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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).
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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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4. Petrological and structural character of

c. 1.88 Ga meta-volcanosedimentary rocks hosting
iron oxide-copper-gold and related mineralisation
in the Nautanen-Aitik area, northern Sweden

Edward P. Lynch, Tobias E. Bauer, Johan Jonberger, Zmar Sarlus,
George A. Morris & Per-Olof Persson

ABSTRACT

The petrological and deformation characteristics of a Palacoproterozoic meta-volcanosedimentary
sequence in the Nautanen—Aitik area (near Gillivare, northern Sweden) are presented. The investi-
gated sequence (part of the Muorjevaara group) predominantly comprises metavolcaniclastic rocks
displaying variable grain size, textural and syn-depositional features (e.g. grading, cross-laminae, com-
positional banding). Locally, poorly sorted agglomerate-like horizons with coarser clasts (lapilli- to
block-size) occur. Interbedded sections of mainly fine-grained, volcanogenic (epiclastic) metasedimen-
tary rocks contain syn-depositional features that suggest a sub-aqueous, relatively shallow deposi-
tional environment. Locally preserved cross-laminae in this unit provide evidence of way-up and
paleocurrent directions. Intercalations of pelite, mica schistand amphibolitic schist also occur through-
out the sequence. In general, least altered samples indicate a predominantly intermediate (basaltic
andesitic to andesitic), calc-alkaline composition for the sequence.

U-Pb SIMS zircon dating of a meta-andesite horizon, intercalated within the sequence, has yielded
a precise U-Pb concordia age of 1878 + 7 Ma (20, n=12). This date constrains the timing of interme-
diate volcanism and the deposition of syn-volcanic epiclastic material. By inference, it also provides an
estimate for the age of Muorjevaara group rocks hosting the Nautanen Cu-Au and Aitik Cu-Au-Ag
deposits. When combined with lithogeochemical signatures, the new age also confirms a genetic link
between the metavolcaniclastic package and gabbroic to dioritic intrusions in the area (e.g. the ¢. 1.88 Ga
Aitik stock). Additionally, several zircon cores record 2’Pb/?*°Pb apparent ages between c. 1.90 and
1.89 Ga, suggesting inheritance of marginally older volcanic + plutonic material not exposed at the
present erosion level.

The Nautanen—Aitik area contains the roughly north-northwest-trending Nautanen deformation
zone (NDZ), a major composite brittle-ductile structure hosting hydrothermal iron oxide-Cu-Au
(IOCG)-style mineralisation (e.g. the Nautanen deposit). Here, the bedrock is relatively intensely
altered and sheared, and has been transposed into a sub-parallel high-strain zone predominantly con-
sisting of a composite planar penetrative fabric. Outside the high-strain zone, relatively large-scale
approximately North-northwest-aligned folds and discordant brittle structures occur. Magnetic
susceptibility and VLF-resistivity modelling of the NDZ confirm that composite planar structures
mainly dip steeply to the west-southwest and continue at depth.
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INTRODUCTION

The composite Svecokarelian orogeny (the name Svecofennian is also used) is recognised as a major
period of crustal reworking and growth on the margins of the Fennoscandian Shield during the Pal-
aeoproterozoic (e.g. Nironen 1997, Korja et al. 2006, Lahtinen et al. 2009). In northernmost Sweden
(Norrbotten), c. 1.95-1.78 Ga volcanic, sedimentary and intrusive rocks (and their related structures)
record a protracted and episodic phase of accretionary orogenesis and crustal amalgamation during a
major phase of tectonic convergence, metamorphism and magmatism (e.g. Bergman et al. 2001, Wei-
hed et al. 2005, Bergman et al. 20006).

Regional assessments of Paleoproterozoic metasupracrustal rocks across Norrbotten (i.e. metamor-
phosed volcanosedimentary cover sequences) have helped establish a lithostratigraphic framework for
the area and provide a lithotectonic context for its metallogenic evolution (e.g. Bergman et al. 2001,
Martinsson 2004, Martinsson et al. 2016). However, detailed, local-scale investigations of specific
sequences and associated structures at key stratigraphic intervals are generally lacking (cf. Monro 1988,
Edfelt et al. 2006, Wanhainen et al. 2006). Such investigations are warranted in Norrbotten, given
the association of volcanosedimentary basins and transecting ductile-brittle deformation zones with
hydrothermal base and precious metal mineralisation (e.g. Smith et al. 2007, Smith et al. 2009, Wan-
hainen et al. 2012, Smith et al. 2013).

In this study, we present the results of a targeted investigation of Paleoproterozoic (Orosirian) meta-
supracrustal rocks occurring in the Nautanen—Aitik area near Gillivare in northern Norrbotten
(Fig. 1). The study area contains a partly conformable and polydeformed meta-volcanosedimentary
succession (part of the Muorjevaara group), transected by a major deformation zone hosting iron oxide-
copper-gold (IOCG)-style mineralisation. Bedrock and structural mapping, ground geophysical data,
lithogeochemistry and U-Pb SIMS zircon geochronology are integrated to provide an assessment of
the petrological, deformation and mineralisation characteristics of the area. The results presented here
complement an earlier account of the geology of the study area reported by Lynch et al. (2015).

In this account, the “Nautanen area” corresponds to the study area outlined in Figure 2 and extends
beyond the historical Nautanen Cu-Au mine and the Nautanen deformation zone. For practical,
descriptive and geological reasons, we have subdivided the main study area into three lithological-
structural domains (Fig. 2). From east to west they are (1) the eastern volcanosedimentary domain
(EVD, Muorjevaara to Linailven area); (2) the central Nautanen deformation zone domain (NDZ
domain); and (3), the western volcanosedimentary domain (WVD, Pahtavaara-Huivijokki area).

REGIONAL SETTING

The oldest rocks in northern Norrbotten are Meso- to Neoarchaean gneisses and metagranitoids, which
constitute a partially hidden basement complex extending roughly from Luled in the south to Sweden’s
northern border (Fig. 1, Ohlander et al. 1987, Martinsson et al. 1999, Mellgvist et al. 1999). The
Archaean basement forms part of the larger Norrbotten craton (Lahtinen et al. 2005, Lauri et al. 2016),
a continental terrane, which at c. 2.5 Ga formed part of a composite supercontinent called Kenorland
(e.g. Reddy & Evans 2009, Melezhik et al. 2012). The Norrbotten craton subsequently broke away from
Kenorland during lithospheric-scale rifting and continental dispersal commencing at c. 2.45 Ga (e.g.
Hanski & Huhma 2005, Lahtinen et al. 2008, Melezhik & Hanski 2012).

Intracontinental rifting and extension of the Norrbotten craton between c. 2.4 and 2.1 Ga resulted
in the deposition of Karelian supracrustal rocks onto the Archaean basement (e.g. Bergman etal. 2001).
Early rift-related Karelian successions mainly consist of clastic metasedimentary rocks (meta-conglom-
erate, quartzite) and subordinate mafic to intermediate metavolcanic rocks. Later-stage Karelian
successions consist of abundant mafic metavolcanic and intrusive rocks (tholeiitic to minor komati-
itic varieties), and intercalated metasedimentary rocks (black schist, marble, meta-ironstone, pelite,
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metachert). These later successions combine to form the northern Norrbotten greenstone belts, part of
a Palaeoproterozoic large igneous province occurring across Fennoscandia (Fig. 1, Martinsson 1997,
Melezhik & Fallick 2010, Lynch et al., 2018b; cf. Hanski 2012).

Metavolcanic and metasedimentary successions formed between c. 1.9 and 1.8 Ga during the com-
posite Svecokarelian orogeny are the most abundant Palacoproterozoic metasupracrustal rocks in
northern Norrbotten (Fig. 1). Svecofennian successions mainly consist of calc-alkaline to alkaline,
intermediate to felsic metavolcanic rocks and associated epiclastic and metasedimentary sequences
(Martinsson 2004). In general, these syn-orogenic rocks are considered to have been deposited, de-
formed and metamorphosed (up to middle amphibolite facies) within an evolving continental arc-type
setting during northward-directed subduction, arc-continent accretion and continent-continent col-

lision (e.g. Lahtinen et al. 2005, Lahtinen et al. 2009, Melezehik et al. 2012).

20°0'E

Main map

Norrbotten
County

Finland

S|
0 200 km

\ Major deformation c.1.96 - 1.78 Ga c.2.3-21Ga
< zone (composite) (syn-orogenic, Svecofennian) Greenstone successions
N . Intrusive rocks and coeval mafic intrusions
\  Deformation (mafic to felsic) - - - -- - —mm——— - -
. zone (composite) c.>27Ga
O Settlement D Metasedimentary rocks D Archean complex
Metavolcanic rocks
c.1.0-0.6 Ga

(mafic to felsic)

. Sedimentary rocks Metasedimentary and
meta-epiclastic rocks

Figure 1. Regional geology of northernmost Sweden (Norrbotten). The red rectangle in the main map represents the Nautanen—
Aitik area, corresponding to Figure 2. NDZ = Nautanen deformation zone. Base geology is from Bergman et al. (2012). Major defor-
mation zones are from Bergman et al. (2001).
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Across northern Norrbotten, Palacoproterozoic metasupracrustal successions are surrounded and
enclosed by voluminous, syn- to late-orogenic intrusive rocks (Fig. 1). In general, five main intrusive
suites or associations are recognised (cf. Ahl etal. 2001, Bergman et al. 2001). These are (1) c. 1.89-1.86
Ga gabbros and dioritoids assigned to the Haparanda suite; (2) c. 1.88-1.86 Ga gabbros, syenitoids and
granitoids assigned to the Perthite monzonite suite; (3) c. 1.86-1.84 Ga granitoids; (4) c. 1.81-1.78 Ga
granitic rocks of the Lina suite; and (5) c. 1.80 Ga and possibly younger gabbro-dolerite intrusions (cf.
Sarlus 2016).

The westernmost margin of northern Norrbotten is marked by Neoproterozoic sedimentary cover
rocks and the approximately northeast-trending, low-angle nappe stacks of the Swedish Caledonides,
which rest unconformably on the Archaean to Palacoproterozoic shield area (e.g. Corfu et al. 2014).

GEOLOGY OF THE NAUTANEN-AITIK AREA

The Nautanen—Aitik area is centred on a partly conformable succession of syn-orogenic, Palacoprote-
rozoic meta-volcanosedimentary rocks (Fig. 2; Witschard 1996). The metasupracrustal sequence is
generally of calc-alkaline, basaltic andesite to andesite composition and has undergone extensive de-
formation, metamorphism, recrystallisation and hydrothermal alteration (McGimpsey 2010, Waara
2015, Lynch et al. 2015).

A variety of intrusive rocks occur across the area, including deformed gabbroic, syenitic and dior-
itic bodies and younger, deformed to massive granitic and gabbroic-doleritic plutons and dykes (e.g.
Wanhainen etal. 2006, Sarlus 2016). Two fairly large, sub-rounded, mafic-ultramafic intrusions named
the Dundret and Vasaravaara complexes occur further east near Gillivare. These rocks exhibit distinct
cumulate zones defining a primary magmatic layering consisting of olivine, pyroxene and plagioclase
in varying proportions (Sarlus 2016).

Metasupracrustal rocks in the general Gillivare area host the Malmberget iron mine, Sweden’s
second largest iron resource after the Kiirunavaara deposit in Kiruna, and the Aitik Cu-Au-Ag deposit,
one of Europe’s largest copper mines (Fig. 2, e.g. Lund 2009, Wanhainen et al. 2012). Additionally,
several hydrothermal Cu-Au occurrences assigned to the “iron oxide-copper-gold (IOCG)” mineral
deposit class occur within a major approximately north-northwest-trending composite shear zone
termed the Nautanen deformation zone (cf. Smith et al. 2013, Drejing-Carroll et al. 2015). Episodic
deformation along this zone probably enhanced permeability and hydrothermal fluid flow, resulting
in a relatively focused, linear zone of alteration and mineralisation (cf. Witschard 1996).

