pelitic to arenitic metasedimentary rocks lying on top of the Karelian Veikkavaara
greenstone group. It is divided into four subunits, two sandstones and two shale units. The sandstones
are immature arkoses to subarkoses, originating predominantly from rocks in the upper continental
crust. The overlying Kalixilv group consists of similar metasedimentary rocks, i.e. originally shales
and sandstone, now sillimanite-bearing mica schist, migmatitic paragneisses and quartzites. Both
successions were deposited in a marine coastal environment with the presence of wave activity and
change in vertical facies from shallow to deeper water where, in part, graphite-bearing shales represent
deposition in stagnant waters beneath the storm wave base. The Kalixilv group differs from the
Pahakurkio group in that it contains a much greater abundance of volcanic and volcanogenic sedi-
mentary rocks. Extensive volcanism is a potentially important heat source driving hydrothermal
alteration and generation of the minor Zn-Pb-Cu and Cu +Au sulphide mineralisations that occur
along the border zone between the Pahakurkio and Kalixilv groups, but the partly vein-hosted nature
of the ore deposits suggests a later, epigenetic, hydrothermal origin, with mineralisations formed from
boron-rich fluids. Sandstones from the Pahakurkio and Kalixilv group record similar negative £y44 goc.)
values at -3.0 and -3.9, respectively, consistent with mixing of debris from predominantly 2.2-1.9 Ga
and 3.0-2.6 Ga-old rocks, a theory supported by U-Pb provenance zircon dating. The lower sandstone
in the Pahakurkio group shows a zircon age distribution pattern dominated by 2.15-1.90 Ga (66%)
and 2.95-2.62 Ga ages (30%), with a maximum depositional age of approximately 1.91 Ga, similar to
age data from the upper sandstone unit with a maximum depositional age of approximately 1.90 Ga.
A sandstone of intermediate composition in the Kalixilv group is dominated by 2.15-1.86 Ga (81%)
and 2.96-2.55 Ga zircon ages (11%), and deposition is suggested to have occurred at approximately
1.89-1.88 Ga, contemporaneous with emplacement of andesitic rock within the same group. Overall,
the zircon age distribution patterns are consistent with the Kalixilv group being younger than the
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Pahakurkio group, according with way-up determinations. The lower quantity of Archaean zircons in
the Kalixilv group sample suggests that the Archaean basement was covered by Svecofennian rocks as
the Svecokarelian orogeny progressed, and thus erosion and deposition of debris from the latter was
the main source. The Sakarinpalo intermediate to felsic metavolcanic rocks occur north of, and spa-
tially associated with, rocks of the Veikkavaara greenstone group. However, U-Pb SIMS zircon data
of a meta-andesite give a Svecofennian age of 1890 £5 Ma, and possibly indicate inverted younging of
the stratigraphy in this area due to poly-phase folding. Strongly scapolite-biotite-altered intermediate
rocks of the Pahakurkio group show a similar trace element pattern to volcanic rocks in the Sakarin-
palo suite, suggesting that these units can be correlated. One sample from the Kalixilv group inter-
mediate metavolcanic rocks is dated at 1887 5 Ma and is thus similar in age to the Sakarinpalo suite.
In a regional context, the metavolcanic rocks in the Masugnsbyn area are of a similar age to, or are
possibly slightly older than, similar intermediate metavolcanic rocks in northernmost Sweden, i.e.
possibly correlated with the Porphyrite group in the Kiruna-Tjirrojokka area, the Sammakkovaara
group in the Pajala area and the Muorjevaara group in the Gillivare area. It is suggested that overall
negative initial £y signatures of metavolcanic rocks from the Sakarinpalo and Kalixilv groups (eyxy.s9G)
at -3.9 and -2.2) are a result of juvenile arc-generated melts mixed with variable amounts of anatexis
and assimilated older Archaean continental crust, and related to partial melting above a subduction
zone dipping underneath the Archaean Norrbotten craton.

INTRODUCTION

Northern Sweden is one of the most important mining regions in Europe, with world-class mineral
deposits such as the Kiruna and Malmberget iron ores and the Aitik copper ore. Apart from the major
deposits, a large number of sub-economic to economic deposits containing Fe and Cu +Au are known
(e.g. Weihed et al. 2005, Martinsson & Wanhainen 2013, Martinsson et al. 2016). Nearly all miner-
alisations are hosted by supracrustal rocks and, in SGU’s Barents Project, key areas were selected to
cover the complete supracrustal stratigraphy with the aim of characterising and improving the under-
standing of the stratigraphy, geochemical signature and age of these rocks.

This chapter focuses on Svecofennian supracrustal successions at Masugnsbyn in the northeast of
the Norrbotten ore province (Figs. 1-3), an area with abundant mineralisations, including stratiform
quartz-banded iron ores, skarn iron ores, graphite, dolomite, Cu-Zn-Pb +Au sulphide mineralisations
(see summary review in Hellstrdm & Jonsson 2014, Bergman et al. 2015). The lower part of the strati-
graphy in Masugnsbyn, including the Veikkavaara greenstone group, is presented in Lynch etal. (2018b,
Fig. 2). The upper, Svecofennian, part presented here includes pelitic to arenitic metasedimentary rocks
and subordinate intermediate metavolcanic rocks. Age and geochemical data for the volcanosedimen-
tary units in the Pahakurkio and Kalixilv groups, as well as for metavolcanic rocks of the Sakarin-
palo suite (Padget 1970, Witschard 1970, Niiniskorpi 1986) put constraints on depositional timing,
environment and provenance of sedimentary units and petrogenesis of the volcanic rocks, and enable
comparison and correlation with similar rocks across the Norrbotten ore province. These data also
increase knowledge of the stratigraphy and the geological evolution of the region, which is also of
importance for further mineral exploration.

GEOLOGICAL SURVEY OF SWEDEN



GEOLOGICAL OVERVIEW

Precambrian bedrock in northern Sweden includes a 3.2-2.6 Ga Archaean granitoid-gneiss basement,
which is non-conformably overlain by Palacoproterozoic volcanic and sedimentary successions (e.g.
Odman 1957, Witschard 1984, Bergman et al. 2001, Martinsson 2004, Kathol & Weihed 2005, Wei-
hed et al. 2005, Martinsson & Wanhainen 2013, Lauri et al. 2016). Sm-Nd isotopic analyses of Prote-
rozoic granitoids and metavolcanic rocks approximately delineate the Archaean palacoboundary zone
between the reworked Archaean craton in the north and more juvenile Palacoproterozoic domains to
the south, along the Luled—Jokkmokk zone in Sweden and along the Raahe—Ladoga zone in Finland
(Fig. 1, e.g. Huhma 1986, Vaasjoki & Sakko 1988, Ohlander et al. 1993, Mellgvist et al. 1999, Nironen
1997). This approximate boundary zone defines the border between the Norrbotten and the Bothnia—
Skelleftea lithotectonic provinces (Stephens, pers. comm). In Norrbotten County rift-related 2.5
2.0 Ga Karelian basic metavolcanic rocks and associated metasedimentary rocks of the Kovo and
Greenstone groups rest on the Archaean basement. These are overlain by terrestrial to shallow water,
approximately 1.90-1.87 Ga arc-related Svecofennian successions, represented by the calc-alkaline,
andesite-dominated Porphyrite group, the mildly alkaline volcanic rocks of the Kiirunavaara group
(Martinsson 2004) and, in the uppermost stratigraphic level, younger clastic sedimentary rocks. The
Greenstone group contains stratiform—stratabound base metal and iron deposits in the middle and
upper parts (Martinsson & Wanhainen 2013), whereas the Kiirunavaara group hosts economically
important apatite iron ores, e.g. the Kiirunavaara and Malmberget deposits. Sub-aerial volcanic rocks
extend south of the Archaean palacoboundary in the predominantly volcanic 1.88-1.87 Ga Arvidsjaur
group (Skiold et al. 1993, Kathol & Triumf 2004, Kathol & Weihed 2005, Kathol & Persson 2007).
The volcanic rocks of the Arvidsjaur group are commonly grouped together with similar volcanic rocks
north of the Archaean palacoboundary, such as the Kiruna—Arvidsjaur porphyry group (Perdahl &
Frietsch 1993). Palacoproterozoic supracrustal rocks are intruded by the calc-alkaline 1.89-1.88 Ga
Haparanda suite and the alkali-calcic 1.88-1.86 Ga Perthite monzonite suite, considered to be comag-
matic with the Svecofennian volcanic rocks of the Porphyrite and Kiirunavaara—Arvidsjaur groups,
respectively (Witschard 1984, Bergman et al. 2001). It has been suggested that the Aitik Cu-Au-Ag
deposit is a porphyry copper system related to a 1.89 Ga quartz monzodiorite that was later modified
by hydrothermal and metamorphic events (Wanhainen et al. 2012). Minimum-melt granites and
pegmatites, referred to as Lina granite, intruded at 1.80-1.79 Ga and occupy large areas of Norrbotten
(Ohlander et al. 1987a). Coeval with the S-type rocks of the Lina suite are approximately 1.80 Ga I- to
A-type GSDG-type (Granite-syenite-diorite-gabbro) magmatic rocks in Norrbotten belonging to the
Edefors suite. These rocks are related to the Transscandinavian igneous belt that forms a 1500 km
long, north—south-trending belt along the western part of the Svecokarelian orogen (Hogdahl et al.
2004).
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Figure 1. Geological outline of northern Sweden, showing selected lithological units (from SGU bedrock 1:M bedrock database).
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Super-unit Unit Sub-unit Rock units (m)
Rissavaara quartzite 4 Quartz sandstone (quartzite)
Kalixalv grp 3b Semipelitic,-pelitic-, basic schists, migmatitic
paragneiss
3a Conglomerate, meta-sandstone, intermediate
Svecofennian metavolcanic rocks
?(L)Jfkrsacrustal Sakarinpalo suite Intermediate-felsic metavolcanic rocks
upper sandstone (2d) Subarkosic metasandstone 1800
ST upper shale (2c) Pelitic miFaschisF, graphite schist, marble ' 1000
lower sandstone (2b) Subarkosic-arkosic metasandstone, greenshist 430
lower shale (2a) Pelitic micaschist 600
Masugnsbyn fm (1c) Graphite schist, skarnbanded chert (BIF), 370
marble
Karelian . Tuorevaara greenstone fm (1c) Metabasaltic tuff, graphite schist, metadol- 1000
supracrustal VISEVEEIR erite sills
rocks greenstone grp Suinavaara fm (1b) Pelitic schist and quartzite (Suinavaara 100
quartzite)
Nokkokorvanrova greenstone fm (1a)  Basaltic greenstone 2000

Figure 2. Schematic stratigraphy of the Masugnsbyn area, modified from Padget (1970) & Witschard (1970). The names used in
Padget (1970) have been partly modified, and new informal names have been added. The alphanumerical names for the sub-
units used by Padget (1970) are within brackets. Names of units within the Veikkavaara group follow Lynch et al. (2018b); grp =
group, fm = formation.

Geology of the Masugnsbyn area

In the Masugnsbyn area, approximately 90 km east-southeast of Kiruna, Karelian greenstones of the
Veikkavaara greenstone group are overlain by Svecofennian supracrustal rocks of the Pahakurkio and
Kalixilv groups (Figs. 1-4; Padget 1970). The Veikkavaara greenstones constitute the upper part of the
Greenstone group, whereas the Pahakurkio and Kalixilv groups have been included in the Middle
sediment group of Witschard (1984). Intermediate volcanic rocks north of, and spatially associated
with, the Veikkavaara greenstone are referred to as the Sakarinpalo suite (Witschard 1970).

The Veikkavaara greenstones form a V-shaped area in the eastern part of the Masugnsbyn area and
predominantly consist of mafic volcaniclastic rocks (Fig. 3, Padget 1970, Lynch et al. 2018b). Meta-
doleritic sills appear to be concordant with the basaltic tuffs and are considered to have intruded
shortly after the deposition of the basaltic sandstones, possibly representing near-surface intrusions
related to the contemporary volcanism. A 40 m wide dolerite sill was dated by U-Pb in zircon at
2139 +4 Ma (20), and is also suggested to constrain the age of the Veikkavaara greenstone group (Lynch
etal. 2018b). The uppermost part of the Veikkavaara greenstone group is referred to as the Masugnsbyn
formation and consists of chemically deposited metasediments, including skarn-banded chert (silicate
facies banded iron formation), graphite schist and calcitic to dolomitic marble (see Lynch et al. 2018b).
Martinsson et al. (2013) used the name Vinsa formation for the uppermost part of the Veikkavaara
greenstone group, defined in the Kdymijirvi area to the east (see Martinsson et al. 2018b).

The Sakarinpalo suite consists of altered acid to intermediate metavolcanic rocks and occurs imme-
diately north of the Veikkavaara greenstones (Fig. 3, Witschard 1970). The magnetic anomaly pattern
suggests that the Sakarinpalo metavolcanic rocks are spatially related to rocks of the Greenstone group
(Fig. 4), and can possibly be correlated with units within the Viscaria formation in the Kiruna Green-
stone group (cf. Martinsson 1997). But the area is poorly exposed and no contacts have been observed
between the Veikkavaara greenstones and the Sakarinpalo suite.

The Pahakurkio group comprises arenitic to pelitic metasedimentary rocks, west of, and concord-
antly on top of, the Veikkavaara greenstone group (Fig. 3). Cross-bedding is common in the metasand-
stones, and numerous way-up determinations consistently show younging to the west (Padget 1970).
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Layers of strongly scapolite-altered rocks of basic to intermediate composition occur within the meta-
sandstones and may represent volcanic material. Graphite-bearing schists and carbonate rocks occur
within the metapelites of the Pahakurkio group (Niiniskorpi 1986).

The Kalixilv group has a basal conglomerate, suggesting an unconformable contact with the
Pahakurkio group. Distinct cross-bedding shows that the steeply dipping beds in meta-sandstones
young to the west, and the Kalixilv group therefore overlies the Pahakurkio group (Padget 1970). In
part, the contact between the groups is tectonic, i.e. along the Kalixilv fault. Niiniskorpi (1986) noted
that both the Pahakurkio and the Kalixilv groups consist of similar types of metasedimentary rocks,
metapelites and quartzites. However, metavolcanic rocks are much more frequent in the Kalixilv group
than the Pahakurkio group (Niiniskorpi 1986). To the west and south, migmatisation increases and
no natural, upper stratigraphic limit for the group is known.

Structures

The supracrustal sequence in the Masugnsbyn area is deformed into large-scale fold structures and cut
by faults. Structures have northeast or northwest trends, thereby intersecting at high angles. Main
tectonic features include the Kalixdlv dome, the Masugnsbyn syncline, the Saittajirvi anticline and
the Oriasvaara syncline with the associated Kalixilv fault (Fig. 3, Padget 1970). Fold axial planes strike
northwest—southeast, except for the Oriasvaara syncline, which has a northeast—southwest trend,
parallel to the Kalixilv fault. The Oriasvaara syncline is bounded to the northwest by the northeast-
erly-oriented Kalixilv fault. Movements along that fault have down-thrown the southeastern block,
creating the tectonic contact between the Pahakurkio and Kalixilv groups. The dip of the beds in the
Kalixilv dome is low to moderate but increases away from the centre of the dome, and must have
resulted from combining at least two fold phases. The magnetic anomaly map reveals the complexly
folded internal structure of the Veikkavaara greenstones and the presence of a possible earlier phase of
isoclinal folding with a north-northwest-oriented axial plane in addition to the north-oriented axial
plane of the Saitajirvi anticlinal. The fold structures in the Masugnsbyn area are evaluated by Grigull
et al. (2018). Geophysical modelling supports the interpretation of the Saittajirvi fold as a synform
structure.

Metamorphic constraints

Metamorphic mineral associations in the metapelitic rocks, with andalusite, sillimanite and cordierite,
and the absence of kyanite, indicate amphibolite facies conditions of relatively high temperature and
low to moderate pressures (Padget 1970). The composition of the plagioclase (An,,_s,) and the presence
of hornblende together with almandine suggest the rocks of the Veikkavaara greenstones are in the
garnet amphibolite facies of regional metamorphism (Padget 1970). Partial melting in the migmatitic
paragneisses in the south of the area suggests even upper amphibolites facies grade of metamorphism
have been reached. Migmatisation in the paragneiss is dated at 1878 +3 Ma and is suggested to be
caused by heat from large volumes of contemporaneous early orogenic Svecokarelian intrusions (Hell-
strom 2018).

Contact metamorphic alterations of the upper part of the Veikkavaara greenstones containing band-
ed iron formations and carbonate rocks also resulted in skarn formation and remobilisation of iron to
higher grades to form the Masugnsbyn skarn iron ores. Later metamorphic/hydrothermal events are
possible, as recorded by a U-Pb monazite age of approximately 1.86 Ga of an andalusite bearing mica
schist (Bergman et al. 20006), as well as U-Pb analyses of a single fractions of titanite plotting weakly
discordant at approximately 1.80 Ga (Veikkavaara Cu-sulphide mineralisation), at approximately 1.78
Ga (Sakarinpalo, metadacite) and at 1.76 Ga (Tiankijoki, pyroxene skarn in metasedimentary rock,
Martinsson et al. 2016). This is supported by the presence of deformation and high-grade metamor-
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phism within the Pajala deformation belt to the west, which occurred in the 1.83-1.78 Ga interval
(Bergman et al. 2006, Luth et al. 2016, Hellstrom & Bergman 2016, Luth et al. 2018), possibly over-

printing earlier structures.

Mineralisations

Mineralisations of economic interest in the Masugnsbyn area include layers of iron and dolomite be-
tween the greenstones and metasedimentary rocks, and graphite layers and base-metal sulphide min-
eralisations within the volcaniclastic greenstones as well as in the Svecofennian supracrustal rocks
(Fig. 3, Geijer 1929, Padget 1970, Witschard etal. 1972, Grip & Frietsch 1973, Niiniskorpi 1986, Frietsch
1997, Martinsson et al. 2013, 2016, Hellstrom & Jonsson 2014, Bergman et al. 2015). Greenstone-
hosted mineralisations are described in Lynch et al. (2018b); a short summary of the mineralisations
hosted by rocks in the Pahakurkio and Kalixilv groups is given below.

The Kurkkionvaara Zn-Pb-Cu mineralisation is located approximately 15 km south of Masugnsbyn
at the contact between metasedimentary rocks of the Pahakurkio group and metasedimentary and
intermediate metavolcanic rocks of the Kalixilv group (Fig. 3; Niiniskorpi, 1986, summarised below).
The mineralisations 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 conglomerate.
Locally, richer mineralisations occur in some fracture zones, with total Zn-Pb content up to a few per
cent over 0.4-2.0 m. Impregnations of pyrrhotite and pyrite occur in metre-wide zones, where the
highest concentrations of Fe-sulphides occur in the 10-20 m wide conglomerate horizon above the
Pahakurkio group as an impregnation within the matrix. Veins of pyrrhotite generally occur parallel
to bedding in the metasedimentary rocks, whereas the Pb-Zn-filled fractures usually dip steeply and
crosscut bedding. There is a positive correlation between B and Zn + Pb content in lithochemical
analyses, suggesting a hydrothermal system with boron-rich fluids containing base metals (Niini-
skorpi 1986). At Kurkkionvaara, tourmaline-rich layers (tourmalinites) occur in the pelitic metasedi-
mentary rocks, but tourmaline-rich pegmatites are also seen. Boron-rich fluids probably have a source
in the metapelites, originally deposited as marine sediments. The sulphide mineralisations may have
resulted from boron-rich fluids formed during migmatisation of the pelitic sediments, but the fracture
style of Zn-Pb mineralisation suggests that this type of mineralisation post-dates migmatisation and
ductile deformation. The age of migmatisation at 1.88 Ga thus provides a maximum age of the fracture-
type Pb-Zb mineralisation at Kurkkionvaara (Hellstrom 2018).

The Maunuvaara Cu-Au quartz-veined-hosted mineralisations (also named Magnovaara, Geijer 1918,
Hermelin 1804, Tegengren 1924) occur in a more than 5 km long north—south-trending zone located
in the western part of the Masugnsbyn area (Fig. 3). The small scattered mineralisations consist of
chalcocite, with small amounts of bornite and chalcopyrite in veins, together with quartz and amphi-
bole in a fine-grained, gneissic andesite. Malachite and azurite are present, as well as zeolites, including
aggregates of stilbite (desmin) and chabazite. Copper concentrations in mineralised rocks are gener-
ally low, but may reach a few per cent. Gold content is generally below 2 ppm, but one sample contained
6.5 ppm. Anomalously high molybdenum (200 ppm) and tungsten (2900 ppm) are seen in a few rock
samples (Niiniskorpi 1982).

The Rappukoski copper mineralisation occurs approximately 18 km south-southeast of Masugnsbyn
in metasedimentary rocks of the Pahakurkio group, mainly quartzitic mica schist, that are cut by
granite and pegmatite (Fig. 3, Odman 1939, Grip & Frietsch 1973, Padget 1970). The mineralisation
is located in a layer of calcareous skarn in outcrops on both sides of the river Kalixilven. A system of
tension fractures created during folding is filled with quartz, calcite, hornblende, chalcopyrite, bornite
and molybdenite. To some extent, chalcopyrite is also disseminated within the wall rock. The width
of the mineralised zones is usually 0.1-0.3 m, but may reach 2 m in conjunction with folding. The
mineralisation contains 1-2% copper and traces of molybdenum.
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<« Figure 3. Bedrock geological map of the Masugnsbyn area (modified from Padget 1970,
Niiniskorpi 1986). Age determinations are from Bergman et al. (2006), Hellstrom (2018), Lynch
et al. (2018b), Martinsson et al. (2018a) and this study (FHM140069A, FHM140078A,
FHM140084B, FHM140088B).
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Figure 4. Magnetic anomaly map of the Masugnsbyn area with same extent as in Figure 3. Map is gridded from SGU data.
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The Oriasvaara copper-gold mineralisation is located approximately 20 km south-southeast of Mas-
ugnsbyn, just east of the road to Tédrend6 and approximately 1 km north of the mountain Orjasvaara
(Fig. 3). The Cu-Au mineralisation is spatially associated with a deformation zone: the Kalixilv fault.
Two zones of mineralisation have been recognised in supracrustal rocks that have been assigned to the
lower part of the Kalixilv group (Quezada 1976, Carlson 1982a, Carlson 1982b). The eastern miner-
alisation contains an irregular and fine-grained impregnation of pyrrhotite, chalcopyrite and pyrite in
limestone. The mineralisation is locally richer in skarn-altered parts, occurring as impregnations or in
bands. The western mineralisation occurs in a greenstone with zones of strong silicification and has an
impregnation of sulphides, including pyrrhotite, pyrite, chalcopyrite and traces of bornite. The scap-
olite-altered rocks form an approximately 180 m thick unit, which generally strikes southwest—north-
east and is bounded by mica schist to the north and east, and by pegmatite to the south. The richest
section contains 0.5 wt. % Cu and 0.64 ppm Au over 4 m, as obtained from geochemical assays in an
exploration trench in the western part (Petersson 1986).