Metamorphic mineral assemblages and pressure-temperature (PT) estimates suggest the area reached
middle amphibolite facies conditions during peak regional metamorphism. Bergman et al. (2001)
noted a major metamorphic grade boundary in the area, with rocks east of the Nautanen deformation
zone having a lower grade than those within the zone and to the west. Tollefsen (2014) reported PT
estimates for regional metamorphism from approximately 550 to 660°C and 2 to 5 kbar (i.e. lower to
middle amphibolite facies), contact metamorphism adjacent to Lina-type granite (forming a silliman-
ite-biotite-muscovite assemblage) between approximately 630 and 710°C and 2.0 to 4.4 kbar, and
retrograde conditions between approximately 430 and 570°C, and 3.0 to 3.5 kbar. Additionally, Waara
(2015) obtained PT estimates of approximately 630-680°C and 6.5 kbars for metasomatic garnet
growth associated with potassic-ferroan alteration and Cu-Au mineralisation at the Nautanen de-
posit (equivalent to middle amphibolite facies conditions).
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Figure 2. Geology of the Aitik—Gallivare area (modified after Witschard 1996). Abbreviations: EVD = eastern volcanosedi-
mentary domain; NDZ = Nautanen deformation zone (domain); WVD = western volcanosedimentary domain. Geochronology
abbreviations and sources: U-Pb S zr = U-Pb SIMS zircon dating (Sarlus 2016, and this study = highlighted bold text in NDZ), U-Pb
T zr = U-Pb TIMS zircon dating (Wanhainen et al. 2006), Re-Os T mol = Re-Os TIMS molybdenite dating (Wanhainen et al. 2005),
U-Pb T ti = U-Pb TIMS titanite dating (Wanhainen et al. 2005), U-Pb LA ti + al = U-Pb laser ablation-inductively coupled-mass
spectrometry titanite and allanite dating (Smith et al. 2009).
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Stratigraphy and correlations with other Svecofennian successions

A schematic stratigraphy of the Gillivare area is presented in Figure 3 and follows the system outlined
in Lynch et al. (2015) and references therein. The informal stratigraphic units Muorjevaara group,
Kiirunavaara group and Upper sediment group are retained here.

Stratigraphically, the Muorjevaara group represents a basal, mainly calc-alkaline volcanosedimen-
tary sequence. This is overlain by the Kiirunavaara group, comprising alkalic (trachyitic) intermediate
to acidic metavolcanic rocks (Martinsson & Wanhainen 2004). This unit hosts the iron oxide-apatite
deposit at Malmberget (e.g. Lund 2009). Finally, local quartzite outliers of the Upper sediment group
represent the uppermost stratigraphic unit. In the absence of outcropping transitional contacts, the
major stratigraphic units are inferred to be separated by unconformities. The Muorjevaara and Kiiru-
navaara groups partly correspond to the regional Porphyrite and Porphyry groups of Bergman et al.
(2001), respectively (Fig. 3). Traditionally, these regional stratigraphic units have been considered
broadly coeval and have mainly been divided on the basis of petrographic and geochemical consid-
erations (cf. Perdahl 1995).

Regional correlations between Muorjevaara group rocks and equivalent meta-volcanosedimentary
successions elsewhere in northern Norrbotten are permissible based on broad lithological criteria (e.g.
Ros 1980, Martinsson 1995). Inferred correlative successions include (roughly from west to east, Fig. 3)
(1) Kilavaara Group schist, amphibolite and quartzite in the Svapavaara-Vittangi area (Eriksson &
Hallgren 1975); (2) Ruutivaara and Haaravaara Group paragneiss and amphibolite in the Lainio area
(Witschard 1970); (3) Pahakurkio Group schist, amphibolite and quartzite in the Tédrend6 area
(Padget 1970); and (4) Sammakkovaara Group schist and metavolcaniclastic rocks in the Pajala area
(Padget 1977, Martinsson 2004). In the last-mentioned case, correlation with the Sammakkovaara
Group and related metavolcaniclastic rocks is supported by similar lithogeochemical signatures
(cf. Luth et al. 2015). A correlation between the Muorjevaara group and rocks of the Kurravaara
conglomerate unit in the Kiruna area has also been proposed (Ros 1980; cf. Offerberg 1967).

The Nautanen Deformation Zone and related iron oxide-copper-gold mineralisation

The Nautanen—Aitik area contains a regionally significant, roughly north-northwest-trending ductile-
brittle shear zone named the Nautanen deformation zone (NDZ; Witschard 1996). It represents the
most conspicuous structural feature in the area and is clearly delineated on magnetic anomaly maps
as a somewhat dilational, linear zone of sub-parallel and tightly banded magnetic susceptibility anom-
alies (see Geaphysical modelling section). The coupling of high-strain deformation and magnetic band-
ing reflects episodic metasomatic-hydrothermal fluid flow, probably enhanced by increased permeability
associated with protracted and focused deformation (e.g. Pitkidnen 1997, Smith et al. 2013).

Based on regional structural and magnetic lineament geometries, Bergman et al. (2001) assigned a
dextral-oblique shear sense to the NDZ, with a southwest-side up reverse component. Earlier geo-
logical mapping and geophysical measurements within the shear zone also identified several sub-
parallel, north-northwest-orientated, moderately plunging folds (e.g. Gustafsson 1986, Pitkinen 1997).
Internally, the deformation zone is characterised by moderate to intense shearing, mylonitisation,
structural transposition and pervasive metasomatic-hydrothermal alteration (see further discussion in
the Structural geology and deformation section).

Meta-volcanosedimentary rocks within and adjacent to the NDZ host several replacement and vein-
related (epigenetic-style) Cu + Au deposits and prospects (see reviews by Martinsson & Wanhainen
2004, Martinsson & Wanhainen 2013). Important examples include the Nautanen, Liikavaara and
Ferrum prospects (Fig. 2). Two general styles of mineralisation are recognised (e.g. Gustafsson 1985,
Martinsson & Wanhainen 2004): (1) an inferred older phase of disseminated to semi-massive (replace-
ment-style) sulphide mineralisation forming sub-vertical, lenses and linear zones mainly within the
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NDZ (e.g. Nautanen deposit, Danielsson 1985); and (2) mineralisation associated with quartz + tour-
maline + amphibole veins occurring mainly east of the NDZ (e.g. Ferrum prospect, Gustafsson &
Johnsson 1984), or as a late-stage brittle overprint within the high-strain zone (e.g. at the Nautanen
deposit).

The area around the Nautanen deposit in the northern NDZ domain is a historical mining location
that has experienced intermittent exploration for over 100 years. Copper mineralisation was first dis-
covered in 1898, and approximately 72 000 tonnes of copper and iron ore were extracted between 1902
and 1907 (Geijer 1918). Gold was not mined at that time, however. Further exploration in the 1970s
and 80s produced a pre-regulatory total resource estimate for the “old” Nautanen deposit of approxi-
mately 2.94 Mt grading 0.78% Cu and 0.52 ppm Au (values derived from Danielson 1985). Present-day
exploration has resulted in the discovery of additional Cu-Au mineralisation approximately 1.6 km
north-northwest of the old Nautanen mine along the trend of the NDZ (Fig. 2). This “Nautanen
North” deposit has an indicated resource of 9.6 Mt grading 1.7% Cu, 0.8 ppm Au, 5.5 ppm Ag and
73 ppm Mo, with an additional inferred resource of 6.4 Mt grading 1.0% Cu, 0.4 ppm Au, 4.6 ppm
Agand 41 ppm Mo (New Boliden 2016).

According to criteria presented by Grooves et al. (2010), the geological characteristics of the Nautanen
Cu-Audepositare consistent with the restricted definition of a bona fide iron oxide-copper-gold IOCG)
system. These include (1) enrichment of Cu and Au, with both elements representing potential eco-
nomic commodities; (2) a spatial and genetic association between the mineralisation and iron silicate
and iron oxide gangue minerals (i.e. 70z an iron oxide or iron oxide-apatite deposit with anomalous
Cu and Au; cf. Williams 2010); (3) hydrothermal mineralisation style (i.e. replacement lenses, zones
and veins); (4) sulphur mainly present in the S* oxidation state; (5) clear structural controls on the
mineralisation; and (6) a temporal association with magmatism and deformation, but no obvious
causative intrusion.

Pervasive and vein-related potassic-ferroan + calcic alteration occurs variably in the NDZ domain
and adjacent areas, and is associated with IOCG and related mineralisation (cf. McGimpsey 2010,
Lynch et al. 2015; see also Lithological characteristics section). At the “old” Nautanen deposit (Fig. 2),
characteristic almandine porphyroblasts are associated with amphibole + biotite + magnetite + sericite +
K-feldspar + sulphide and tourmaline + quartz + sulphide banding, patches and veins (Fig. 4A-D). Tex-
tural relationships suggest garnet growth slightly predates the main-stage alteration and mineralisation
event (cf. Waara 2015). Late-stage epidote + quartz + carbonate alteration also occurs (Fig. 4B—C). Chal-
copyrite with lesser bornite and chalcocite are the main Cu-bearing minerals and are typically associ-
ated with pyrite, pyrrhotite, magnetite and tourmaline (Fig. 4D—E). Quartz-amphibole + tourmaline
veins containing pyrite and minor chalcopyrite post-date the main-stage disseminated and micro-
fracture type sulphide mineralisation (e.g. Fig. 4F). Gold generally occurs as inclusions and segregations
in pyrite, chalcopyrite, Bi-bearing phases and locally galena (e.g. Sammelin 2011, Bark et al. 2013).

At deformation zone- or belt-scale, particularly with respect to the NDZ, metal enrichment and
depletion patterns are evident, reflecting bulk geochemical mobility in the area (Tollefsen 2014, Lynch
etal. 2015). For example, comparison of “least altered” meta-volcanosedimentary rocks from the east-
ern volcanosedimentary domain with NDZ-hosted samples (pervasively altered, mylonitic) shows that
the latter are relatively enriched in Cu, Ag, Au, Fe, Mo, Ba, Mn and W. Likewise, the tendency for
K/Na ratios to increase when stepping into the NDZ domain reflects the association between potassic
alteration and Cu-Au-Fe enrichment (cf. Lynch et al. 2015). These features are diagnostic of typical
geochemical affinities and metal abundance correlations associated with IOCG-style mineralisation,
particularly deposits hosted by intermediate to felsic igneous rocks in continental settings (cf. Barton 2014).

Smith et al. (2009) reported U-Pb LA-ICP-MS titanite and allanite ages ranging from c. 1.79 to
1.78 Ga for hydrothermal alteration at the Nautanen Cu-Au deposit (cf. Figs. 2 & 3). These dates pro-

vide a temporal and inferred genetic link between the mineralisation and deformation, fluid mobilisa-
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Figure 4. Alteration and mineralisation characteristics of the Nautanen IOCG deposit. A. True-colour image of an approximately
11.4 m section of altered and mineralised drill core (drill hole NAU77001). The lower six rungs contain split core. B. Foliated bio-
tite-amphibole schist showing patchy and vein style, moderate to intense, biotite + garnet + K-feldspar + albite + magnetite
alteration. A late-stage epidote * calcite assemblage is also present. C. Foliated biotite-amphibole schist with disseminated
garnet porphyroblasts associated with a possible early sodic-calcic (albite + scapolite) alteration (top rung). Some thin epidote +
calcite veinlets also occur. The lower rung contains a replacement zone of biotite + chalcopyrite + bornite + magnetite + tourma-
line and late-stage carbonate. D. Disseminated and irregular patches of chalcopyrite + pyrite + bornite associated with biotite +
amphibole + garnet + K-feldspar + magnetite alteration. E. Thin section reflected light (RL) view of disseminated chalcopyrite and
pyrite associated with magnetite. F. Thin section RL view of a quartz-amphibole-tourmaline vein containing pyrite, magnetite
and rare chalcopyrite. W.r. = wall rock. Mineral abbreviations: act = actinolite, alb = albite, amph = amphibole, bn = bornite,

bt = biotite, cal = calcite, cp = chalcopyrite, cpx = clinopyroxene, ept = epidote, gnt = garnet, K-spar = K-feldspar, mag = magnetite,
mal = malachite, py = pyrite, qz = quartz, tour = tourmaline.
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tion and late-orogenic granitic magmatism (cf. Fig. 3). Given the protracted and episodic nature of
magmatic-hydrothermal processes and Cu-Au mineralisation at the Aitik deposit, south of Nautanen
(e.g. Wanhainen et al. 2005), it is likely that coupled deformation-hydrothermal processes within the
NDZ may have been active over a similarly protracted period.