The Sakarinpalo suite

Northeast of Masugnsbyn, at Pahtajinkk3, intermediate-felsic metavolcanic rocks referred to as the
Sakarinpalo suite occur, which on a regional scale lie within the Veikkavaara greenstones (Figs. 3-5,
Witschard 1970). The area is, however, poorly exposed and no contacts have been observed between
the Veikkavaara greenstones and the Sakarinpalo suite. Felsic to intermediate metavolcanic rocks form
a north—south-striking, steeply west-dipping unit and appear to be surrounded by granites of the Lina
suite. In the west, metavolcanic rocks are bordered by a few outcrops of granite and pegmatite, but a
high magnetic anomaly pattern further west cannot be explained by the low-magnetic granite (Fig. 4).
The high magnetic anomaly pattern instead resembles that of the Veikkavaara greenstones, which
outcrop along strike to the south, suggesting that the Sakarinpalo suite occurs within the greenstone
package. Newly discovered outcrops confirm the presence of mafic rocks to the west, including dolerite
and layered basaltic tuff. The metavolcanic rocks are sodium and potassium-altered and, in part, also
scapolite-altered with net veining of amphibole and epidote (Fig. 5). The volcanic rocks are commonly
feldspar porphyric, but volcaniclastic tuffs with alternating beds of different composition are also

observed (Fig. 5).
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Figure 5. Metavolcanic rocks of the Sakarinpalo suite. A. Plagioclase porphyric meta-trachyte. (7502355 / 803715) B. Thin-section
cross-polarised light views of plagioclase porphyric meta-trachyte. The plagioclase is sericite- and epidote-altered (7502300 /
803745). C. Layered volcaniclastic tuff with alternating beds of different composition (weathered outcrop surface; 7502060 /
804478). D. Sample of layered volcanoclastic tuff (same as in C but fresh surface; 7502060 / 804478). E. Albite alteration seen as
bleaching next to amphibole veins in metadacite. F. Strongly scapolite-epidote-amphibole-altered meta-andesite (7502154 /
804535). Coordinates are given in SWEREF 99TM. All photographs by Fredrik Hellstrom.
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The Pahakurkio group

The Pahakurkio group comprises pelitic to arenitic metasedimentary rocks to the west and on top of the
Veikkavaara greenstone group (Figs. 2, 3, 7, Geijer 1930, Eriksson 1954, Padget 1970, Niiniskorpi 1986,
Kumpulainen 2000). Shales have been metamorphosed to biotite-andalusite (+sillimanite) mica schists
and sandstones have been recrystallised into quartzites and carry metamorphic biotite (Fig. 7E-F). The
lowermost beds of the Pahakurkio group are poorly exposed, but no indications of conglomerates or any
marked discordance to the uppermost unit of marble in the Veikkavaara greenstones have been observed.
The magnetic anomaly pattern suggests that the Pahakurkio and Veikkavaara groups are concordant
(Fig. 4). Padget (1970) studied the succession in the area between Masungsbyn and Pahakurkio along the
Kalixilven river. He divided that succession into a lower shale, a lower sandstone, an upper shale and an
upper sandstone. Kumpulainen (2000) later studied the sedimentological aspects of the succession; some
of them are included in the text below. The Pahakurkio group is best exposed along Kalixilven between
Pahakurkio and Saarikoski and at Syvijoki and Hietajoki, south-southeast of Masugnsbyn (Fig. 3).

In the Hietajoki area, the poorly exposed, grey, lower shale is succeeded by the grey, lower sandstone,
which is further sub-divided into a horizontally-bedded, grey lower arkose (- 150m) and a grey, low-
angle to hummocky cross-bedded upper arkose (approximately 300 m, Fig. 6). Dark bands in cross-
bedded quartzites contain heavy minerals such as rutile, tourmaline, zircon, ilmenite and apatite, but
are not significantly magnetic. This upper arkose unit contains a poorly stratified (<2.5 m thick)
conglomerate unit approximately 75 m above its base. The conglomerate clasts are predominantly
quartzite; a few jasper clasts are also found. In the upper part of the upper arkose, cross-bedding is

Upper shale -basal part

- dark grey, sandy mudstones;

- laminated to very thinly bedded,
normally-graded sand-mud couplets;

- some of the sand laminae are
“ribbons” of lenses (i.e., current

ripples)
4= Lower sandstone - upper unit:
= - impure, grey arkoses
£ '—:—f_—— - dominating sedimentary structures:
— large-scale, hummocky cross- > Figure 7. Rocks of the Pahakurkio group
2 bedding and low-angle cross- ) o '
P —— bedding; horizontal bedding is A.Trough cross-bedding in meta-sand-
o |— subordinate stone at Syvajoki (7489841/806895).
I B. Cross bedding in arkosic meta-sand-
=
E = — stone at Hietajoki (7492866/804620).
._‘ci C. Alternating beds of meta-sandstone and
- | — - up to ca 2.5 m thick conglomerate mica schist, originally sandy and pelitic
and pebble-bearing sandstone in beds at Hietajoki (7492325/804671)

a large-scale, shallow, erosional

Channal D. Wave ripples in flat dipping beds of

meta-sandstone at Pahakurkio (7486133 /
803332). E. Deformed and folded andalu-
site porphyryblasts in mica schist at
Hietajoki (7492168/804653). F. Photo-

Lower sandstone - lower unit:
- impure, grey arkoses;

- horizontal bedding with occasional, micrograph in cross-polarised light of mica
normal grading; schist with fibrolitic sillimanite aggregate

- occasional, thin to very thick (ca. 20 at Pahakurkio (7486176/804583). G. Strong|
metres) basaltic interlayers in the - ; Do gy
arkoses of the lower unit scapolite-altered intermediate rock at

Syvajoki (7489838 / 8068009). H. Photo-
micrograph in plane polarised light of
scapolite-altered intermediate rock
(7489838/806809). Coordinates are given
Figure 6. Stratigraphic section of the Pahakurkio group at in SWEREF 99TM. All photographs by
Hietajoki, south of Masugnsbyn. Fredrik Hellstrom.
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gradually replaced by horizontal bedding and laminations give way-up to the grey, upper shale unit
(Figs. 2, 7E-F). The upper shale unit is predominantly horizontally laminated and contains very thin
beds and lenses of sandstone (Fig. 7C). Some of these sand lenses are normally graded.

Strongly scapolite-altered, probably basic-intermediate volcanic rocks (Fig. 7G—H, “greenschist” of
Padget 1970), occur within the lower sandstone unit, and seem to have a considerable lateral extent, as
is evident from the aecromagnetic map (Figs. 3—4). Similar magnetic bands occur in the upper shale
unit. Zhe Syvijoki section is located 3.5 km southeast of Hietajoki at the corresponding stratigraphic
level and there exposes a similar stratigraphic succession (Padget 1970). Trough cross-bedding is ob-
served locally in the arkose below the basaltic-andesitic unit (Fig. 7A).

Further south, the Pahakurkio Canyon of the river Kalixilven (Pahakurkio, bad rapids—i.e. not easy
to negotiate by boat) exposes a gradual transition from the uppermost part of the grey, upper shale
(andalusite-sillimanite-bearing mica schist) into the pale grey, upper sandstone (quartzite). Some very
thin bedsand laminas display normal grading in the transition zone. Further up the section, horizontal
bedding and rare low-angle cross-bedding is encountered, and further up still, wave ripples and lunate
current ripple structures are observed (Fig. 7D). The upper shale is locally graphite bearing, and layers
of carbonate rocks also occur (Odman 1939, Niiniskorpi 1986).

The Kalixalv group

Structurally and stratigraphically above the Pahakurkio group is the Kalixilv group, which is poorly
exposed west and south of the former group (Fig. 3; Odman 1939, Eriksson 1954. Padget 1970,
Niiniskorpi 1986). The acromagnetic map reveals alternating high-magnetic and low-magnetic bands,
in contrast to the overall low-magnetic intensity of the Pahakurkio group (Fig. 4). These high-mag-
netic bands consist of intermediate volcanic or volcanogenic sedimentary rocks, and seem to alternate
with low-magnetic arenitic to pelitic rocks (Fig. 8). An increasing degree of migmatisation is observed
to the west and south, and no natural, upper stratigraphic limit for the group is known.

The base of the Kalixilv group is marked by an 20-30 m thick conglomerate that crops out along
the river Kalixilven at Saarikoski and 13 km downstream at Tiankikoski. The conglomerate is also
seen in drill core at the Kurkkionvaara Zn-Pb-Cu sulphide mineralisation (Niiniskorpi 1986). The
rounded pebbles in the conglomerate consist of chert (quartz) or quartzite, and intermediate to basic
volcanic rocks in a dark matrix (Fig. 8A). Odman (1939) also noted pebbles of gabbro, syenite, granite,
felsic volcanic rocks in the Tiankijoki conglomerate; thus it is indeed polymict. In the western part at
Saarikoski (Fig. 3) the conglomerate grades into a dark hornblende-bearing sandstone of intermediate
composition, probably consisting in part of volcanogenic material (Fig. 8B). Locally, a planar lamina-
tion with alternating laminas enriched in magnetite and light-coloured laminas is seen (Fig. 8C). The
dark sandstone displays cross-bedding (Fig. 8B) similar to the structures in the underlying Pahakurkio
group, which shows that both groups young westwards in this area (Padget 1970).

About 1 km above the basal conglomerate at Saarikoski, an outcrop area coincides with a positive
north—south-trending magnetic anomaly band, which can be correlated with a plagioclase porphyric
meta-andesite with high-magnetic susceptibility (Fig. 4). Volcanoclastic or volcanogenic sandstones,

» Figure 8. Rocks of the Kalixalv group. A. Polymict conglomerate at Tiankikoski, with clasts mainly of
chert and mafic-intermediate rocks (7481257 / 810646 ) B. Steeply dipping, cross-bedded and amphibole-
bearing meta-sandstone at Saarikoski showing way-up to the west. C. Photomicrograph in plane polar-
ised light of amphibole-bearing meta-sandstone with alternating laminas enriched in magnetite.

D. Migmatitic meta-sandstone at Tiankikoski. E. Photomicrograph in cross-polarised light of sillimanite-
cordierite-bearing paragneiss at Tiankijoki (7480253 / 810919) F. Photomicrograph in plane polarised light
of sillimanite-cordierite-bearing paragneiss at Tiankijoki (7480253 / 810919). G. Volcanoclastic, meta-
andesitic tuff constitutes the host rock to the Maunuvaara Cu-Au quartz vein-hosted mineralisations
(7482513 / 797469) H. Plagioclase porphyric meta-andesite north of Saarikoski (7487854 / 799400). Coor-
dinates are given in SWEREF 99 TM. All photographs by Fredrik Hellstrom except B by Veikko Niiniskorpi.
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with common skarn alteration bands, and conglomeratic layers with pebbles of chert and intermediate
volcanic rock occur (Niiniskorpi 1986). Modelling of magnetic data suggests that units have a steep,
near vertical dip corroborating field observations of bedding (Jénberger et al. 2018).

In the south of the area (Fig. 3), sillimanite- and andalusite-bearing mica schists or migmatitic
paragneisses with interlayers of quartzic sandstones are found (Fig. 8D). Niiniskorpi (1986) noted that
both the Pahakurkio and the Kalixilv groups consist of similar types of metasedimentary rocks,
metapelites and quartzites, which makes it difficult to distinguish between these units. Occurrences
of graphite-bearing schists and carbonate rocks within the Pahakurkio group also complicate the
distinction between the Pahakurkio and Veikkavaara groups.

Lithogeochemistry
Methods

Sample preparation was carried out by ALS Minerals in Pited (Sweden) and subsequent analytical work
performed at ALS Minerals lab in Vancouver (Canada). Preparation involved crushing samples and
pulverising to a powder using low-chrome steel grinding mills. The lithogeochemical analysis at ALS
was conducted using the whole-rock major and trace element package CCP-PKGO1, a combination of
different methods. Lithium metaborate fusion ICP-AES (ME-ICP06) was used for major elements.
Total carbon and sulphur was analysed using a LECO analyser (ME-IR08), where the sample (0.01 to
0.1 g) is heated to approximately 1350°C in an induction furnace while passing a stream of oxygen
through the sample. Total sulphur and carbon is measured by an IR detection system. Trace elements,
including the full rare earth element suite, are reported from three types of sample digestion with either
ICP-AES or ICP-MS analysis: lithium borate fusion for the resistive elements (ME-MS81), four-acid
digestion for the base metals (ME-4ACD81), and aqua regia digestion for the volatile gold-related trace
elements (ME-MS42). In addition to the new data, some old chemical analyses (SGU data & Niini-
skorpi 1986) were used, in which major and trace elements were analysed by XRF, ICP-AES and ICP-
MS. Geochemical diagrams were made using GCD kit software (Janousek et al. 20006).

Metavolcanic rocks

Many metavolcanic rock samples are sodium- or potassium-altered according to the diagram by
Hughes (1973, Fig. 9A), but immobile trace element, mantle-normalised spider plots show nearly
identical patterns between averaged values of altered and unaltered samples within the groups (Fig. 9F).
Strongly scapolite- and biotite-altered rocks within the Pahakurkio group are strongly potassium
enriched, but show a trace element signature similar to volcanic rocks in the Kalixilv group. Most
samples contain 52-66% SiO,, and are thus intermediate to weakly acid in composition (Table 1,
Fig. 9C). Rocks of the Sakarinpalo suite are generally more silica rich (54.0-72.6% SiO,), than volca-
nic rocks in the Pahakurkio and Kalixilv groups (48.6-63.5% SiO,,); the latter even includes a few
samples of basic composition (Fig. 9C). Using the Nb/Y — Zt/TiO, classification plot of Pearce (1996),
most samples classify as andesite, with a few samples as basalt, trachy-andesite, trachyte and rhyolite-
dacite (Fig. 9B). Based on the Al — Fe, + Ti — Mg ternary classification diagram of Jensen (1976), most
samples plot in the basalt-andesite fields and a few samples in the dacite-rhyolite fields, along a low
Fe-Ti, calc-alkaline trend. The TiO, content of the volcanic rocks in the Masugnsbyn area is rela-
tively low, averaging 0.74% (+0.16, 1o, n =26, Fig. 9E) and similar to the volcanic rocks in Norrbotten
classified as belonging to the “Porphyrite group” (Offerberg 1967, Martinsson & Perdahl1995, Bergman
et al. 2001). The stratigraphically higher Kiirunavaara group rocks are generally more evolved, with
higher values for Ti and Zr (e.g. Bergman et al. 2001).

Volcanic rocks in the Masugnsbyn area record similar chondrite-normalised (Boynton 1984) rare
earth element (REE) patterns, enriched in light REEs over heavy REEs, (La/Yb)y=10.5 +3.3
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(Fig. 9H, 1o, n=26). The La-Sm section has a steeper slope ((La/Sm)y = 3.8 £0.67 (10)) than the Gd-Lu
section, which shows an almost flat profile (Gd/Lu)y =1.6 +£0.38 (15). Volcanic rocks from the Sakar-
inpalo and Pahakurkio groups generally have a weak negative Eu anomaly (Eu/Eu*=0.78 £0.17 (1o,
n=13)), in contrast to the volcanic rocks of the Kalixilv group, which have no significant Eu anomaly.

The primitive mantle-normalised (McDonough & Sun 1995) spider diagram shows enrichment in
the large ion lithophile elements, with a pronounced negative Nb-Ta anomaly, but also negative anom-
alies in Tiand P (Fig. 9G). The patterns for the averaged values of the different groups are similar, but
rocks in the Sakarinpalo suite and Pahakurkio groups show a strong negative anomaly in Sr compared
with rocks in the Kalixilv group. Although very similar element patterns are seen for all rocks, the
volcanic rocks from the southeastern part of the Masugnsbyn area can be grouped with the Kalixilv
group, and the highly altered rocks in the Pahakurkio group with Sakarinpalo suite. The spider diagram
pattern shows a typical upper continental crustal signature, except for the low amounts of Sr, which
may be due to post-depositional alteration.

Metasedimentary rocks

Sediment maturity can be expressed by SiO, content and the SiO,/Al,O; ratio, reflecting the abun-
dance of quartz, clay (mica) and feldspar. Herron (1988) proposed a geochemical classification diagram
of terrigenous sands and shales using log (Fe,O5/K,0O) versus log (SiO,/Al,O;). The SiO,/Al,O; ratio
separates Si-rich quartz-arenites from Al-rich shales, with other sand types showing intermediate val-
ues. The Fe,O;t/K,O ratio separates lithic sands (litharenites and sublitharenites) from feldspathic
sands (arkoses and subarkoses). Shale is identified on the basis of a very low SiO,/Al,O; ratio. Sand-
stones from the Pahakurkio group are classified as arkoses to mainly subarkoses, whereas mica schists
from the same group are classified as shales to wackes, except one sample that falls in the arkose field
(Fig. 10A). The amphibole-bearing dark sandstone and conglomerate from the Kalixilv group also
classify as wackes, except for one more quartz-rich leucocratic sandstone that classifies as arkose
(Fig. 10A).

Another useful index of chemical maturity is the alkali content (Na,O+K,0), which corresponds
to the feldspar and clay (mica) content. The K,0O/Na,O ratio reflects the relative abundance of potassic
feldspar and mica versus plagioclase, but is also affected by the compositions of the feldspars present.
In a K,0O/Na,O versus SiO, plot (Fig. 10B), the dark, amphibole-bearing sandstone and conglomerate
samples in the Kalixilv group have lower K,0/Na, O ratios (0.31-0.59) and SiO, (58.9—-61.5%, Table 2)
content than the more mature, quartz-rich sandstones within the Kalixilv and Pahakurkio groups
(§iO,: 75.6—85.4 % and K,0O/Na, O ratios: 0.90-29.1). The difference in sodium and potassium content
is also seen in a triangular Na,O-MgO+Fe,O,t—K,O diagram (Fig. 10E). This shows that the dark
Kalixilv sandstone has a more plagioclase-rich, intermediate composition, similar to that of the meta-
andesitic volcanic rocks, suggesting these contain a significant proportion of volcanoclastic or volca-
nogenic sedimentary material. The more mafic character of the dark sandstone is also reflected in the
elevated magnesium and iron content illustrated in Figure 10E or in a bivariate plot of Al,0,/SiO,
versus (MgO+Fe,O,t; Fig. 10C); the latter has also been used to discriminate sandstone from different
tectonic settings (Bathia 1983). The “arc-setting” of the dark Kalixilv sandstones possibly reflects their
volcanogenic nature, also seen in Figure 10B. Mica schist samples also have elevated K,0/Na,O ratios,
as well as fairly high magnesium and iron content, reflecting their biotite (muscovite)- rich nature. A
discriminate function diagram for provenance signatures of sandstone-mudstone suites using major
element ratios has been proposed by Roser & Korsch (1988, Fig. 10D). The dark Kalixilv group sand-
stone and conglomerate samples have intermediate or mafic igneous signatures, whereas the remaining
samples have a felsic igneous or quartzose signature. A trace element plot using, e.g., Sc, Th and Zr
(Fig. 10F) also highlights the difference between the sandstones from the Kalixilv and Pahakurkio
groups, with the more mafic sandstones showing higher Sc and lower Zr content.
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Table. 2. Lithochemistry of meta-sandstone samples.