Lithological characteristics of Muorjevaara group rocks

Petrographic descriptions presented in this section complement previous accounts by Zweifel (1976),
Ros (1980), Monro (1988) and Lynch et al. (2015).

In general, four lithological units are recognised. They are (1) predominantly intermediate metavol-
caniclastic rocks; (2) volcanogenic (epiclastic) metasedimentary rocks; (3) mica schist horizons; and
(4) amphibolitic schist (mafic metavolcaniclastic rocks). Units 1 and 2 are the most common units
across the Nautanen area.

Units 1, 2 and 3 represent compositionally similar lithologies (mainly basaltic andesitic to andesitic)
and are primarily distinguished on the basis of textural, structural and deformation intensity criteria.
In the Nautanen deformation zone domain, deformed and altered feldspar-biotite-amphibole schist
(locally gneiss) is inferred to represent a composite intermediate metavolcaniclastic unit, probably
consisting of a combination of units 1 to 3 (unit no. 5, Table 1).

Intermediate metavolcaniclastic rocks

In the central eastern volcanosedimentary domain, the predominant rock type is a medium to dark
grey, fine- to medium-grained (approximately 0.1-3 mm), laminated and locally compositionally
banded, metavolcaniclastic rock (Fig. 5). It forms planar to weakly wavy, generally sub-parallel, medium
to very thick (approximately 0.1 to 1 m), laterally continuous beds (Fig. 5A—B). Inter-bed contacts are
narrowly gradational to sharp. Internal textural and compositional consistency is somewhat variable
and includes generally homogenous, well-sorted and granular units (fine to coarse tuff), and banded,
layered and laminated sequences (Fig. 5C—E). Locally, the tuffaceous granular sections grade into
somewhat irregular and wavy weathering beds consisting of mica-rich schist or relatively coarse
(approximately 1-4 mm), feldspathic-rich bands and seams (Fig. 5B; cf. Fig. 7). The former tend to
have a strongly developed micaceous sheen, whereas the latter may in part represent more composition-
ally felsic horizons or aplitic veins. Locally, tuffaceous sections display multiple, repeat grading sequences
that alternate between very coarse tuff at the base (sometimes containing somewhat pumaceous, felsic
clasts, Fig. 5F) to fine tuff at the top (thus, possible reverse density grading?, Fig. 5E). In addition, local
horizons display cross-laminae that indicate general younging towards the southwest (Fig. 5F).

» Figure 5. Metavolcaniclastic rocks in the Nautanen area. A. Along-strike view (to the south-east)
of medium- to thickly-bedded, intermediate, fine to coarse tuff. B. Bedding view to the southwest of
thin-to medium-bedded, compositionally and texturally banded, intermediate metavolcaniclastic
rock. C. View to the east-southeast of recrystallised, intermediate fine to coarse tuff. D. View to the
northeast of intermediate metavolcaniclastic unit (tuff) with steeply dipping, sub-parallel amphi-
bole-magnetite veinlets. E. Bedding view (to the northeast) of thinly laminated, well-sorted, fine to
coarse tuff. Slightly coarser, epidote-altered, layers (arrows) with rare sub-rounded clasts indicate
possible normal grading to the NE. F. Bedding view (to the southwest) of finely laminated, well-
sorted, intermediate tuff with remnant elongate (feldspathic) clast. Broken lines indicate orientation
of laminae (cross-lamination), indicating younging direction. G. Bedding view (to the southwest) of
variably biotite-magnetite-altered and schistose, fine to coarse, lithic tuff. Two types of deformed
clasts are visible; aggregated granular clasts (dashed outline), and relatively homogenous felsic
clasts (arrows). H. Bedding view (to the west-southwest) of poorly sorted and foliated volcaniclastic
(agglomeritic) unit, containing a mixture of deformed, angular to sub-rounded coarse (lapilli and
block-sized) granular (intrusive?) and fine-grained felsic clasts. All photographs by Edward Lynch.
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The metavolcaniclastic rock mainly consists of feldspar, amphibole, biotite and minor quartz and
muscovite within a fine-grained, intergranular (granoblastic) to foliated (lepidoblastic) matrix. Feldspar
is anhedral, tabular to sub-rounded (platy) and is generally sericitised. Locally, feldspar also forms
remnant, medium-grained (approximately 3—5 mm) phenocrysts (approximately 5-8 vol. %). Anhe-
dral prismatic amphibole (hornblende) is intergrown with biotite and feldspar as irregular, matted,
elongate and cleaved grains. Local magnetite disseminations or thin bands and veinlets (<1 cm) occur,
and prismatic and tabular grains tend to exhibit a preferred sub-parallel alignment (generally parallel
to primary structures and foliations). Generally, biotite and feldspar occur in approximately equal
proportions (approximately 30—45 vol. %). However, biotite + sericite are locally predominant (up to
approximately 60—70 vol. %), thus imparting a more obvious mica schist appearance to the rock (see
unit 3 below). These latter intercalations may represent more altered horizons.

Locally, metavolcaniclastic sections contain coarser clastic material (>3 mm) forming fine- to
medium-grained lapilli-tuff horizons. In addition, poorly-sorted sections containing coarse, blocky
clasts form local agglomeritic (volcanic breccia-like) horizons (Fig. 5G—H). Two broad clast types are
recognised: fine-grained (< 0.5 mm), sub-rounded to elongate or flattened, compositionally uniform
felsic clasts (possible juvenile volcanic clasts, Fig. 5G), and medium to coarse (approximately 0.1-10 cm),
aggregated granular types (probably lithic clasts, Fig. 5H). In poorly-sorted sections, the latter clasts
are locally up to 8 cm in size (Fig. 5H).

Opverall, metavolcaniclastic rocks display a degree of compositional and textural variability across
the sequence that reflects the generally interbedded nature of the eastern volcanosedimentary domain
and the magnetic anomaly patterns across the area.

Volcanogenic (epiclastic) metasedimentary rocks

Throughout the eastern volcanosedimentary domain, interbedded sections of medium-grey, well-
sorted, fine- to medium-grained (approximately 0.1-3 mm), generally arkosic metasedimentary rocks
occur (Fig. 6). Locally, the interbedded sections transition into relatively thick sequences (approxi-
mately 500—800 m apparent thickness).

In the Muorjevaara area (northern part of the eastern volcanosedimentary domain, Fig. 2), a rela-
tively well-exposed approximately 150 m long stratified metasedimentary sequence occurs (Fig. 6A).
Here, the rocks form planar, parallel to locally non-parallel, thin to thick (approximately 0.03—0.4 m)
and generally laterally continuous beds (Fig. 6A—D). Inter-bed contacts are either narrow diffuse (over
approximately 0.1 m) or distinctive and sharp (e.g. Fig. 6C). Internally, the beds contain planar to
locally wavy, generally parallel and laterally continuous, thin to medium (approximately 0.1-0.3 cm)
laminae. Locally, however, parallel and lenticular non-parallel beds exhibit inclined cross-laminae
(tabular to trough-style, respectively, Fig. 6GE—F). Local co-sets display bi-directional, herringbone-type
cross-lamination (Fig. 6F). In general, topset laminae and bedding contacts truncate low-angle ripple
foresets towards the southwest, constraining way-up and younging direction. Likewise, in the central
and southeastern volcanosedimentary domain, on the eastern limb of a large synform, cross-stratifi-
cation suggests general younging towards the southwest (i.e. towards the hinge zone of the fold). These
way-up indicators are locally supported by rare, normal-graded sequences (Fig. 6C). Ripple foreset
patterns indicate paleocurrent directions mainly towards the north-northwest, or occasionally towards
the south-southeast, while in general the cross-bedding structures suggest an above wave-base, sub-
aqueous depositional setting.

At outcrop scale, metasedimentary rocks appear relatively homogenous and more lithologically
consistent than other volcaniclastic and schistose sections, consisting of intergranular (granoblastic)
feldspar and quartz with minor amphibole and rare muscovite. Locally, some beds are affected by
patchy to banded biotite + amphibole + magnetite and epidote + carbonate alteration. The latter assem-
blage is generally more prevalent and appears to preferentially overprint coarser (coarse to very coarse
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Figure 6. Volcanogenic (epiclastic) metasedimentary rocks in the Nautanen area. A. View to the west of planar, sub-parallel and
laterally continuous, thin- to medium-bedded, arkosic metasedimentary rock (volcanic siltstone to sandstone). B. Detail from A
with younging direction towards the southwest. C. Bedding view (to the southwest) of fine-grained, medium- to thickly-bedded
metasedimentary rock. D. Detail from C showing sub-parallel, planar beds. E. Bedding view (to the southwest) of thin-to thickly-
bedded, planar to curved (non-parallel) metasedimentary rock. F. Interpretive sketch of E showing nine bedding co-sets. Sets 4, 5,
8 and g contain inclined (ripple) foresets, indicating low-angle trough cross-lamination (sets 4 and 5) and herringbone cross-
lamination (sets 8 and 9). All photographs by Edward Lynch.

sand) horizons. In general, a typical stratified sequence (approximately 0.5-2 m thick) consists of
alternating very fine to coarse sand (approximately 0.1-1 mm) within planar and parallel laminated
beds (Fig. 6C-F). These grade locally into wavy and cross-laminated horizons, more typically consisting
of coarse to very coarse sand (approximately 1-2 mm) These general depositional characteristics are
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relatively consistent with medium-grained turbidite sequences (cf. Tucker 1991). Other minor features
within rocks include siliceous, sub-rounded concretions (approximately 3—5 cm) locally developed at
bedding contacts, and amphibole, epidote and quartz veins.

In general, the observed sedimentary structures are consistent with a sub-aqueous depositional
environment. The preserved cross-bedding and herringbone-type cross laminae suggest above-wave-
base or intertidal depositional environments. In terms of source material provenance and processes,
the metasedimentary rocks probably represent either volcaniclastic material re-deposited within an
active volcanosedimentary basin (i.e. syn-eruptive redeposition as defined by McPhie et al. 1993),
primary unconsolidated volcaniclastic material, redeposited during volcanically quiescent periods
(“immature” epiclastic rocks described by Cas & Wright (1988), or equate to the volcanogenic sedi-
mentary deposits of McPhie et al. 1993). Older, detrital material (volcanic + plutonic) most likely also
contributed source material. Further petrographic and geochemical evidence for a predominantly
volcanogenic source of the metasedimentary rocks includes the interbedded and gradational nature of
this unit with other metavolcaniclastic rocks, the abundance of plagioclase feldspar in the matrix, and
its general intermediate (andesitic) geochemical composition, similar to the metavolcaniclastic units
within the sequence (see Lithogeochemistry section).