Sample Unit Method FHM140080A  FHM140078A FHM140090A  FHM140087A FHM140088A  FHM140088B
code
N 7492866 7493033 7486133 7487718 7487141 7487141
E 804620 804679 803332 799248 800148 800148
Rock Sandstone Sandstone Sandstone Sandstone Sandstone Sandstone
Stratigraphic Pahakurkio Pahakurkio Pahakurkio Kalixalv Kalixalv Kalixalv
unit group group group group group group
Sio, % ME-ICPO6 85.40 85.90 7770 75.90 61.50 63.70
Al,O5 % ME-ICPO6 6.56 5.66 1.35 813 15.55 15.35
Fe,O5t % ME-ICPO6 2.23 3.65 2.24 5.09 763 5.88
Cao % ME-ICPO6 0.08 0.07 0.86 3.52 3.76 5.44
MgOo % ME-ICPO6 130 0.67 0.90 139 3.30 2.08
Na,O % ME-ICPO6 0.08 1.22 346 147 4.54 4.54
K,0 % ME-ICPO6 233 2.65 312 210 2.68 1.52
Cr,0, % ME-ICPO6 0.01 0.03 0.01 0.01 0.01 0.01
TiO, % ME-ICPO6 0.28 0.59 0.39 0.46 0.65 0.63
MnO % ME-ICPO6 0.02 0.01 0.03 0.6 0.08 0.09
P,0s % ME-ICPO6 0.05 0.04 0.3 013 0.20 018
Sro % ME-ICPO6 <0.01 <0.01 0.02 0.01 0.05 0.06
BaO % ME-ICPO6 0.04 0.10 0.09 0.03 0.08 0.09
LOI % OA-GRAO5 110 0.41 0.36 1.50 0.62 114
Total % TOT-ICPO6 99.48 101.00 100.66 99.90 100.65 100.71
C % C-IRO7 <0.01 <0.01 0.04 0.31 0.01 012
S % S-IRO8 0.01 0.01 <0.01 0.02 0.01 <0.01
Ba ppm  ME-MS81 434 919 825 234 662 755
Ce ppm  ME-MS81 1.8 304 70.4 29.0 459 46.4
Cr ppm  ME-MS81 80 210 70 90 80 100
Cs ppm  ME-MS81 243 0.77 1.96 1.86 6.18 037
Dy ppm  ME-MS81 1.95 2.54 3.88 237 2.4 2.83
Er ppm  ME-MS81 1.48 133 2.23 134 1.45 172
Eu ppm  ME-MS81 0.36 0.74 118 0.64 0.95 115
Ga ppm  ME-MS81 81 6.6 1.8 9.2 16.7 16.1
Gd ppm  ME-MS81 144 2.65 4.87 2.55 3.25 3.57
Hf ppm  ME-MS81 27 4.5 78 3.2 24 37
Ho ppm  ME-MS81 0.47 0.46 0.74 0.52 0.49 0.55
La ppm  ME-MS81 43 13.3 353 13.7 233 233
Lu ppm  ME-MS81 019 0.20 0.30 019 0.20 0.23
Nb ppm  ME-MS81 4.6 44 6.1 4.0 5.6 5.0
Nd ppm  ME-MS81 47 15.8 32.3 14.0 21.8 235
Pr ppm  ME-MS81 132 3.75 8.33 3.45 5.45 5.56
Rb ppm  ME-MS81 80.7 476 85 751 125 26.1
Sm ppm  ME-MS81 118 3.27 5.89 2.81 3.94 4.56
Sn ppm  ME-MS81 2 1 1 1 1 4
Sr ppm  ME-MS81 75 14.4 136.5 491 406 524
Ta ppm  ME-MS81 0.4 0.4 0.6 03 0.4 04
Tb ppm  ME-MS81 0.25 0.32 0.60 043 0.45 0.50
Th ppm  ME-MS81 6.01 3.7 9.55 4.92 430 4.59
Tm ppm  ME-MS81 019 018 0.29 019 019 0.26
U ppm  ME-MS81 0.76 1.28 1.93 1.47 1.08 1.64
V ppm  ME-MS81 65 100 45 109 125 n7
W ppm  ME-MS81 2 2 2 4 2 2
N ppm  ME-MS81 12.9 1.4 21.2 12.6 14 15.9
Yb ppm  ME-MS81 148 119 217 135 1.4 1.62
Zr ppm  ME-MS81 98 169 294 123 94 130
As ppm  ME-MS42 0.4 0.2 0.1 0.9 0.6 0.9
Bi ppm  ME-MS42 0.03 0.02 0.06 0.04 0.01 0.05
Hg ppm  ME-MS42 <0.005 <0.005 0.005 <0.005 <0.005 <0.005
Sb ppm  ME-MS42 0.05 0.07 <0.05 0.25 0.05 017
Se ppm  ME-MS42 <0.2 <0.2 0.3 0.2 0.2 0.3
Te ppm  ME-MS42 <0.01 <0.01 <0.01 0.01 <0.01 <0.01
Ag ppm ME-4ACD81  <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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Table. 2 continues

Sample Unit  Method FHM140080A FHM140078A FHM140090A FHM140087A FHM140088A FHM140088B
code

N 7492866 7493033 7486133 7487718 7487141 7487141

E 804620 804679 803332 799248 800148 800148

Rock Sandstone Sandstone Sandstone Sandstone Sandstone Sandstone

Stratigraphic Pahakurkio Pahakurkio Pahakurkio Kalixalv Kalixalv Kalixalv

unit group group group group group group

cd ppm  ME-4ACDS81 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co ppm  ME-4ACD81 8 14 6 10 19 21

Cu ppm  ME-4ACD81 2 5 <1 12 4 21

Li ppm  ME-4ACDS81 20 10 20 20 30 10

Mo ppm  ME-4ACD81 <1 1 <1 <1 <1 <1

Ni ppm  ME-4ACDS81 32 36 18 23 28 23

Pb ppm  ME-4ACDS81 <2 <2 4 <2 2 <2

Sc ppm  ME-4ACDS81 5 4 7 10 14 16

Zn ppm  ME-4ACDS81 15 9 31 16 36 35

Au ppm  PGM-ICP23 <0.001 <0.001 <0.001 0.001 <0.001 <0.001

cl ppm CI-IC881 1o 160 50 1310 690 940

Lithogeochemical analysis were conducted at ALS Minerals in 2014 & 2015 using analytical packages referred to as CCP-PKGO1, PGM-ICP23, CI-IC881.

ALS method code refers to analytical method used for each element and is described in ALS methodology factsheets at www.alsglobal.com,
see also the main text.

All rocks are metamorphic, with prefix meta- to be added to the rock names.

The metasedimentary rocks record similar chondrite-normalised rare earth element (REE) patterns,
enriched in light REEs over heavy REEs (Fig. 11A), with averaged values very similar to mean values
for volcanic rocks in the Masugnsbyn area (Fig. 11C). A primitive mantle-normalised spider diagram
shows a typical upper continental crustal signature, except for the low amounts of Sr, which are seen
in both sedimentary and volcanic rocks of the Pahakurkio group (Fig. 11B, D). The normalised element
pattern is characterised by enrichment in the large ion lithophile elements with a pronounced negative
Nb-Ta anomaly, but also negative anomalies in Tiand P, in addition to the negative Sr anomaly in the
Pahakurkio group rocks. In contrast, basalts of the Veikkavaara greenstone group show a flat REE
profile, and an enriched MORB trace element signature (Fig. 11E, Lynch et al. 2018b). However,
graphite schist and skarn-banded chert in the Veikkavaara group show an LREE-enriched pattern and a
negative Nb-Ta anomaly, suggesting an upper continental crustal source for these sediments (Fig. 11E-F).
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<« Figure 9. Geochemistry of metavolcanic rocks. A. Hughes igneous spectrum. B. Nb/Y — Zr/Ti classification diagram (Pearce
1996, based on Winchester and Floyd 1977). C. Zr/TiO, - SiO, classification diagram (Winchester & Floyd 1977). D. (Fe' + Ti) — Al —
Mg classification diagram (Jensen 1976). E. Zr — Ti diagram. Data from metavolcanic rocks classified as “Porphyrite group” in the
Norrbotten ore province are shown as grey, contoured background (n = 67, SGU database). F. Spider plot with data normalised to
normal mid-ocean ridge basalt (N-MORB, Sun & McDonough 1989), comparing averaged data from unaltered versus altered
rocks of the Kalixalv group and the Sakarinpalo suite, respectively. G. Spider plot with mean data of groups normalised to primi-
tive mantle (McDonough & Sun 1995). H. REE spider plot with averaged data of groups normalised to chondrite (Boynton 1984).
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Figure 10. Geochemistry of sedimentary rocks in the Masugnsbyn area. A. Log(Fe,0,/K,0) — log(Si0,/Al,O;) classification diagram
of terrigenous sandstones and shales (Herron 1988). B. Log(K,0/Na,0) — SiO, discrimination diagram for sandstone-mudstone
suites (Roser & Korsch 1986). C. Al,0,/SiO, — MgO + Fe,0,t discrimination diagram for sandstones (Bathia 1983). D. DF2 — DF1
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Figure 1. Trace element spider diagrams showing data on sedimentary rocks in the Masugnsbyn area. A-B. Spider diagram with
data from meta-sandstones in the Pahakurkio and Kalixalv groups normalised to chondrite (A) and primitive mantle (B), respec-
tively. C-D. Spider diagrams with averaged data from meta-sandstones in the Pahakurkio and Kalixadlv groups normalised to
chondrite (C) and primitive mantle (D), respectively. Averaged values of Svecofennian volcanic rocks from Masugnsbyn are
shown for comparison. E=F. Spider diagrams with data on the Veikkavaara greenstone group rocks normalised to chondrite (E)
and primitive mantle (F), respectively, for comparison of trace element patterns with the Svecofennian rocks above.

Geochronology
Methods

SIMS analysis

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 transpar-
ent epoxy resin together with chips of the reference zircon 91500. The zircon mounts were polished
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and, after gold coating, examined by Back Scattered Electron (BSE) and Cathodoluminescence (CL)
imaging using electron microscopy at EBC, Uppsala University and at the Swedish Museum of Natural
History in Stockholm. High-spatial resolution secondary ion mass spectrometer (SIMS) analysis was
carried out in November and December 2014 using a Cameca IMS 1280 at the Nordsim facility at the
Swedish Museum of Natural History in Stockholm. Detailed descriptions of the analytical procedures
are given in Whitehouse et al. (1997, 1999), and Whitehouse & Kamber (2005). An approximately 6
nA O? primary ion beam was used, yielding spot sizes of approximately 15 pm. Pb/U ratios, elemen-
tal concentrations and Th/U ratios were calibrated relative to the Geostandards zircon 91500 reference,
which has an age of approximately 1065 Ma (Wiedenbeck et al. 1995, 2004). Common Pb-corrected
isotope values were calculated using modern common Pb composition (Stacey & Kramers 1975), and
measured 2*“Pb where the 2°“Pb count exceeded the detection limit. Decay constants follow the recom-
mendations of Steiger & Jiger (1977). Diagrams and age calculations of isotopic data were made using
Isoplot 4.15 software (Ludwig 2012). CL imaging using electron microscopy was also carried out after
the SIMS analysis at the Swedish Museum of Natural History in Stockholm to confirm the location
of analysed spots.

Laser ablation ICP-MS analysis

Zircon U-Pb geochronology was carried out on mineral separates embedded in epoxy mounts by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Geological Survey of
Denmark and Greenland (GEUS). An NWR213 frequency-quintupled solid state Nd:YAG laser sys-
tem from New Wave Research/ESI mounted with a TV2 ablation cell was coupled to an ELEMENT
2 double-focusing single-collector magnetic sector-field ICPMS from Thermo-Fisher Scientific. The
mass spectrometer was equipped with a Fassel-type quartz torch shielded with a grounded Pt electrode
and a quartz bonnet. To ensure stable laser output energy, a laser warm-up time of ~15 minutes was
used before operation, providing stable laser power and flat ablation craters from a “resonator-flat”
laser beam. The mass spectrometer was run for at least one hour before analyses to stabilise the back-
ground signal. Before loading, samples and standards were carefully cleaned with ethanol to remove
surface contamination. After insertion, the ablation cell was flushed with helium gas to minimise gas
blank level. The ablated material was swept by the helium carrier gas and mixed with argon (sample)
gas of the spectrometer approximately 0.5 m before entering the plasma in the mass spectrometer.
Immediately before the analyses, the ICP-MS was optimised for dry plasma conditions by continuous
linear ablation of the GJ-1 zircon standard. The signal-to-noise ratios for the heavy mass range of inter-
est (i.e. from 2°2Hg to 238U), emphasising 2**U and 2°°Pb, were maximised, while opting for low element-
oxide production levels by minimising the 2*UQO,/?*¥U ratio. To minimise instrumental drift, a
standard-sample-standard analysis protocol was followed, bracketing eight sample analyses by six
measurements of the Geostandards zircon 91500 reference. The GJ-1 (Jackson et al. 2004) and Pleso-
vice (Slama et al. 2008) reference zircons were used for quality control of the standard analyses, and
yield average age accuracies and precisions of < 3%. Data were acquired from single spot analysis of
25 pm, using nominal laser fluence of ~10 J/cm? and a pulse rate of 10 Hz. Total acquisition time for
a single analysis was maximum 1.5 minutes, including 30-second gas blank measurement followed by
laser ablation for 30 seconds and washout for 20 seconds. Factory-supplied software was used to acquire
transient data, obtained through automated running mode of pre-set analytical locations. Data reduc-
tion and calculation of ratios and ages were performed offline using lolite software (Hellstrom et al.
2008, Paton et al. 2011), using the Iolite-integral VizualAge DRS data reduction scheme (Petrus &
Kamber 2012). This DRS includes a correction routine for down-hole isotopic fractionation (Paton
et al. 2010), and provides procedures for data requiring correction for common Pb.
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Sample description and analytical results

Geochronology sample data are summarised in Table 3.

Feldspar porphyric, intermediate metavolcanic rock (FHM140069), Sakarinpalo suite

The rock sampled for dating is a sparsely feldspar porphyric, intermediate metavolcanic rock with
1-2 mm feldspar phenocrysts in a fine-grained matrix (Fig. 3, 12A). The thin section shows a recryst-
allised, granular, polygonal texture, in which phenocrysts are partly recrystallised to aggregates
(Fig. 12C). Parallel-oriented, dispersed grains of biotite define a foliation. The groundmass is domi-
nated by K-feldspar, plagioclase, quartz and biotite, with subordinate amounts of opaques and mus-
covite, the latter also occurring as veins. There are trace amounts of apatite, zircon and tourmaline.
The heavy mineral separate is rich in transparent zircon, mostly with subhedral, prismatic crystal
shapes. CL imaging shows a well-developed oscillatory zonation, in some grains apparently forming
as different generations (Fig. 12E). However, analyses reveal no age difference between different tex-
tural domains. A total of 13 zircon analyses were performed. These contain 81-207 ppm uranium and
have rather uniform Th/U ratios of 0.42—0.85 (Table 4). All analyses are concordant and record a
concordia age of 1890 +5 Ma (Fig. 12G, 26, n=13, MSWD of concordance. + equivalence =1.2, prob-
ability of concordance + equivalence=0.22).

The 27Pb/?%°Pb-weighted mean age is 1887 +6 Ma (20, MSWD = 1.4, probability = 0.18, n=13), i.e.
within error the same age as the concordia age. The Concordia age is chosen as the best age estimate,
interpreted to date igneous crystallisation of the metavolcanic rocks of the Sakarinpalo suite at
approximately 1.89 Ga.

Feldspar porphyritic meta-andesite (FHM140084B), Kalixilv group

A feldspar porphyritic meta-andesite was sampled approximately 1 km up-section to the basal con-
glomerate in the Kalixilv group. The meta-andesite has a high magnetic susceptibility and the outcrop
spatially coincides with a north—south-trending, positive magnetic anomaly that continues southwards
beyond the river. The rock is grey and contains 1-2 mm plagioclase phenocrysts in a fine-grained
matrix of plagioclase, microcline and quartz, with subordinate amounts of magnetite, biotite, green
pleochroic hornblende and titanite with traces of zircon (Fig. 12B, D). The plagioclase is partly sericite-
altered and contains calcite and very fine opaques.

Table 3. Summary of geochronology sample data.

Sample Lab-id  Rocktype Stratigraphicunit N S Locality U-Pb dating Nd

FHM140069A n5164  Andesite Sakarinpalosuite 7502412 803618 Pahtajankka ~ Nordsim, NRM X

FHM140084B n5174 Andesite Kalixalv group 7487854 799400  Sarikoski Nordsim, NRM X

FHM140078A Sandstone Pahakurkio group 7493033 804679  Hietajoki LA ICP-MS; GEUS X
(sub-arkose)

FHM140088B Sandstone Kalixalv group 7487141 800148 Sarikoski LA ICP-MS; GEUS X
(intermediate)

RR96128 ni383 Sandstone Pahakurkio group 7486200 803000 Pahakurkio Nordsim, NRM

(sub-arkose)

Nd = Sm-Nd isotopic analyses performed at GTK lab, Espoo, Finland.
All rocks are metamorphic with prefix meta- to be added to rock name.

» Figure 12. Geochronology of metavolcanic rocks from the Sakarinpalo suite and the Kalixalv
groups. A. Dated sample of feldspar porphyric meta-andesite from the Sakarinpalo suite northeast
of Masugnsbyn (FHM140069A; (7502412 / 803618). B. Dated sample of feldspar porphyric meta-
andesite from the Kalixélv group (FHM140084B; 7487854 / 799400). C=D. Thin section cross-polar-
ised light views of dated volcanic samples. E=F. Cathodoluminescence (CL) images of dated zircons
from sample FHM140069A and Back-scattered electron (BSE) images of analysed zircon from
FHM140084B. Ellipses mark the locations of analyses. Numbers refer to analytical spot number in
Table 4. G—H. Tera Wasserburg diagram showing U-Pb SIMS data of zircon. Error ellipse of calculated
weighted mean age is shown in red. Coordinates are given in SWEREF 99TM.
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The heavy mineral concentrate is rich in titanite, but there are also small amounts of weakly coloured,
greyish and transparent zircon with subhedral to euhedral crystal shapes. Microfractures and inclusions
are common. Back-scattered (BSE) imaging shows an internal oscillatory zonation in the zircon, and
textural older cores are evident in some grains (Fig. 12F). Altogether, 11 zircon analyses were performed.
These contain 99-296 ppm uranium and have rather uniform Th/U ratios of 0.39—-0.68, exceptanalysis
7a, which has a ratio of 0.09 (Table 4). Two discordant analyses (9a, 10a) have high values for common
lead and are excluded from the age calculations. One analysis (la) located in an textural older core,
records an older age of approximately 1.91 Ga, compared with the other analyses, and is interpreted as
inherited. Eight analyses are concordant and record a concordia age of 1887 +5 Ma (Fig. 12H, 2a,
MSWD of concord. + equiv. =1.3, probability (concord. + equiv.) = 0.19, n = 8). The 2”Pb/2%°Pb-weight-
ed mean age is 1888 +5 Ma (2o, MSWD = 1.5, probability =0.17, n=8) or 1889 +5 Ma including the
discordant analysis 7a (MSWD =1.3, probability=0.2, n=9). The concordia age of 1887 +5 Ma is

chosen as the best age estimate and is interpreted to date igneous crystallisation of the meta-andesite.

Meta-sandstone (FHM140078A), lower sandstone unit Pahakurkio group

A subarkosic meta-sandstone was sampled from the lower sandstone unit in the Pahakurkio group
(Fig. 2), approximately 300 m west of the contact with the dolomite of the Veikkavaara greenstone
group (Fig. 3). The outcrop at the sampled locality shows a planar bedded meta-arkose, with thin,
I-mm-wide laminas enriched in heavy minerals. The bedding dips steeply eastwards with cross-bedding
in the unit showing way-up towards the east. 20 metres above (west of) the sampled rock is a
approximately 20 m wide, highly magnetic, skarn-banded rock unit of intermediate composition,
possibly of volcanic origin, as suggested by its similar chemical composition to volcanic rocks in Mas-
ugnsbyn. The meta-subarkose is dominated by quartz, usually with finer-grained feldspar (microcline
and plagioclase). Biotite occurs between the quartz grains in a polygonal to seriate recrystallised texture
(Fig. 13A, C). Some feldspar grains are of a similar size to the quartz grains. Parallel-oriented, dispersed
grains of biotite define a foliation. There are larger grains of ilmenite enriched in laminas, together
with other heavy minerals, rutile (?) and zircon.

The heavy mineral concentrateisrich inzircon, rounded, anhedral to subhedral, colourless transparent
to brownish turbid. Ilmenite, rutile, tourmaline, and possibly garnet were also recovered. BSE images
show zircons to have variable internal structures, many grains with oscillatory or patchy zonation
(Fig. 14A). Some grains contain clearly xenocrystic cores and some have homogenous BSE-bright
outer domains. Microcracks in the zircon are common and many grains show irregular BSE-dark,
probably metamict domains. Altogether, 149 zircon analyses were carried out. 104 of these were less
than 5% discordant and selected for plotting in the age distribution diagram (Table 5, Fig. 14C-D).
The zircon age population is dominated by 2.15-1.90 Ga Karelian—Svecofennian ages (66% of the
entire zircon population) and 2.95-2.62 Ga Archaean ages (30%), with a few results outside these
ranges. Two analyses have ages at 2.44 & 2.50 Ga (2%) and a single analysis is dated at approximately
3.29 Ga (1%). The younger age group peaks at 2.04 Ga, with a smaller peak at 1.92 Ga (Fig. 14C). The
nine youngest zircons give a 20’Pb/?°°Pb-weighted mean age of 1911 +10 Ma (Fig. 14F, MSWD = 0.14,
probability = 0.997), suggesting a maximum depositional age of Pahakurkio group sedimentary rocks
of approximately 1.91 Ga.

Meta-sandstone (RR96128), upper sandstone unit, Pahakurkio group

A meta-sandstone was previously sampled by Roy Rutland in the upper sandstone unit of the Pahakurkio
group, upstream of the Pahakurkio rapids on the river Kalixilven. The locality contains flat-lying
ripple- and rill-marked meta-sandstones of subarkosic composition. Zircons from this sample were
previously dated at Nordsim in 2004. 13 analyses from 8 zircon grains were carried out. These contain
101-793 ppm U and Th/U ratios of 0.26—0.99, except two CL-dark rim analyses, which have Th/U
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Figure 13. Provenance geochronology of meta-sandstones of the Pahakurkio and the Kalixalv groups. A-B. Dated samples of meta-
sandstone from the Pahakurkio group (A, sub-arkose) and Kalixalv group (B, intermediate amphibole-bearing). C=D. Photomicro-
graphs in cross-polarised light of dated samples of meta-sandstones from the Pahakurkio group (C) and the Kalixalv group (D).

ratios of 0.06 and 0.09 (Table 6). The analyses are concordant or weakly discordant at the two-sigma
error level, with low amounts of common lead. Although a very limited number of analyses were made,
these give similar age results to the dated sample from the lower sandstone unit. The 2”Pb/2°°Pb zircon
ages range from 1.89 to 2.09 Ga, with one analysis at 2.65 Ga (Fig. 15). The three youngest zircons give
a 27Pb/?°Pb-weighted mean age of 1896 +10 Ma (Fig. 15), suggesting a maximum depositional age of
approximately 1.90 Ga, i.e. similar to the lower Pahakurkio sandstone unit.

» Figure 14. Provenance geochronology of meta-sandstones of the Pahakurkio and Kalixalv
groups. A—B. Selection of BSE-images of dated zircons from the two provenance samples.