Pelite or mica schist

Intercalations of mica schist occur locally throughout the main meta-volcanosedimentary package and
are preserved in both the eastern and western volcanosedimentary domains (Fig. 7). They typically
form approximately 0.3 to 1.5 m thick, planar to laterally dilational units, with generally narrow, gra-
dational contacts. At outcrop scale, they are recognised as texturally distinctive horizons that typi-
cally exhibit a more micaceous (lustrous), weathering-proud and schistose appearance than more
granoblastic and recrystallised metavolcaniclastic and metasedimentary rocks. Locally, cross-bedding
or climbing ripple-type structures are preserved, suggesting clastic depositional processes (Fig. 7A).
Other horizons have a laminated, pelitic appearance (Fig. 7B). Metamorphic or fabric intensity ranges
from phyllitic to schistose types, with the latter consisting of thinly spaced (approximately 0.5-2 mm),
compositionally variable (mesocratic-melanocratic) banding (Fig. 7C). This textural variation probably
reflectslocal contrasts in grain size, deformation intensity, mineralogy and composition, and somewhat
mimics the broader lithological variability seen throughout the meta-volcanosedimentary sequence.
Mica schist horizons consist of fine-grained (<1 mm), intergranular biotite and feldspar, with lesser
muscovite, amphibole and quartz (Fig. 7A-B). Mica grains are aligned and flattened parallel to the
main schistosity and sub-parallel to inferred bedding, while medium-grained (approximately 3—5 mm)
garnet porphyroblasts also occur locally (Fig. 7B). Typically, where garnet and andalusite occur, sec-
ondary hematite-goethite is exposed on weathered surfaces. Pervasive, weak to moderately intense
sericite weathering is locally developed. Thin seams and veinlets of feldspathic material are also locally
developed, are typically orientated parallel to the main schistosity, and are sometimes tightly folded.

Amphibolite schist (mafic metavolcaniclastic rock)

A prominent amphibolitic schist unit occurs in the southeastern volcanosedimentary domain (river
Linailven area) within the hinge zone of a major S-SE-plunging synform (Fig. 7D—F). The rock is
dark grey to dark greenish-grey and is generally aphanitic to locally amphibole-porphyritic (approxi-
mately 3—7 vol. % phenocrysts). It consists of medium- to coarse-grained (approximately 1-8 mm),
generally sub-rounded, anhedral platy to elongate (subhedral prismatic) amphibole (approximately
40-50 vol. %) within a fine-grained (<1 mm), plagioclase-amphibole-biotite + magnetite matrix
(approximately 35—45%). Recrystallisation of plagioclase and secondary phases such as biotite and
chlorite (replacing amphibole) are common. Locally, scapolite appears to replace plagioclase.
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Figure 7. Lesser intercalated rock units in the Nautanen area. A. View to the west-southwest of mica schist with possible cross-
bedding structures. The pencil is about 15 cm long. B. Sub-horizontal surface view to the east-northeast of mica schist with gar-
net porphyroblasts. The pencil is 1 cm wide. C. Sub-horizontal surface view to the southwest of muscovite schist unit with a
wavy and strongly foliated texture. D. Sub-vertical surface view to the north-northwest of amphibole-feldspar schist. E. Sub-
horizontal surface view to the west-northwest of amphibolite schist near the river Linadlven, containing elongate or stretched
lithic clasts (arrows). F. Sub-horizontal surface view to the east-southeast of foliated amphibolitic schist with weakly developed
dextral shear planes. All photographs by Edward Lynch, except D by Zmar Sarlus.

The rock has a relatively intense deformation fabric, which imparts an overall schistose appearance
(Fig. 7D). The schistosity is typically sub-vertical, north-northwest-orientated and steeply dipping.
Weakly developed asymmetric shear bands also occur and suggest dextral oblique movements (Fig. 7F).
Locally, thin feldspathic lenses and veinlets occur, sub-parallel to the main fabric. Additionally, elon-
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gate and stretched clasts are present. These display mainly remnant igneous (dioritic) textures (Fig. 7E).
Clasts are typically aligned parallel to the main fabric in the rock (Fig. 7E).

Analogous amphibolitic units occur locally throughout the study area as fairly thin (<1 m) interca-
lations within the main metavolcaniclastic package. Similar rocks have been observed in the central
part of the Nautanen deformation zone and at the Salmijirvi Cu-Au prospect, approximately 2 km
south-southeast of the Aitik mine (Sarlus 2013).

Biotite-amphibole schist to gneiss (Nautanen deformation zone)

The bedrock in the Nautanen deformation zone (NDZ) domain is affected by relatively intense shear-
ing, transposition and metasomatic-hydrothermal alteration (Fig. 8). Thus, primary lithological char-
acteristics are commonly obscured or masked by overprinting processes and remain somewhat equiv-
ocal (cf. Witschard 1996). Nevertheless, local low-strain and “least altered” zones provide some
petrographic insights into the primary nature of the rocks in this area and facilitate comparisons with
the rocks in the other two lithological-structural domains.

The predominant lithology is a medium to dark grey, fine- to medium-grained (approximately
0.1-3 mm), well-sorted and internally laminated, feldspar-biotite + amphibole schist to gneiss (Fig. 8A).
Locally, more weakly laminated varieties have a recrystallised, granoblastic appearance and appear
more feldspar-rich (up to approximately 40 to 50 vol. %). Inferred bed forms (although rarely preserved)
are approximately 0.1-0.5 m thick and are generally laterally continuous, sub-parallel and planar. In
general, anhedral and platy biotite and lesser amphibole grains (approximately 15-20 and 5-10 vol. %,
respectively) are aligned parallel to the dominant penetrative cleavage and intergrown with feldspar.
Local horizons containing coarser (felsic) clasts (approximately 5-15 mm), elongate and stretched
lensoidal patches (remnant clasts?), and composite, aggregated fragments (lithic clasts?) occur through-
out the area. These features are consistent with a possible volcaniclastic derivation (cf. Fig. 5G-H).
Locally, the schist grades into more quartz-rich sections consisting of fine-grained (<1 mm), granular
and anhedral quartz (approximately 10-20 vol. %), forming banded zones and aggregated, irregular
to sub-rounded, lithic (?) clasts.

Throughout the Nautanen deformation zone domain the bedrock displays moderate to intense
penetrative foliation and shows variable degrees of metasomatic-hydrothermal alteration (see Struc-
tural geology and deformation section). Distinctive dark red to pinkish-red, medium- to coarse-grained
(typically approximately 1-10 mm) garnet porphyroblasts occur locally (approximately 3—12 vol. %).
These appear to pre-date the main alteration assemblage and copper mineralisation event (Fig. 8C-D,
e.g. Waara 2015). Locally, the garnets form quite large crystals up to 10 cm in diameter or aggregated
clusters (cf. Fig. 13C). The garnets are typically of the spessartine-almandine variety, appear to be
mainly syn-kinematic, and form disseminated grains or clusters associated with amphibole + biotite +
magnetite veins and patches (Fig. 8C—-D). Waara (2015) has suggested a link between garnet growth
and early stage IOCG-related alteration, and constrained their formation at approximately 630-680°C
by Thermocalc modelling,.

The most important belt- to deposit-scale alteration assemblage affecting Nautanen deformation
zone rocks is a moderate to intense amphibole + biotite + K-feldspar + magnetite + garnet + sericite +
pyrite + chalcopyrite assemblage. Typically, it has developed along seams, linear zones and irregular
veins trending parallel to the transposed foliation (Fig. 8B—C). This inferred “syn-mineralisation”
assemblage overprints an earlier pervasive scapolite + albite assemblage (Fig. 8B). Zones and bands
of tourmaline + quartz alteration represent a paragenetically later assemblage.

Syn-mineralisation magnetite typically occurs as fine- to medium-grained (approximately 0.1-2 mm),
anhedral tabular and elongate platy grains within foliation planes. It also forms fracture-filling inclu-
sions and patchy rims around garnet porphyroblasts. Consequently, the bedrock throughout the do-
main is magnetically anomalous (cf. Fig. 14; see Structural geology and deformation section). Locally,
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Figure 8. Variably altered biotite-amphibole-feldspar schist in the Nautanen deformation zone (inferred metavolcaniclastic unit).
A. Relatively weakly altered. B. Banded metavolcaniclastic rock. C. Moderate to intensely altered rock. D. Moderate to intensely
altered rock cut by an amphibole-garnet zone or vein. E. Feldspar-rich metavolcaniclastic rock showing pervasive “red rock” type
hematite staining of feldspar (cf. Carlon 2000). Late-stage patchy epidote also developed. F. Late-stage epidote alteration of
metavolcaniclastic rock. Abbreviations: alb = albite, amph = amphibole, bt = biotite, ept = epidote, gnt = garnet, hem = hematite,
Kfs = K-feldspar, mag = magnetite, tour = tourmaline. All photographs by Edward Lynch.

feldspar-rich metavolcaniclastic rocks display reddish-pink patches and irregular zones indicative of
“red rock”-type hematite staining and iron exsolution affecting alkali feldspar (Fig. 8E; cf. Carlon
2000). A late-stage epidote + quartz + carbonate alteration assemblage is also present and more typi-
cally overprints red rock (K-feldspar-altered) zones (Fig. 8E~F). Secondary hematite-goethite com-
monly replaces magnetite, while chlorite replaces biotite and is associated with epidote.
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Lithogeochemistry of Muorjevaara group rocks

Preliminary lithogeochemistry results for meta-volcanosedimentary rocks from the eastern volcano-
sedimentary domain (EVD) are shown in Figure 9. Although the Nautanen area is affected by varying
degrees of hydrothermal alteration (see above section), rocks in the EVD are generally less pervasively
altered than those in the Nautanen deformation zone domain. Likewise, the inferred metamorphic
grade (mid to upper greenschist facies) in the EVD is lower than that in the Nautanen deformation
zone (cf. Bergman et al. 2001).

From a total of 32 analyses, a subset (z=24) of relatively fresh or “least altered” eastern volcano-
sedimenatry domain samples were selected to geochemically characterise the meta-volcanosedimena-
try rocks (Fig. 9A, shaded area). The subset includes scapolite + albite + sericite-altered samples of
fine- to medium-grained, plagioclase-phyric, metavolcaniclastic rock with an elevated Na,O concen-
tration of approximately 7 wt. %.

Based on the classification plot of Winchester & Floyd (1977), least altered EVD meta-volcanosed-
imentary rocks generally have a basaltic andesitic to andesitic signature (Fig. 9B), while high-field
strength element bivariate plots indicate a predominantly calc-alkaline composition (Fig. 9C-D).
Metavolcaniclastic, meta-epiclastic, mica schist and amphibolitic schist samples have similar calc-
alkaline, intermediate compositions, suggesting a possibly similar volcanic provenance and petro-
genetic history. The altered feldspar-phyric metavolcaniclastic sample plots close to the andesite-dacite
boundary and has broadly similar trace element systematics to the other samples (Fig. 9A-B).

The geochemical signatures of the meta-volcanosedimentary rocks from the eastern volcanosedi-
mentary domain partly overlap the compositions of altered and mylonitic metavolcaniclastic rocks in
the Nautanen deformation zone domain hosting the Nautanen Cu-Au deposit (Fig. 9B; cf. McGimp-
sey 2010). The latter units have a broader compositional range that includes dacitic, rhyodacitic and
trachyandesitic (shoshonitic) varieties. However, the presence of (apparently) alkaline rocks within the
Nautanen deformation zone domain may partly reflect a higher degree of potassic + sodic alteration
and “skarn” banding there (cf. Fig. 8B—C). Similar apparent alkaline enrichment is reported for meta-
volcaniclastic rocks hosting the Aitik Cu-Au-Ag deposit (Monro 1988, McGimpsey 2010), which also
compositionally overlap both the eastern volcanosedimentary domain and Nautanen deformation zone
domain metasupracrustal rocks (Fig. 9B).

Opverall, the preliminary lithogeochemistry results confirm that NDZ domain rocks represent a
more intensely deformed and hydrothermally altered variety of the units occurring in the eastern
domain, and that the Muorjevaara group sequence in the Nautanen area is compositionally similar to
the metavolcaniclastic rocks (biotite-amphibole-feldspar gneiss) hosting Cu-Ag-Au mineralisation at
Aitik (cf. Monro 1988, Martinsson & Wanhainen 2004).