C. Probability density diagram showing 2°7Pb/2°Pb zircon age spectra (<5% discordant) from the
Pahakurkio group sample (red) and Kalixalv group sample (green). n = number of zircon analyses
measured in each sample used to construct the curves in the diagram. >5% discordant analyses
are excluded; see Table 5. D—E. Diagrams showing <5% discordant >°7Pb/2°®Pb zircon ages from
the Pahakurkio group sample(D) and the Kalixalv group sample (E). F=G. Estimated maximum
depositional ages from the youngest group of zircon analyses from the Pahakurkio meta-sand-
stone (F) and the Kalixalv meta-sandstone (G). The three youngest ages from the Kalixalv group
sample were excluded from the maximum depositional age calculation, assuming secondary
partial resetting of the U-Pb isotopic system in these.
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Figure 15. Diagram showing U-Pb SIMS data on a meta-sandstone sample from the upper part of Pahakurkio group. A maximum
depositional age is calculated from the three youngest zircons (in green).

Meta-sandstone (FHM140088B), Kalixilv group

A cross-bedded, amphibole-bearing meta-sandstone was sampled immediately above the basal con-
glomerate, approximately 250 m west of the contact with the Pahakurkio group (Fig. 2-3, 13B). The
rock is fine-grained with a recrystallised evenly-grained, polygonal texture, but grains of hornblende
tend to be slightly larger (Fig. 13D). The main minerals are quartz, K-feldspar, plagioclase, green horn-
blende and biotite, with subordinate amounts of cordierite and calcite, the latter interstitial between
quartz grains. Accessory phases are epidote, monazite, zircon, magnetite and fluorite. A few metres
above the sampled rock is a laminated (1-10 mm) cordierite, quartz, and hornblende meta-sandstone,
where magnetite-rich laminas alternate with laminates with subordinate amounts of opaques (Fig. 8C).
Other layers consist of larger proportions of quartz, K-feldspar and amphibole, with subordinate
amounts of biotite and cordierite.

The heavy mineral concentrate is rich in zircon, with subhedral to rounded, anhedral crystal shapes,
generally with better developed crystal shapes than in the Pahakurkio group sample. Some grains of
monazite, amphibole and magnetite are also seen. BSE images show variable internal structures, many
grains showing oscillatory or patchy zonation (Fig. 14B). Some grains have clearly xenocrystic cores.
Microcracks in the zircons are common and many grains show BSE-dark, probably metamict domains.
149 zircon analyses were carried out. 92 analyses of these were less than 5% discordant and selected
for plotting in the age distribution diagram (Table 5, Fig. 14C, E). This sample shows a similar age
distribution to the Pahakurkio meta-sandstone sample (FHM140078), but generally trends towards
somewhat younger ages (Fig. 14C). The zircon age population is dominated by 2.15-1.86 Ga ages (81%)
and 2.96-2.55 Ga ages (11%), with a few analyses outside these ranges. Two analyses have ages of
approximately 3.38 and 3.58 Ga (2%), three analyses of 2.52-2.47 Ga (3%) and three of approxi-
mately 1.85-1.84 and 1.80 Ga (3%). The significance of young ages is uncertain, but they may reflect
secondary partial resetting of the U-Pb isotopic system, or lab contamination. The youngest zircon
(no 35, Fig. 14B) is homogenous BSE-dark. Excluding this, the second and third-youngest zircons (no
63, 111), the 2*’Pb/**°Pb-weighted mean age of the 13 youngest analyses is 1873 +8 Ma (Fig. 14G).
Including analyses 63 and 111 marginally lowers the mean age to 1870 £7 Ma. The maximum depo-
sitional age is estimated to be approximately 1.87 Ga.
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Sm-Nd isotopic analysis
Method

For whole-rock Sm-Nd analysis, 120-200 mg of powdered sample was spiked with a *Sm-"'Nd
tracer. The sample-spike mixture was dissolved in HF-HNO; in sealed Teflon bombs in an oven at
180°C (felsic rocks) or in Savillex screw-cap beakers on a hot plate (mafic rocks) for 48 hours. Before
dissolving the residue in 6.2 N HCI, the fluorides were gently evaporated using HNO;. Conventional
cation exchange chromatography was used to separate the light rare earth elements and Sm and Nd
were further separated by a modified Teflon-HDEHP (hydrogen di-ethylhexyl phosphate) method
(Richard et al. 1976). Total procedural blank was <0.5 ng for Nd. Isotope ratios were measured on a
VG Sector 54 TIMS using Ta-Re triple filaments. Nd isotope ratios were measured in dynamic mode
and Sm isotopes in static mode. Nd ratios are normalised to “°Nd/*4Nd = 0.7219. Based on several
duplicate analyses, the error of the ¥’Sm/"4Nd is estimated to be better than 0.6%. The long-term
average *Nd/"4Nd for the La Jollastandard is 0.511850 +0.000010 (standard deviation for 220 measure-
ments during 1996-2010). Recent analysis on BCR-1 yielded Sm = 6.63 ppm, Nd =28.88 ppm, *Nd/
144N d = 0.512640 £0.000010. The gy was calculated using A147Sm = 6.54 x 10122, 1/Sm/**4Nd = 0.1966,
and "*Nd/*Nd = 0.512640 for the present CHUR (Jacobsen & Wasserburg 1980). TDM was calcu-
lated after DePaolo (1981). Plotting and calculations of isotope data were performed using Isoplot
software (Ludwig 2012).

Results and interpretation of data

Sm-Nd isotopic analysis was performed on the same samples as selected for geochronology (see previ-
ous section). Two meta-andesitic samples from the Sakarinpalo suite and the Kalixilv group, record
ENd(L89Ga) -3-9 and 2.2 values, and depleted mantle model ages of approximately 2.4 Ga, respectively
(Table 7). Volcanic rocks of the Kiirunavaara group as well as early Svecokarelian intrusive rocks record
overall negative initial £ signatures (i.e. lie below the CHUR reference value (Fig. 16). This is suggested
to be a result of variable anatexis of the Archaean basement rocks, which by approximately 1.9 Ga had
acquired distinctly negative ey values (< -10; Fig. 16). Sm-Nd isotopic analyses of Palacoproterozoic
granitoids and metavolcanic rocks approximately delineate the Archaean palacoboundary zone be-
tween the reworked Archaean craton in the north and more juvenile Palacoproterozoic domains to the
south along the Luled—Jokkmokk zone in Sweden and along the Raahe—Ladoga zone in Finland (Fig. 1,
Huhma 1986, Ohlander et al. 1993, Mellgvist et al. 1999, Vaasjoki & Sakko 1988, Nironen 1997). In
contrast, Svecofennian arc volcanism in the Skellefte field south of the Norrbotten ore province records
positive initial £y signatures (exq(.g9G,) 2-7 and 4.0) close to the depleted mantle model line. It is sug-
gested that this is the result of ‘juvenile’ melts above a north-dipping subduction zone at the continen-
tal margin or possibly in an island arc accreted to the craton (Hietanen 1975, Nironen 1997, Weihed
etal. 2005). The Veikkavaara greenstones, which are part of Karelian, approximately 2.1 Garift-related
magmatism in Norrbotten, have whole-rock initial &y, values from 0.4 to +3.7 (Fig. 16), indicating
juvenile depleted to partly-enriched tholeiitic mantle melts with minor assimilation of older continen-
tal crust of the Archaean Norrbotten craton during magma ascent or storage (Lynch et al. 2018b).

Meta-sandstones from the Pahakurkio and Kalixilv groups record similar €y goc,) values at -3.0
and -3.9, respectively, consistent with a mixture of debris from predominantly 2.2-1.9 Ga and 3.0-2.6
Ga-old rocks, as suggested by U-Pb provenance zircon dating of these samples.
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Figure 16. Initial g4 versus time plot for rock samples from Masugnsbyn. Data from selected age groups and rock types from
northern Norrbotten are shown for comparison, as well as data from the Skellefte group volcanic rocks. DM = depleted mantle
model curve, based on DePaolo (1981), CHUR = chondrite uniform reservoir (e.g., DePaolo & Wasserburg 1976). The rocks are
metamorphic with the prefix meta- to be added to rock names. References to data: Ohlander et al. (1987a, b, 1993), Skiéld et al.
(1988), Kathol & Weihed (2005), Lynch et al. (2018b).

Table 7. Sm-Nd-isotopic data from Svecofennian supracrustal rocks in the Masugnsbyn area. Sm-Nd data from the Veikkavaara
greenstones are presented in Lynch et al. (2018b).

Sample N E Rocktype  Unit Sm Nd Sm/Nd “Sm/ Error  Nd/  Error €ng T-DM
Sweref  Sweref (ppm) (ppm) Nd 20 44Nd 126 1890 Ma (Ma)

FHM140069A 7502412 803618 Andesite Sakarinpalo 4.5 275 0.16 0.0991 0.0006 0.511231 0.000010 -3.9 2409
suite

FHM140078A 7493033 804679 Sandstone Pahakurkio 3.9 195 020 01194 0.0007 0.51525 0.000012 -3.0 2455
8rp

FHM140084B 7487854 799400 Andesite Kalixalvgrp 8.0 40.0 0.20 01204 0.0007 0.511578 0.000010 -2.2 2392

FHM140088B 7487141 800148 Sandstone Kalixalvgrp 4.3 224 0.19 01150  0.0007 0.511429 0.000010 -3.9 2495

Laboratory assistance by Leena Jarvinen and Arto Pulkkinen are acknowledged.

For methods see Huhma et al (2012).

Measurements were made on VG Sector 54 mass-spectrometer.

Errorin ¥Sm/"*Nd is 0.6% (spiked Sm and *°/**Nd was measured using single collector mode).

43Nd/"4Nd ratio is normalized to “®Nd/“**Nd=0.7219.

Long-term average *Nd/"*Nd for the La Jolla standard at GTK is 0.511851+0.00008 (standard deviation for 60 measurements during 2012).
Depleted mantle model age (T-DM) was calculated after DePaolo (1981).

Rocks are metamorphic with prefix meta- to be added to rock names.
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DISCUSSION AND PRELIMINARY CONCLUSIONS

Interpretation of the depositional environment for supracrustal rocks in the Pahakurkio and Kalixilv
groups is given below and mainly follows Padget (1970), Niiniskorpi (1986) and Kumpulainen (2000).
Heavy mineral layers and cross-bedding are common in the lower and upper sandstone units of the
Pahakurkio group, and ripple and rill marks are found locally, suggesting a coastal marine deposi-
tional environment affected by wave and possibly storm activity. The interval of pebbly conglomerates
may represent a storm event resulting in erosion on the shelf and transport of pebbly debris from the
shoreline setting. The gradual facies change from the deposition characterised by hummocky cross-
stratification and low-angle cross-bedding of the lower sandstone unit into the normally graded and
ripple-laminated sandy mudstones of the upper shale suggests a gradual increase in relative water depth,
where the locally graphite-bearing shales represent deposition in stagnant waters beneath the storm
wave base. There appears to be a gradual transition from the upper shale unit to the upper sandstone
unit, with localised normally graded bedding in the transition zone. Sandstone deposition gradually
takes over and the upper sandstone unit is characterised by horizontal lamination and low-angle cross-
bedding, which, together with common wave ripples, indicate a shallow water coastal depositional
environment, similar to the lower sandstone unit. Thus, the whole Pahakurkio group represents two
consecutive cycles of deepening and shallowing related to corresponding relative sea level changes. The
changes in relative water depth could depend on: (a) real sea level changes; (b) changes in input of
clastic material; (c) subsidence of the basin floor; or (d) a combination of these factors.

The sandstones of the Pahakurkio group are immature arkoses to subarkoses, and major and trace
element chemistry suggests predominantly continental crust source rocks. According to Boggs (2009),
feldspar-rich sandstones typically come from rapid erosion of feldspar-rich felsic to intermediate crys-
talline plutonic or metamorphic rocks, where chemical weathering is subordinate to physical weather-
ing. Transportation of the arkosic material results in better sorting and various degrees of grain round-
ing, especially when further transported into marine environments, where feldspar-rich sandstone may
be inter-bedded with a variety of marine deposits including shales, limestones, and evaporates. A marine
depositional environment for the Pahakurkio group sediments is further supported by the presence of
tourmaline as a common boron-bearing accessory phase in the sedimentary rocks. Carbonate layers
may represent chemically deposited sediments, whereas scapolite-rich rocks may have an evaporitic
origin.

The stratigraphically higher Kalixilv group consists of similar types of metasedimentary rocks to
the Pahakurkio group, i.e. originally shales and sandstone, but with a generally higher grade of meta-
morphic alteration and less preserved primary structures. Cross-bedding and wave-ripples can be seen
locally in quartzitic rocks, suggesting shallow water deposition. Thus, the depositional environment
appears similar to the Pahakurkio group, with vertical facies changes into relatively deeper water where,
in part, graphite-bearing shales represent deposition in stagnant waters beneath the storm wave base.
A distinct difference is the much greater abundance of volcanic and volcanogenic sedimentary rocks
in the Kalixilv group than in the Pahakurkio group. Extensive volcanism is a potentially important
heat source driving both hydrothermal alteration and the generation of minor Zn-Pb-Cu and Cu +Au
sulphide mineralisations that occur in the border zone between the Pahakurkio and Kalixilv groups.
However, the partly vein-hosted character suggests a later, epigenetic origin. A positive correlation
exists between B and Zn + Pb content in lithochemical analyses from the Kurkkionvaara Zn-Pb-Cu
mineralisation, suggesting a hydrothermal system with boron-rich fluids containing base metals
(Niiniskorpi 1986). Boron-rich fluids probably have a source in the metapelites, originally deposited
as marine sediments, and tourmaline-rich rocks could potentially be used as an exploration tool.

A maximum depositional age of the Kalixilv group of approximately 1.87 Ga, as suggested by U-Pb
zircon provenance age data, is somewhat lower than the 1887 +5 Ma U-Pb zircon age obtained from
the plagioclase porphyric meta-andesite within the same group, and the migmatisation age of
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1878 +3 Ma obtained from the high-grade southern part of the Masugnsbyn area (Hellstrom 2018).
The latter age must constrain the deposition of sediments as older than approximately 1.88 Ga. A
limited amount of SIMS analyses on zircon core domains from a migmatitic paragneiss record an age
distribution similar to the meta-arenite sample in this study, with the majority of ages in the 2.02—
1.92 Ga and 2.97-2.75 Ga intervals (Hellstrom 2018).

The lower sandstone sample (FHM140078A) in the Pahakurkio group shows a zircon age distribu-
tion pattern dominated by 2.15-1.90 Ga (66%) and 2.95-2.62 Ga ages (30%), similar to the inter-
mediate sandstone in the Kalixilv group, dominated by 2.15-1.86 Ga ages (81%) and 2.96-2.55 Ga
ages (11%). The younger age interval of the Pahakurkio group, however, has slightly older ages, peaking
at 2.04 Ga and with a maximum depositional age estimated at approximately 1.91 Ga from the young-
est zircons. Zircon age data from the Pahakurkio upper sandstone unit (sample RR96128) show a
similar age distribution pattern to the lower sandstone unit, although based on a very limited number
of analyses (n=13) of the former. The maximum depositional age is calculated from the three young-
est zircon grains at approximately 1.90 Ga, and is similar or slightly younger than the maximum
depositional age from the lower Pahakurkio sandstone unit.

Opverall, the zircon age distribution patterns are consistent with the Kalixilv group being younger
than the Pahakurkio group, according with field-based way-up determinations. The lower quantity of
Archaean zircons in the Kalixilv group sample (13%) compared with the Pahakurkio group sample
(31%), suggests that the Archaean basement was covered by Svecofennian rocks as the Svecokarelian
orogeny progressed, and thus erosion and deposition of debris from the latter were more predominant.
This scenario could explain the peak offset seen in the 2.2-1.9 Ga age interval between the Pahakurkio
and Kalixilv groups, with maximum peaks shifting from 2.04 to 1.93 Ga, although the Pahakurkio
sample does have a pronounced peak at approximately 1.92 Ga. Archaean rocks are exposed in the
Ristojaure 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 Réstojaure complex (Ohlander et al. 1993, Mellgvist et al. 1999). So far, there are few age
determinations from felsic to intermediate igneous rocks in the 2.2-1.92 Ga interval, but some do exist
from 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 along the Archaecan—Palaco-
proterozoic 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, Skiold et al. 1993, Romer et al. 1992;
Hellstrom 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 (Wasstrom 1993, 1996, Lundqvist
et al. 1998, Eliasson et al. 2001, Skiold & Rutland 2006). It can be concluded from zircon age prove-
nance data that 2.2-1.9 Ga felsic to intermediate rocks can be expected to be present to a far greater
extent than is known from present age determination of the rocks within the Svecokarelian orogen,
or suggest the presence of a still unlocated major continental block that must have existed somewhere
nearby to supply the abundant detritus material. This pattern is observed in several other provenance
studies of Svecofennian sedimentary rocks (e.g. Huhma et al. 1991, Claeson et al. 1993, Huhma et al.
2011, Lahtinen et al. 2015). The 2.5-2.2 Ga age interval seems to have been a “quiet” period with no
major rock-forming events, except for minor mafic magmatism (see compilation in Huhma etal. 2011).
Meta-sandstones from the Pahakurkio and Kalixilv group record similar &y g, values at-3.0 and
-3.9, respectively, which are consistent with mixture of debris from predominantly 2.2-1.9 Ga and
3.0-2.6 Ga old rocks, as suggested by U-Pb provenance zircon dating of these samples (cf. Huhma
1987).

It is suggested that deposition of epiclastic material occurred contemporaneously with volcanism at
approximately 1.89-1.88 Ga, with erosion and redeposition of volcanic material to form mixed epiclas-
ticand volcanoclastic sediments of the Kalixilv group. Sub-arkosic sandstone of the Pahakurkio group
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has a more mature, quartz-rich composition than the amphibole-bearing sandstones of the Kalixilv
group. Volcanic rocks seem to be much less abundant in the Pahakurkio group, except for the corre-
lated Sakarinpalo suite

The Sakarinpalo metavolcanic rocks occur spatially with rocks of the Veikkavaara greenstone group,
and are tentatively correlated with units within the Viscaria formation in the Kiruna Greenstone group
(cf. Martinsson 1997). However, U-Pb SIMS zircon geochronology dates an intermediate metavolca-
nic rock sample of the Sakarinpalo suite at 1890 +5 Ma, a Svecofennian age. Magnetic anomaly patterns
reveal a complexly folded internal structure for the Veikkavaara greenstones. Poly-phase deformation
and folding, together with the very low rock exposure complicates interpretation of way-up in the
stratigraphic succession. The Svecofennian age of the Sakarinpalo suite may even suggest inverted
younging, with way-up towards the core of the V-shaped Veikkavaara greenstone structure.

Strongly scapolite-biotite-altered intermediate rocks of the Pahakurkio group show an identical trace
element pattern to volcanic rocks in the Sakarinpalo suite, suggesting these units may be correlated.
The meta-andesite in the Kalixilv group is dated at 1887 +5 Ma and is thus of a similar age to the rocks
in the Sakarinpalo suite. In a regional context, the metavolcanic rocks in the Masugnsbyn area are of
a similar or possibly slightly older age to the intermediate metavolcanic rocks in the Sammakkovaara
group in the Pajala area of northeastern Norrbotten, dated at 1882 +3 and 1880 +3 Ma (Martinsson
et al. 2018b), as well as intermediate volcanic rocks of the “Porphyrite group” in the Kiruna area,
dated at 1878 +7 Ma (minimum age; Edfelt et al. 2006), intermediate metavolcanic rocks of the
Muorjevaara group in the Gillivare area, dated at 1882 +6 Ma and 1878 +7 Ma (Claeson & Antal
Lundin 2012, Lynch et al. 2018a) and felsic metavolcanic rocks in the Boden area, dated at 1886 +4
and 1884 +5 Ma (Sadeghi & Hellstrom 2015).

Chemically, the metavolcanic rocks in the Masugnsbyn area are intermediate to weakly felsic, low-
Fe-Ti and calc-alkaline, thus of similar composition to “Porphyrite group” rocks in Norrbotten. A
detailed, regional comparison of data from volcanic rocks in Norrbotten has not been carried out here,
however. Most samples from Masugnsbyn are classified as andesite according to the Nb/Y —Zr/Ti
classification diagram (Pearce 1996), but basalts, trachy-andesites, trachytes and dacites-rhyolites also
occur. Volcanic rocks record similar chondrite-normalised rare earth element (REE) patterns, enriched
in light REE over heavy REE, (La/Yb)=10.5 +3.3 (15, n=26), but with a relatively flat pattern in the
HREE end ((Gd/Lu)y =1.6+0.38 (15)). Primitive mantle-normalised spider diagrams show enrichment
in the large ion lithophile elements, with a pronounced negative Nb-Ta anomaly, as well as negative
anomalies in Tiand P. The normalised element patterns thus show a typical subduction zone signature,
but also a typical upper continental crustal signature. Alternatively, this signature could be inherited
from partial melting of crustal source rock. Although they have very similar averaged normalised ele-
ment patterns, the volcanic rocks from the southeastern part of the Masugnsbyn area can be grouped
with the Kalixilv group, and the highly altered rocks in the Pahakurkio group with the Sakarinpalo
suite, only distinguished by a strong negative anomaly in Sr in the latter groups. In part, strong potas-
sium or sodium alteration of the volcanic rocks in the Sakarinpalo suite suggest that this poorly exposed
area could have potential for hydrothermal sulphide mineralisations.

Opverall, negative initial €y, signatures of metavolcanic rocks from the Sakarinpalo and Kalixilv
groups (ngq.89G4) at -3.9 and -2.2), metavolcanic rocks of the Kiirunavaara Group, as well as early
Svecokarelian intrusive rocks in the Northern Norrbotten ore province suggest a source of juvenile
arc-generated melts mixed with variable amounts of assimilated older continental crust of the Ar-
chaean craton, which by approximately 1.9 Ga had acquired distinctly negative ey values (< -10).
Svecofennian igneous activity was related to partial melting above a subduction zone dipping under
the older continental crust of the Archaean Norrbotten craton.
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