The lithogeochemistry results support lithostratigraphic correlations between Muorjevaara group
rocks in the Nautanen area and meta-volcanosedimentary successions in northeastern Norrbotten
(Pajala shear zone). For example, Luth et al. (2015) report sub-alkaline, mainly andesitic to rhyo-
dacitic compositions for metavolcanic and metavolcaniclastic rocks assigned to the Suorsa group in the
Pajala area. Certain units within this local group may be equivalent to the Pahakurkio and Sammak-
kovaara groups in adjacent areas and are inferred to belong to the regional Porphyrite group of Bergman
et al. (2001).
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Figure 9. Geochemical classification of Muorjevaara Group meta-volcanosedimenatry rocks from the EVD, Nautanen area.

A. Spitz-Darling type plot (Spitz & Darling 1978), delineating weakly altered samples used for the other classification plots shown
in B, Cand D. The spectrum for fresh volcanic rocks (basalt to rhyolite) is derived from the average and 16-range of 6 491 analyses
reported by Le Maitre (1976). B. Incompatible-HFSE classification plot (Winchester & Floyd 1977) showing lithologic-composition-
al range of EVD meta-volcanosedimentary rocks. The shaded area represents the range reported by McGimpsey (2010) for al-
tered metavolcaniclastic rocks hosting the Nautanen Cu-Au deposit. The broken red line represents the approximate range for
metavolcaniclastic rocks hosting the Aitik Cu-Au-Ag deposit (cf. Monro 1988). C—D. Incompatible-HFSE bivariate plots (Barrett &
MacClean 1999), indicating a predominantly calc-alkalic signature (i.e. equivalent to medium to high K, low to medium Fe, inter-
mediate rocks).
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Summary of Muorjevaara group rock units

A summary of Muorjevaara group lithologies is presented in Table 1. It includes a comparison between
historical terms used for each unit and the field and protolith terms derived from this study.

Table 1: Outline description of Muorjevaara group rock units

Field term (with textural or metamorphic
qualifiers, and inter-unit relationships)

Protolith term (with textural or composi-
tional qualifiers)’

Historical, literature term (with reference)

In the eastern and western volcanosedimentary domains (Fig. 2)

1. Metavolcaniclastic rock (tuffaceous, re-
crystallised, locally schistose; local volcanic
and lithic clasts; compositionally banded,
laminated; transitional or interbedded with
2,3and 4)

Andesitic to dacitic (intermediate), well-
sorted, fine to very coarse tuff, to lapilli-tuff.
Locally poorly sorted lithic tuff with ag-
glomeritic (volcanic breccia) horizons.

Leptite (Geijer 1918)

Biotite gneiss (Ros 1980)

Basic to intermediate, calc-alkaline to
alkaline, metavolcanic rock, tuff (Witschard
1996)

Metaandesite (Bergman et al. 2001)

2. Metasedimentary rock (recrystallised
appearance, laminated, locally cross-bed-
ded, more texturally and compositionally
uniform than 1, interbedded with 1)

Basaltic andesitic to andesitic (intermedi-
ate) volcanogenic epiclastic rock or volca-
nogenic siltstone to sandstone.

Meta-arenite (Zweifel 1976)
Metaarkose (Ros 1980)

Meta-arenite (Witschard 1996)
Meta-arenite, quartzite (Bergman et al.
2001)

3. Pelite or mica schist (weathers proud,
micaceous sheen, may be sericitised, gener-
ally intercalated or transitional with 1and 2,
possible textural or compositional variant
of 1)

Basaltic andesitic to andesitic (basic to
intermediate) fine to very coarse tuff.

Mica schist (Geijer 1918)

Pelitic intercalation (Ros 1980)

Phyllite to biotite schist (Witschard 1996)
Pelite (Martinsson & Wanhainen 2004)

4. Amphibolitic schist (dark greenish grey,
foliated, aligned grains, intercalated with
1and 2, major unit in Linadlven synform
hinge area)

Basaltic andesitic (basic to intermediate)
fine to very coarse tuff, to fine lapilli-tuff.
Locally contains lithic clasts (rare lithic tuff).

Amphibolitic rock (Zweifel 1976)
Greenstone intercalation (Ros 1980)
Amphibolitised andesite, dacite, trachyan-
desite (Witschard 1996)

Metabasalt (Bergman et al. 2001)

In the Nautanen deformation zone domain (Fig. 2)

5. Biotite-amphibole schist to gneiss
(conspicuous garnet porphyroblasts, per-
vasively sericite + scapolite and K-feldspar-
altered, with local biotite-amphibole-
magnetite and tourmaline banding. Locally
mylonitic. NDZ-hosted equivalentto 1, 3
and possibly 2)

Andesitic to dacitic (intermediate) fine to
very coarse tuff, locally agglomeritic tuff

(volcanic breccia). Variably sheared, trans-
posed, metasomatised and altered.

High magnetic, biotite-garnet + amphibole
schist to gneiss (Zweifel 1976)
Biotite-muscovite-garnet gneiss (Ros 1980)
Variably magnetic, basic to intermediate,
calc-alkaline to alkaline metavolcanic rock,
tuff (Witschard 1996)

Metaandesite (Bergman et al. 2001)
Shoshonitic metavolcanic rock (McGimpsey
2010)

' Protolith volcaniclastic terms based on White & Houghton (2006)

U-Pb SIMS zircon dating of a metavolcaniclastic rock (Nautanen deformation zone)

U-Pb SIMS zircon dating of a feldspar-phyric, intermediate (andesitic) metavolcaniclastic rock from
the Nautanen deformation zone was performed to constrain the formational age of the meta-volcano-
sedimentary sequence. The dated sample (ELH1500085C) was collected from a well-exposed road-cut
section that forms part of a variably altered, roughly north-northwest-striking and steeply west-south-
west-dipping metavolcaniclastic sequence (cf. Fig. 2).

An outline description of the dated sample and its associated zircon fraction is presented in Table 2.
The results of U-Pb SIMS zircon dating are presented in Table 3 (along with an outline of the ana-
lytical method). Representative cathodoluminesance (CL) images of the dated zircons and U-Pb con-
cordia and mean 2”Pb/2%°Pb weighted age plots are shown in Figure 10.

In total, ten zircons were analysed, including three crystals with two spots each (i.e. core and rim),
giving a total of 13 analyses (Table 3). All of the analyses are concordant or close to concordant, contain
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Table 2: Brief description of the metavolcaniclastic rock used for U-Pb SIMS zircon dating

Sample Setting Brief sample description Zircon characteristics
ELH150085C Part of a metavolcaniclastic Medium grey, fine- to Zircons are clear, mostly short
Sweref99 coordinates: sequence (Muorjevaara group) — medium-grained (0.05-3 mm),  (about 30-100 pm), colourless
E0755910 within the Nautanen deforma-  feldspar-phyric, intermediate and rounded (subhedral to
N7459501 tion zone (NDZ). The sample (andesitic) metavolcaniclastic ~ anhedral). Cores or overgrowths

area represents a less deformed
and altered zone than other
parts of the NDZ (consistent
with magnetic susceptibility
data).

rock. Displays weak pervasive
sericite + K-feldspar £ magnet-
ite + sulphide alteration. Local
amphibole-magnetite and
quartz veins also occur in the
sample area.

were not visible under binocular
microscope observation.
However, CLimaging shows
distinct oscillatory zoning in
most of the grains, with sev-
eral containing cores or over-

growths (Fig. 10A).

Table 3. SIMS U-Pb-Th zircon data for the dated meta-andesite sample.

u Th Pb  Th/U 380/ +1c b/ #*1c Disc.% 27Pb/ 206pp/ 206pp/204pp

Spot# (ppm) (ppm) (ppm) calc®® 2°Pb (%) 2°°Pb (%) conv*? 206ph  +2c 28U  +2c measured f,o%>
Sample ELH150085C (meta-andesite, Nautanen area)

n5397-

Ola 121.8 752 529 0.60 29595 121 0mM4052 102 07 18649 36.6 18765 394 8558 0.22
n5397-

01b 93.8 526 412 0.59 29045 1.23 0112785 136 39 18448 488 19073 408 8781 0.21
n5397-

02a 142.2 154 654 0.81 29326 119 0115998 0.88 -0.2 18954 314 18915 39 21997 {0.09}
n5397-

02b 120.3 624 518 0.56 29592 118 0113430 108 13 18551 38.8 1876.7 38.6 20507 {0.09}
n5397-

03 2005 1584 92.0 0.80 29324 1.08 0115623 073 01 1889.6 26.0 18915 354 46695 {0.04}
n5397-

04 915 656 401 0.68 3.0037 1.28 0115496 108 -21 18876 38.6 18526 412 15722 {0.12}
n5397-

05 1919 1565 883 0.83 29337 1.09 0113559 0.78 21 18571 28.0 1890.8 358 12960 0.14
n5397-

06 70.7 39.2 305 0.55 29653 129 0Mm6561 121 -19 19041 434 18733 422 15010 {0.12}
A5397-

n5397-

08 250.2 260.7 1211 1.06 29089 105 0113059 0.68 3.5 1849.2 244 19048 346 13601 0.14
n5397-

09 131.0 879 582 0.69 29478 119 0113900 093 13 18625 334 1883.0 38.8 13604 0.14
n5397-

10a 159.2 1291 737 0.83 29148 110 014464 086 19 1871.5 30.8 19015 364 1157 0.17
n5397-

10b 129.2 1037 589 0.80 29434 118 0M4416 110 09 18707 39.2 18854 38.6 15564 0.12

Isotope values are common Pb-corrected using modern common Pb composition (Stacey & Kramers 1975) and measured 2°4Pb.
Data row with strikethrough text was not used in the concordia or mean weighted age determinations
" Th/U ratios calculated from 2°8Pb/2°6Pb and 2°7Pb/2°Pb ratios, assuming a single stage of closed U-Th-Pb evolution

"2 Age discordance in conventional concordia space. Positive numbers are reverse discordant.

3Common Pb fraction. Figures in parentheses are given when no correction has been made, and indicate a value calculated
assuming present-day Stacey-Kramers common Pb.

relatively low concentrations of U (approximately 71-250 ppm), and have Th/U ratios of 0.55-1.06.
The spread in 2’Pb/**°Pb apparent ages for the 13 analyses (c. 1.90 to 1.78 Ga) and their corresponding
standard deviations (26) are relatively large, probably due to low total Pb concentrations (approxi-
mately 31-121 ppm, Table 3). One concordant analysis (spot n5394-07, Fig. 10A, Table 3) has a dis-
tinctly younger 2Pb/**Pb apparent age of 1775 + 44 Ma (26) and was not included in the final age
determination. The remaining 12 analyses have 2’Pb/?°°Pb ages that overlap at the 2c-level (Fig. 10C).

U-Pb SIMS dating method: Zircons were obtained from a density separate of a crushed rock sample
using a Wilfley water table. Magnetic minerals were removed using a hand magnet. Handpicked zircons
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Figure 10. U-Pb SIMS zircon geochronology results for metavolcaniclastic rock sample ELH150085C (meta-andesite) from the
Nautanen area (see Fig. 2). A. Cathodoluminescence images of representative zircons obtained from the sample. Red ovals and
corresponding labels represent analytical dating spots. The zircon containing analytical spot n5394-07 yielded a significantly
younger concordant 2°7Pb/2°°Pb age of 1775 £ 44 Ma (20), and was excluded from the final calculated age (Table 3). B. Tera-Was-
serburg plot for the zircon population (n =12). The blue oval represents the calculated concordia age of 1878 + 7 Ma (2c). C. Mean
weighted 2°7Pb/?°Pb age plot for the zircon population.

were mounted in transparent epoxy resin together with chips of reference zircon 91500. The zircon
mounts were polished, gold coated and examined by cathodoluminescence imaging at the Swedish
Museum of Natural History (NRM), Stockholm. High-spatial resolution secondary ion mass spec-
trometer (SIMS) analysis was carried out using a Cameca IMS 1280 at the Nordsim facility at the
NRM. 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. U/Pb ratios, elemental concentrations and Th/U ratios were cali-
brated relative to the zircon 91 500 reference, which has an age of c. 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*4Pb values in cases where the 2°4Pb count rate was above the
detection limit. U and Th decay constants follow the recommendations of Steiger & Jager (1977).
Diagrams and age calculations of isotopic data were made using Isoplot 4.15 software (Ludwig 2012).
All age uncertainties are presented at the 26 or 95% confidence level.

On a Tera-Wasserburg plot (Fig. 10B), 12 analyses plot as an overlapping concordant to near-con-
cordant group, and yield a concordia age of 1878 + 7 Ma (25, n=12, MSWD =5.7, probability of

concordance=0.017). A degree of reverse discordance, where several points plot to the left of the con-
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cordia line, may account for the relatively high MSWD value. The corresponding mean weighted
207Pb/2%Pb age of these 12 points is 1870 + 10 Ma (26, MSWD = 1.3, probability = 0.24; Fig. 10C). The
U-Pb concordia age and the mean weighted age overlap at the 26-level and the former is chosen as the
best estimate for the crystallisation age of the metavolcaniclastic sample (i.e. c. 1.88 Ga).

Several zircons display textural characteristics suggesting core-mantle overgrowth relationships, and
have corresponding 2’Pb/?°°Pb ages, indicating possible age heterogeneity (Fig. 10A, Table 3). For
example, the core domain of zircon 2 (spot 02a) has a 2”Pb/?°°Pb age of 1895 = 31 Ma (26), whereas
the mantle domain (spot 02b) has an age of 1855 + 39 Ma (25). While both ages overlap at the 26-level,
it is possible that the core is inherited (i.e. represents c. 1.90 Ga inherited material). The presence of
older inherited material is further evidenced by a single analysis of the core domain of crystal 6 (spot
06), which yielded a ?”Pb/?%°Pb age of 1904 + 43 Ma (20). For zircon 1 (Fig. 10A), which displays both
oscillatory and core-overgrowth characteristics (e.g. curved zone boundaries in the latter case), the age
difference between the inner and outer domains is smaller, with spot 0la (closer to the core) yielding
a 20’Pb/?%°Pb age of 1865 + 36 Ma (26), and spot 01b (outer mantle domain) giving 1845 + 48 Ma (1o).
While these ages again overlap at the 26-level, a real age difference between the central and periph-
eral parts of the crystal is possible, similar to that obtained for zircon 2.

The new U-Pb SIMS zircon age of 1878 + 7 Ma for the metavolcaniclastic unit from the Nautanen
deformation zone constrains the timing of the Svecofennian intermediate (andesitic) volcanism that
deposited the Muorjevaara group sequence and represents the first robust formational age for
volcaniclastic- and epiclastic-type deposits in the broader Nautanen—Gillivare area. Additionally,
given the general petrographic and lithogeochemical similarities across the meta-volcanosedimentary
sequence from the Aitik area in the south to the northern part of the study area (see Lithogeochemistry
section above; cf. Monro 1988), the new U-Pb date provides the most precise constraint on the age of
metavolcaniclastic wall rocks hosting the Nautanen IOCG and Aitik Cu-Au-Ag deposits.

The U-Pb age of 1878 + 7 Ma for the Nautanen meta-andesite overlaps other ages determined for a
variety of rock units in the Nautanen—Aitik and adjacent areas. The new date is identical to a U-Pb
LA-ICP-MS zircon “minimum age” of 1878 + 7 Ma for a meta-andesite located approximately 100 km
northwest of Gillivare, hosting the Fe-Cu + Au system at Tjarrojakka (Edfelt et al. 2006). The Nau-
tanen meta-andesite age also overlaps new U-Pb SIMS zircon dates of 1883 + 4 Ma for the mafic-ul-
tramafic Dundret complex (southwest of the study area), and 1870 + 4 Ma for a dioritic intrusion west
of the Nautanen deposit (Fig. 2; Sarlus 2016). Moreover, the c. 1.88 Ga age overlaps c. 1.89-1.88 Ga
igneous ages reported for dioritoid and granitoid intrusions in the Aitik area (Wanhainen et al. 2000,
Sarlus 2016) and suggests that the dioritic bodies are the intrusive equivalent of the mainly intermediate
meta-volcanosedimentary sequence (cf. Witschard 1996, Wanhainen et al. 2012). Additionally, the
oldest sulphide mineralisation at Aitik, constrained at c. 1.88 Ga by Re-Os molybdenite dating, and
inferred to relate to an initial “porphyry Cu” mineralisation event (Wanhainen et al. 2005, 2006),
coincides with the c. 1.88 Ga phase of intermediate magmatism dated in this study.

Overall, the geochronology results reported here, combined with additional petrographic, geo-
chemical and geochronological data, confirm a temporal and probable genetic link between Muorje-
vaara group metasupracrustal rocks and compositionally similar dioritic to granitic intrusions in the
area, and highlightan important phase of syn-orogenic, mafic to intermediate magmatism atc. 1.88 Ga.
Additionally, several zircon cores record 2/Pb/?%°Pb ages from c. 1.90 to 1.89 Ga, suggesting inherit-
ance of marginally older volcanic + plutonic material not exposed at the present erosion level. These
data partly affirm tentative U-Pb LA-ICP-MS ages of c. 1.90 Ga for the core domains of titanite crys-
tals obtained from altered metavolcanic rocks hosting the Malmberget iron mine (Storey et al. 2007),
which suggest those rocks are older than the Nautanen package investigated in this study (cf. Fig. 3).
Combined, the older temporal signatures imply that a substrate of c. 1.90 to 1.89 Ga rocks may have
been recycled during the c. 1.88 Ga tectonothermal event.
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Intrusive rocks and their relationship to the Muorjevaara group

To the north, east and west of the Nautanen area, the Muorjevaara group is intruded by relatively
abundant plutonic and hypabyssal rocks (Fig. 2). These consist of (1) generally foliated and locally
folded, medium to coarse-grained, c. 1.88 to 1.87 Ga dioritic to granodioritic plutons (Fig. 11A & E-F);
(2) c. 1.81 to 1.80 Ga gabbroic to doleritic and syenitic intrusions (Fig. 11H); and (3) voluminous,
weakly deformed to massive, c. 1.79 to 1.78 Ga granitic intrusions (Fig. 11C & G, e.g. Witschard 1996,
Sarlus 2016). The older c. 1.88 Ga dioritic intrusions were emplaced at approximately the same time as
the c. 1.88 Ga mafic-ultramafic Dundret complex to the southwest (cf. Sarlus 2016). Thus, two broad
episodes of bimodal plutonism at c. 1.88 Gaand c. 1.80 Ga are recognised in the general Gillivare area
(see also Sarlus et al. 2017).

Locally exposed intrusive contacts in the Nautanen area provide rare field evidence of the temporal
relationship between intrusive rocks and Muorjevaara group units, and help establish the number and
sequence of intrusive events (Fig. 11). Dioritic and granitic bodies of varying size intrude the sequence,
typically parallel to primary bedding and dominant foliations (i.e. sills), or as discordant veins or dykes
with moderate to high angles relative to planar fabrics (Figs. 11B—D).

In the Eastern volcanosedimentary domain, fine- to medium-grained (approximately 0.5-3 mm),
dioritic dykes and veins intrude metavolcaniclastic rocks with sharp contacts (Fig. 11B). These minor
intrusions resemble larger-scale, medium- to coarse-grained (approximately 1-8 mm), diorite to quartz
monzodiorite bodies in the area (e.g. c. 1.89 Ga Aitik stock), and contain similar textural and litho-
logical features (e.g. mafic enclaves, Fig. 11A).

Granitic rocks also crosscut the meta-volcanosedimentary sequence with sharp, igneous contacts
and typically intrude parallel to primary and overprinting structures (Fig. 11C-D). They occur as
fairly abundant, approximately 1-15 m thick, medium- to coarse-grained (approximately 1-10 mm),
granitic to locally pegmatitic, sills and minor, approximately 1-5-cm-thick, fine- to medium-grained
(approximately 0.5-5 mm) aplite veins and segregations (Fig. 11C—-D). Where present, granitic veins
consistently crosscut dioritic bodies (Fig. 11A), and thus reflect the absolute ages of these intrusive suites
in the general Gillivare area (cf. Sarlus 2016).

» Figure 11. Intrusive rocks and field relationships. A. View to the southwest of weak to moderately
foliated monzodiorite (Haparanda suite) with mafic microgranular enclave (arrow). Crosscutting
northwest-aligned aplite vein is seen near the top. B. Bedding view (to the northeast) of well-sorted,
laminated, intermediate metavolcaniclastic rock cut by west-northwest-aligned, dioritic veins. Note
elongate mafic enclaves in the veins (arrows), which are compositionally similar to the enclave shown
in A. C. View to the north-northeast of contact (broken line) between reddish-pink, massive granite
sill and biotite schist. D. Bedding view (to the southwest) of northwest-aligned, laminae-parallel,
aplite veins crosscutting magnetite-bearing biotite schist. E. Intermediate, medium-grained dioritic
rock predominantly comprising amphibole and plagioclase (Haparanda suite). F. Example of a
moderately deformed (foliated), pale pink Lina-type granite. G. Undeformed, coarse-grained, Lina-
type granite with distinct pinkish colour. H. Reddish-pink, K-feldspar-rich syenitic intrusion (possibly
Perthite monzonite suite). Photographs A-D by Edward Lynch. Photographs E=H by Zmar Sarlus.
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STRUCTURAL GEOLOGY AND DEFORMATION

Structures in the eastern volcanosedimentary domain

The eastern volcanosedimentary domain (EVD) contains a variety of superimposed ductile and brittle
structures recording a protracted, multiphase deformation history. The most commonly observed
fabric is a variably intense, planar penetrative foliation, here designated S1 (Figs. 122A-B). This foliation
is generally roughly northwest to north-northwest-aligned, moderate to steeply southwest to west-
southwest-dipping, and tends to parallel primary bedding, laminae and compositional banding. S1
has a similar orientation to planar foliations in EVD-hosted dioritic intrusions. The intensity of S1
varies between outcrop and lithology, and where it forms a schistose to gneissic texture, S1 may repre-
sent a composite transposed foliation (cf. Fig. 5). Locally, S1 is axial planar to tight to isoclinal, asym-
metric, intrafolial F1 folds (Fig. 12B).

The EVD is also characterised by tight to isoclinal folding of primary bedding, compositional band-
ing, alteration banding and foliations. To the immediate east of the Nautanen deformation zone (i.e.
southern EVD) the predominant structure is a distinct, large-scale, asymmetrical and overturned
syncline (cf. Fig. 2). The western limb appears to be truncated roughly north-northwest-trending, shear
zones and faults related to the Nautanen deformation zone. Fold vergence is typically eastward, with
axial surfaces roughly north to north-northwest-aligned (sub-parallel to the Nautanen deformation
zone) and generally dips steeply towards the west. The fold shapes are non-cylindrical and fold axes
are locally curvilinear. The larger-scale fold structures are accompanied by parasitic, asymmetric small-
scale folding. In the southern part of the EVD, parasitic fold axes commonly plunge at moderate angles
towards the south-southwest, whereas in the north fold axes have doubly plunging geometries (typi-
cally roughly northwest and southeast). Mineral lineations are gently plunging and have varying
orientations.

A discordant c. bedding plane-orthogonal crenulation cleavage, here designated S2, also occurs in
the EVD (Fig. 10C-D). It is generally roughly north to north-northeast-aligned, sub-vertical and is
axial planar to gentle, upright, moderate roughly south to south-southeast-plunging F2 folds (Fig. 10C).
The S2 cleavage is associated with L2 intersection lineations that typically have a moderate plunge to
the south and south-southeast, similar to F2 fold axes. Locally, near the hinge zones of larger-scale
folds, fairly intense S2—L2 deformation has developed elongate and stretched L-tectonites, which form
mullion-like features along bedding surfaces (Fig. 10E). In eastern limb areas local bedding plane
surfaces with L2 lineations contain slicken-side notches, indicating top-block reverse movement
towards the north and north-northwest (Fig. 10F).

Brittle deformation in the EVD consists of (1) locally developed spaced cleavage and fracture sets
that tend to follow earlier planar structures; (2) numerous roughly north-northwest- and east-aligned,
generally sub-vertical, amphibole and quartz vein sets, of which the latter are locally sulphide-bearing
(e.g. Ferrum Cu-Au prospect); and (3) joint sets developed in intrusive rocks. Additionally, discordant
roughly north to north-northeast-aligned brittle deformation zones are inferred from acromagnetic
data (cf. Fig. 2). These crosscutting, locally NDZ-related high-strain zones segment the EVD into

several localised blocks (see below).

Structures in the Nautanen Deformation Zone

The Nautanen deformation zone (NDZ) is an important regional-scale, composite shear zone in
northern Norrbotten and is the most prominent large-scale structural feature in the study area (e.g.
Bergman et al. 2001). Here, it occurs as a somewhat dilational, approximately 300 m to 2 km wide
high-strain deformation zone, characteristically delineated on aecromagnetic maps by planar, sub-
parallel, roughly north-northwest-aligned magnetic anomalies (cf. Fig. 14).

Structurally, the NDZ is characterised by a conspicuous roughly north-northwest to northwest-
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Figure 12. Examples of structures in the eastern volcanosedimentary domain. A. North-northeast view of steeply west-south-
west-dipping, medium-bedded metavolcaniclastic rocks with bedding-parallel S1foliation. Zmar Sarlus for scale. B. Side surface
view (to the east-northeast) of laminated and compositionally banded mica schist with dominant bedding-parallel S1 foliation.
Arrows indicate tight to isoclinal, recumbent, interfolial folding (F1) of feldspathic bands and veins. C. View to the northeast of
mica schist showing bedding-cleavage relationship and related south-southeast-plunging L2 intersection lineations. D. Top
surface view (to north-northeast) of compositionally banded metasedimentary rock, showing bedding-parallel S1 foliation af-
fected by steep S2 cleavage, axial planar to gentle, upright, south-southeast-plunging F2 folds. E. Top surface view (to the north-
northwest) of mica schist with stretched south-southeast-plunging L2 intersection lineation associated with mullion-like fea-
tures. F. Bedding surface view (to the north) showing moderate, south to south-southeast-plunging L2 intersection lineations.
Arrow marks slicken-side notches, which suggest top block movement towards the north. All photographs by Edward Lynch.
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aligned, steep to locally moderate roughly west-dipping, penetrative foliation (S1), with varying but
generally strong intensity (Fig. 13A—B). Locally, inferred primary bedding, compositional banding and
alteration banding are typically transposed into steep orientations parallel to the dominant foliation,
and locally produce a composite fabric that may represent several generations of ductile deformation.
The dominant shearing direction strikes roughly north-northwest and shows mainly western-block up
reverse kinematics and most commonly oblique dextral and less common sinistral components,
recorded by asymmetric foliation deflections around garnet porphyroblasts and local asymmetric kink
bands (Fig. 13C-E).

The predominant north-northwest-trending reverse shear zones within the NDZ are interconnected
by roughly north-trending, sub-vertical high-strain zones with mainly dextral kinematics. In general,
these secondary zones are interpreted as Riedel shears that formed in the oblique, dextral-reverse shear
zone (Fig. 14). Additionally, local tensional features such as quartz-filled tension gashes and en-echelon
quartz veins occur along the western margin of the NDZ, and are mainly orientated north to north-
northeast.

Minor asymmetric folding related to shearing is mainly evident from asymmetrically folded horn-
blende-, magnetite- and epidote-filled veinlets (Fig. 13F). To the south of the study area, at the Aitik
deposit (Fig. 14), the reverse shear zones are more N—S orientated and dip moderately towards the west,
with distinct roughly west-plunging mineral lineations. Additionally, a set of sub-vertical, north-
northeast-trending high-strain zones is observable. It has been suggested that it controls the distribu-
tion of gold in the Aitik deposit (Sammelin 2011).

Mineral lineations in the NDZ are defined by stretching of minerals, and their orientations are
variable. In general, lineations plunge moderately towards the south and southwest. Local variations,
with gentle to horizontal plunges, were also observed.

Structures in the western volcanosedimentary domain

The western volcanosedimentary domain (WVD) is characterised by alternating layers of metasedi-
mentary and meta-volcanosedimentary rocks, with a distinct bedding (S0) and parallel foliation (S1)
forming a composite SO-1 fabric. Both bedding and the S1 foliation are folded into inclined to over-
turned asymmetric folds, with open to close interlimb angles. The predominant large-scale structure
in the WVD is a repetition of anticlines and synclines, with non-cylindrical, curvilinear fold axis (see
Fig. 2). The overall orientation of fold axes is southward with gentle to moderate plunges. Fold axes in
the northwest of the WVD appear to be doubly-plunging.

Typically, an axial planar parallel fabric is not observed across the WVD. Nevertheless, a weak fo-
liation or weak-spaced cleavage, here designated S2, could be observed in several outcrops, especially

in the vicinity of the NDZ. This S2 fabric clearly overprints the SO-1 foliation obliquely (Fig. 15A).

» Figure 13. Examples of structures in the Nautanen deformation zone domain. A. Top surface
view (to the west-south-west) of dominant, steeply west-southwest-dipping, penetrative S1
schistosity affecting biotite-magnetite-altered metavolcaniclastic rocks. Arrow indicates altered
and stretched clast replaced by biotite. B. Along-strike side view (to the south-southeast) show-
ing localised high-strain shearing (broken lines) of altered schist. C. Top surface view (to the
west) of garnet porphyroblast partly deflecting S1fabrics in schist. Deflection pattern and garnet
growth tails indicate possible dextral rotation. D. Top surface view (to the west-southwest) of
elongate (stretched?) garnet porphyroblast (arrow) in biotite-magnetite-altered schist. E. View
to the southwest of small-scale dextral kink bands (arrow) in mica schist. F. View to the south-
southeast (along strike) of asymmetric folding of magnetite-filled veinlets in mica-amphibole
schist. All photographs by Edward Lynch, except E and F by Tobias Bauer.
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Figure 14. Conceptual model of primary, secondary and tertiary structures along the Nautanen deformation zone (NDZ). The
background image is merged data from airborne and ground magnetic measurements.

Local crenulation lineations, small-scale fold axes and mineral-stretching lineations are orientated
sub-parallel to the larger-scale fold axes (Fig. 15B—-D).

Brittle deformation in the WVD is dominated by a large-scale, northwest-striking fault zone that
divides the foliated and folded metavolcanic and metasedimentary rocks to the north from mainly
undeformed granites to the south (Fig. 2). The fault zone is characterised by intense fracturing forming
distinct topographic depressions.

Structures associated with intrusive rocks

Intrusive rocks in the area have varying strain intensities that reflect their relative ages and emplace-
ment histories. A general penetrative foliation is seen in Haparanda-type dioritic to granodioritic intru-
sions (Fig. 16A). In the eastern domain, it is predominantly north-northwest to northwest-aligned,
steeply southwest-dipping, and tends to follow the orientation of the predominant S1 foliations seen
in the country rocks. Locally, dioritic dykes intruding metavolcaniclastic rocks display evidence of
dextral-oblique emplacement associated with folding (e.g. Fig. 16B), while high-strain zones cutting
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Figure 15. Examples of structures in the western volcanosedimentary domain. A. Mica schist, showing schistosity-cleavage rela-
tionship (So-1and S2, respectively). View to the east. B. Smale-scale folds, with L2 crenulation lineations parallel to axial planes.

View to the east-northeast. C. View to the east of metavolcaniclastic rock and folded vein. D. View to the east of L2 intersection
lineation in an intermediate metavolcaniclastic rock. All photographs by Tobias Bauer.

through the dioritic intrusions can cause a strong transposition of the penetrative foliation, suggesting
local pre-shearing emplacement. Along the western margin of the Nautanen deformation zone, dior-
itic intrusions occur as narrow, elongate, north-northwest-aligned bodies that are orientated sub-
parallel to, and deflected by, folding and Nautanen deformation zone-related shearing (cf. Fig. 2).
Overall, the foliated character of the dioritic rocks, combined with their general orientation and in-
trusive patterns, suggests a probable syn-kinematic emplacement (cf. Witschard 1996).

Lina-type granitic rocks and subordinate aplite-pegmatite bodies typically occur as sheet-like intru-
sions, sills and veins intruding parallel to planar structures (cf. Fig. 11). A varying degree of strain is
observable in these granitic rocks, ranging from penetratively foliated to non-foliated (cf. Fig. 11IF-G).
This suggests episodic emplacement of several generations of granitic rocks in the area and indicates
that notall granitic intrusions may strictly belong to the Lina suite association (cf. Bergman etal. 2001).

Variably deformed granitic rocks are also known from the broader Gillivare area. For example,
Wanhainen etal. (2005) report radiometric ages for both deformed and undeformed pegmatitic dykes
occurring at the Aitik deposit, south of Nautanen. A deformed pegmatite dyke yielded an age of
c. 1.85 Ga, while undeformed dykes have ages from c. 1.76 to 1.73 Ga. In addition, Bergman et al.
(2002) obtained an age of c. 1.77 Ga from a weakly foliated, Lina granite roughly 30 km N'W of the
Nautanen area. These data, combined with observations presented here, support the contention that
both syn- and post kinematic granite magmatism occurred in the general Gillivare area.
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Figure 16. A. Sub-vertical surface view to the north-northwest of sub-vertical foliation in medium-grained, monzodioritic intru-
sion. B. Sub-horizontal surface view to the southwest of dioritic dyke crosscutting steeply south-southwest-dipping, thinly lami-
nated, metavolcaniclastic rock. Laminae appear dextrally offset and associated with possible syn-emplacement drag fold (bro-
ken lines). All photographs by Edward Lynch.

Geophysical modelling of the Nautanen Deformation Zone

The study area was investigated in five separate airborne geophysical campaigns between the early
1960s and the mid-1990s, which resulted in the acquisition of magnetic, radiometric and electromag-
netic data (slingram and VLF). Additionally, regional-scale ground gravity measurements have been
conducted using approximately 1.5 km station spacing. Petrophysical sampling, ground magnetic and
ground slingram measurements have also been made (cf. Lynch & Jénberger 2014).

From a magnetic anomaly perspective, the western volcanosedimentary domain (WVD) is rela-
tively heterogeneous, with a banded pattern (Fig. 17). The low-magnetic parts of the area mainly
consist of metasedimentary or felsic metavolcaniclastic rocks, while the high-magnetic bands are caused
by mafic to intermediate metavolcaniclastic rocks. Mafic intrusive rocks also have relatively high
magnetisation values (Table 4). On the gravity map a regional trend dipping towards the west indicates
that granitic intrusions in this area have a deeper depth extent (Fig. 18).

The NDZ domain has been the target of both ground magnetic and ground slingram surveys in the
past (cf. Lynch & Jonberger 2014). The magnetic anomaly map shows historical ground magnetic
measurements overlaying airborne magnetic data, and displays a zone of tight, sub-parallel magnetic
bands corresponding to the NDZ (Fig. 17). On the gravity map, the NDZ correlates with a broad
positive gravity anomaly, implying that more mafic lithologies (higher density) underlie the NDZ than
in surrounding areas (Fig. 18). The positive gravity anomaly extends eastwards from the central NDZ
towards gabbroic rocks at Snalkok (cf. Fig. 2).

The eastern volcanosedimentary domain (EVD) mainly consists of intercalated metavolcanoclastic
or metasedimentary rocks. Intrusive rocks in the area range from granite to gabbro. On the magnetic
anomaly map the area resembles the pattern for the WVD, with high-magnetic bands alternating with
areas with lower magnetic signatures. A synformal fold in the southern part of the EVD can also be
observed on the magnetic anomaly map. The high-magnetic bands consist of mafic metavolcaniclastic
rocks, whereas the lower magnetic areas are metasedimentary rocks. In the north of the EVD a gra-
nitic intrusion correlates well with a low gravity anomaly. Further south, the sequence of alternating
metasedimentary and metavolcaniclastic rocks have roughly the same densities and give rise to a
positive anomaly on the gravity map (Table 4). In the central and eastern part of the EVD, a homog-
enous low-magnetic area on the magnetic anomaly map corresponds to mafic intrusive rocks. Low-
magnetic granite is seen as a gravity low in the far southeast of the EVD.

Three 3D models have been constructed of the NDZ by the inversion of gridded ground magnetic
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Figure 17. Magnetic anomaly map of the Nautanen area. Airborne data is overlain by ground magnetic data, acquired in previous
surveys. The black polygons represent study area domains. The white and blue lines correspond to new ground magnetic and
VLF measurements, respectively (this study). Petrophysical samples acquired earlier are shown as yellow dots, newer samples
with red dots. The numbers “1—3” correspond to profiles discussed in the main text, and relate to Figs. 21—24. The red box sur-
rounding the Nautanen Cu-Au deposit is presented in Figure 19. The red lines show the extent of extracted cross-sections from
3D VOXI models, shown in Figures 21and 23.

data in the VOXI environment developed by Geosoft (Figs 20, 21 & 23). The aim of this modelling
was to visualise highly magnetised structures in the sub-surface and their geometrical behaviour at
shallow depth (down to approximately 200 m).

The most northerly 3D inversion model was made of the Nautanen Cu-Au deposit and surrounding
area (red rectangle in Figs. 17 & 18). The input data to the model was newly acquired ground magnetic data
along parallel profiles striking east-west that were collected with an individual spacing of 10 m (Fig. 19).
Measurements of the magnetic field were recorded along these profiles approximately once a metre. The
3D model was confined to 300 m in an east-west direction and 400 m in a north-south direction (Fig. 19).
The cell size of each volume pixel (voxel) in the model is 5x 5 m horizontally, and a few metres vertically.

Before the data were inverted, the voxels were assigned minimum and maximum constraints for
their permitted magnetic susceptibilities. Due to the occurrence of very high-magnetic bands in the
area, constraints on susceptibility were set between 0 and 2 SI units. One cross-section (Fig. 20) has
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Figure 18. The residual gravity field in the Nautanen area. Black dots show the location of gravity measurements; black polygons
represent study area domains. The white and blue lines represent new ground magnetic and VLF measurements, respectively
(this study). The numbers “1—3” correspond to profiles discussed in the main text, and relate to Figs. 21—24. Earlier petrophysical
samples are shown by yellow dots, newer samples by red dots. The red box surrounding the Nautanen deposit is presented in
Figure 19; the red lines show the extent of the extracted cross-sections from 3D VOXI models shown in Figure 21and Figure 23.

Table 4. The petrophysical properties of different rock types in the Nautanen area. The total number of petrophysical samples is 267.

No.of  Density Density (SI) Susceptibility Susceptibility Susceptibility Q-value Q-value Q-value
Rock type samples (SI)Mean Std.dev. x10°(SI) min  x10°(SI) max x10°(SI) median min max median
Granite 13 2612 17 0 3691 1544 0.00 0.87 0.07
Metasedimentary 16 2836 98 18 67510 784 0.00 89.53 0.16
rock
Gabbro-diorite 22 2903 50 27 19781 70 0.00 6.81 0.01
Sandstone 24 2768 74 12 18660 1850 0.00 837 0.45
Basalt-andesite 56 2847 76 44 53060 5339 0.00 16.00 0.45
Mica schist 22 2814 100 44 41430 1699 0.00 161.80 0.30
Rhyolite-dacite 18 2708 34 21 10933 1801 0.01 1.76 0.26
Amphibolite 23 2966 79 60 19031 7217 0.00 9.27 1.35
Greywacke 28 2819 92 39 14740 2157 0.00 718 0.65
Granodiorite 5 274 53 21 3169 1975 0.00 1.56 0.16
Argillite 40 2754 12 234 32378 2338 0.03 79.69 0.37
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Figure 19. The total magnetic field in the area surrounding the ore deposit at Nautanen. The data is derived from ground mag-
netic measurements, acquired in 2014. The red profile corresponds to the cross-section from the 3D inversion shown in Figure 20.

been extracted from this 3D model, corresponding to the red profile line shown in Figure 19. The
modelled cross-section shows an overturned, synformal geometry in the western part of the profile,
with a southwestward-dipping axial plane, whereas the magnetic structures on the eastern side dip to
the northeast (Fig. 20).

Two additional models have been made across the NDZ further south, based on ground magnetic
and VLF data to visualise the geometry of the zone and interpret bedrock structures by integrating
the results from both models into one comprehensive model (Figs. 21 & 22). These models correspond
to the blue and red “profile 1” lines shown in Figures 17 and 18. Interpretation of resistivity cross-sections
derived from VLF measurements (Figs. 22 & 24) is complicated by the fact that the measurements
were made at a single frequency, and the final result is influenced by the direction of the transmitter,
the signal-to-noise ratio, as well as conductors in the subsurface.

The northern part of the NDZ was the subject of ground magnetic measurements in 1977-1978.
These measurements were conducted perpendicular to strike along closely spaced profiles. In general,
the distance between these profiles was 80 m, but in some areas the profile spacing was reduced to
40 m. From these measurements, two 3D models have been made of shallow sub-surface conditions
by inverting the gridded magnetic ground data. Results from these inversions are presented in Figure 21
and Figure 23, in which cross-sections perpendicular to the NDZ have been extracted from the 3D
inversions to visualise the geometry of the magnetised sub-surface structures.

The cross-section in Figure 21 is derived from a 3D susceptibility model with an extent of 3x3 km.
Each voxel corresponds to 25 %25 m horizontally and 10 m vertically. 37 petrophysical samples in this
area have a maximum magnetic susceptibility of 0.6 SI units. However, susceptibility is probably higher
locally, so constraints on the voxels in the inversion model have been set between 0.0001 and 1 SI units.

In the cross-section shown in Figure 21 a magnetic structure in the southwest of the profile dips
moderately to the southwest. A sudden break in the pattern occurs in the centre of the profile. East of
this break, the highest magneticarea of the NDZ can be seen as a synformal pattern continuing towards
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Figure 20. Susceptibility model of shallow sub-surface conditions along the cross-section shown in Figure 19. The section is
derived from the 3D inversion based on ground magnetic measurements.
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Figure 21. Cross-section from a 3D susceptibility inversion model based on gridded ground magnetic data. The lateral extent is
the same as for Figure 22. Depth extent is 700 m below ground level.

the northeast. Minor magnetic structures extend up from this synformal structure towards the ground
surface. These structures probably correspond to linear magnetite-rich zones.

A ground profile using a VLF instrument was carried out at roughly the same location with the aim
of resolving more conductive zones in the bedrock (Fig. 22). The corresponding cross-section shows
the resistivity properties of the sub-surface. Some features in the resistivity cross-section resemble those
seen in the susceptibility model. For instance, more resistive west-dipping structures can be seen in
the western part of the cross-section (Fig. 22). This could be a structure that has been thrust upwards
from the southwest to the northeast. The structure is positioned just next to a more conductive feature,
seen in the susceptibility model as a highly magnetic structure.

Another 3D susceptibility inversion model has been made of an area approximately 2 km southeast
of the NDZ (Fig. 23). Its geographical extent is displayed in Figure 17 and Figure 18 as the red line
marked “2”. The original model had an extent of 4 x 4 km; 116 petrophysical samples have been acquired
from within that area. The maximum magnetic susceptibility value for these samples is 0.67 SI units.
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Figure 22. Inversion model based on VLF measurements along the profile labelled “1” in Figure 17 and Figure 18. It crosses the
same lithological units as in Figure. 21. The model displays apparent resistivity in the ground at shallow depth.
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Figure 23. Cross-section derived from a 3D susceptibility inversion model based on gridded ground magnetic data. The lateral
extent corresponds to profile “2” in Figure 17 and Figure 18. Depth extent is almost 400 m below ground level.
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Figure 24. Resistivity cross-section derived by inverting VLF measurements along the profile labelled “3” in Figure 17 and Figure

18. The model displays apparent resistivity in the ground at shallow depth.

Thus, constraints on the voxels in the inversion model have been set between 0.0001 and 0.7 SI units.
Due to the relatively small geographical extent of the model, each voxel has been given the size of
25x25 m laterally and approximately 10 m vertically at ground surface. In the eastern part of this
cross-section, a magnetic anomaly with an inferred synformal shape occurs, resembling the anomaly
structure seen in Figure 21.
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The most southerly VLF profile was made a further 8 km to the S-SE along the NDZ (Fig. 24). The
profile was made predominantly on the eastern side of the NDZ; its extent is marked with the blue
profile line “3” in Figure 17 and Figure 18. A fairly broad conductive zone can be seen in the western
part of this cross-section, corresponding to a low-magnetic area. In the east, a resistive feature with a
relatively shallow south-eastward dip occurs (approximately 45°). This feature correlates to high-mag-
netic bands seen on the magnetic anomaly map (Figure. 17).

SUMMARY AND CONCLUSIONS

Bedrock and structural mapping, lithogeochemistry, U-Pb geochronology and geophysical modelling
have been integrated to characterise a package of polydeformed and variably altered c. 1.88 Ga meta-
volcanosedimentary rocks in the Nautanen area of northern Norrbotten. The summary and conclusions
from this work are:

(1) The investigated sequence, the Muorjevaara group, consists of calc-alkaline, basaltic andesitic to
mainly andesitic metavolcaniclastic and volcanogenic (epiclastic) metasedimentary rocks. Lesser in-
tercalated and interbedded pelite, mica schistand amphibolite units occur, and gradational and layered
compositional and textural variation is relatively common throughout the sequence. Locally, granitic
and dioritic rocks intrude the meta-volcanosedimentary sequence. Metasomatic-hydrothermal altera-
tion (mainly potassic-ferroan + calcic) variably affects the meta-volcanosedimentary sequence across
the study area and is most intensely developed in high-strain shear zones.

(2) U-Pb SIMS zircon dating of a meta-andesite has yielded a relatively precise U-Pb concordia age of
1878 + 7 Ma (20). This date constrains the timing of syn-orogenic intermediate magmatism and
provides the first absolute age for the metasupracrustal sequence hosting the Nautanen IOCG and
Aitik Cu-Au-Ag deposits. The c. 1.88 Ga magmatic event coincides with regional, continental arc-
related basic to intermediate magmatism occurring across northern Norrbotten. Such a setting is also
supported by preliminary initial éENd values ranging from -4.5 to -0.3 reported by Lynch et al. (2018a)
for Nautanen-Aitik supracrustal rocks.

(3) The Nautanen area contains a variety of superimposed ductile and brittle structures formed by at
least two major deformation events. The predominant structures in the area are large-amplitude folds
and the composite, north-northwest-striking Nautanen deformation zone (NDZ). Locally, the NDZ
transects and truncates the western limbs of the large-amplitude, moderate to tight folds consistent

with a phase of late-stage shearing (cf. Luth et al. 2016).

(4) Magnetic susceptibility and VLF resistivity modelling along the Nautanen deformation zone
confirm the complex nature of this composite structure. Profile 1 indicates a relatively shallow dip of
the lithologies in the west of the NDZ to the southwest. In the central part of the NDZ magnetic data
indicates tight folding, forming synclinal structures. These features can be seen in all cross-sections
derived from the 3D models in the north of the NDZ. Further south, VLF resistivity data indicate
different geometries of the resistive layers in the eastern part of the NDZ.
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