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Abstract

The Precambrian bedrock of the Fennoscandian Shield in the
northern part of Norrbotten county, northern Sweden, is de-
scribed with regard to rock types, stratigraphy, mineralisations,
alterations, structure, metamorphism and geophysical proper-
ties. A field excursion guide is included. The description is ac-
companied by five printed maps: a bedrock map, a mineral and
bedrock resource map, a metamorphic, structural, and isotopic
age map, and two maps with geophysical data. All maps and
databases are available at the Geological Survey of Sweden.

Most of the Precambrian rocks in the area were formed be-
tween c. 2.8 and 1.8 Ga ago. Archaean rocks occupy the north-
ernmost part and are dominated by metagranitoids, with mi-
nor supracrustal rocks. They are unconformably overlain by
clastic metasedimentary and intermediate-mafic metavolcanic
rocks of the Kovo Group. The overlying Greenstone group
consists mainly of metabasalt, which is amygdaloidal in the
lower part and tuffitic, or in some areas pillowed, in the upper
part. Other important components in the Greenstone group
are metaultramafic rocks, graphite schists, iron formations and
crystalline carbonate rocks. Swarms of mafic dykes exist in
the Archaean rocks, and the overlying rocks contain numerous
mafic sills. The overlying Svecofennian supracrustal rocks pre-
dominantly consist of calc-alkaline metaandesite (Porphyrite
group), a bimodal group of mafic and felsic metavolcanic rocks
(Porphyry group) and clastic metasedimentary rocks. Six suites
of intrusions, which were formed during the time interval
c. 1.9-1.8 Ga ago, are distinguished. Three of them are gab-
broid-syenitoid-granite suites (with the Haparanda suite also
containing granitoids) and the other three are a granitoid, a
granite-pegmatite and a young gabbro-diabase suite. To the
west the older rocks are unconformably overlain by a thin cover
of Vendian to Cambrian clastic sedimentary rocks, which are
overthrust by nappes of the Caledonian orogen.

The northern part of Norrbotten county is an important
ore province and a major producer of copper and iron in Swe-
den. Economically important deposits include apatite iron ores,
stratiform copper deposits and epigenetic copper-gold deposits.
Most mineral deposits in the area are hosted by the Greenstone
group and Svecofennian metavolcanic rocks. Stratiform sul-
phide deposits with copper (-zinc-lead) and uneconomic iron
formations are found in volcaniclastic units of the Greenstone
group, while apatite iron ores are restricted to the Porphyry
group. Epigenetic sulphide deposits with copper-gold (-cobalt)
are found in both the Greenstone group and the Svecofennian
metavolcanic rocks. The deposits are generally spatially related
to deformation zones. Scapolite, albite and K-feldspar are char-
acteristic alteration minerals in most epigenetic sulphide de-
posits, while phyllosilicates may have formed extensive footwall
alteration zones at stratiform deposits.

The area is characterized by an approximately NNE-SSW
to NN'W-SSE structural grain. The degree of deformation is
highly variable. High-strain zones alternate with zones of little
deformation, and some intrusive rocks lack evidence of ductile
deformation. Intense deformation and high-grade metamor-
phism is found in the eastern part of the area, e.g. in the Pajala
shear zone. Another important regional zone is the Karesuando—
Arjeplog deformation zone, which transects the central part of
the area. Major fold structures are found in several places. Low
metamorphic grade and excellently preserved primary structures
are found in two areas in the west. The first phase of deformation
and metamorphism occurred in the Archaean. There is evidence
for at least two major phases of Svecokarelian deformation and
metamorphism. The last deformation in the area was late- to
postglacial faulting.

Introduction

The northern part of Norrbotten county is one of Swe-
den’s major ore-producing regions. This area of investiga-
tion is located in northernmost Sweden and comprises
the area of crystalline bedrock lying east of the Caledon-
ian orogen. The topographic map sheets 28-32 I-M cov-
er the area. A large part of the area has been mapped by
the Geological Survey of Sweden (SGU) on the scale of
1:50 000, and bedrock maps were published during the
years 1967-1983 and 1995-1999. In 1987 geological
compilation maps of northern Fennoscandia were pub-
lished on the scale of 1:1 million (e.g. Silvennoinen et
al. 1987). Using the results of that project and some
new interpretations, a digital map of northern Sweden
on the scale of 1:250 000 was prepared at SGU (by T.
Sjostrand and H. Henkel) in the late 1980s, commis-
sioned by Nimnden for statens gruvegendom (the State
Mining Property Commission; Swedish inititals: NSG).

That map was the base for this project, which started in
1994 after a request from the mineral industry.

The aim of this project was to compile existing infor-
mation, complement it with limited new field data and
new analyses, and thus present updated databases and
coherent interpretations of the project area. Emphasis
was put on the revision and updating of 1) the stratigra-
phy of supracrustal rocks, 2) the subdivision of intrusive
suites, 3) the mineral deposit information and classifica-
tion, 4) the regional structural framework, 5) informa-
tion about metamorphic conditions, and 6) geophysical
information.

This report describes and gives additional informa-
tion on the geological and geophysical features of the
area, which are shown on five separate printed maps. The
maps are 1) a bedrock map, 2) a mineral and bedrock
resource map, 3) a metamorphic, structural and isotope
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age map, 4) a magnetic total field map (1-4 on the scale
of 1:250 000), and 5) a sheet containing four smaller
maps: a gamma radiation map, an electromagnetic map
(VLEF), a topographic relief map, and a Bouguer anomaly
map. All maps and databases are available at SGU.

In the following report, Stefan Bergman was respon-
sible for the chapters entitled "Introduction”, "Regional
geological framework”, "Metamorphism” and " Tectonic
evolution...”, while Olof Martinsson wrote the chapter
on "Mineral occurrences”. Both Stefan Bergman and

Lutz Kiibler contributed to the chapters "Methods”,
"Bedrock geology” and ”Structure”, while all three au-
thors contributed jointly to the "Base information” chap-
ter and the Excursion Guide. We wish to express our
gratitude to Patric Carlsson, Timo Pitkinen and Jonna
Andersson for their highly valuable help with fieldwork.
We are also grateful to Sven Aaro, Benno Kathol and
Michael B. Stephens for their constructive comments on
the manuscript.

Methods

The maps are mainly the result of compilation and
revision of previously existing information. A limited
amount of geological and geophysical fieldwork was done
in selected key areas. In the SGU outcrop database there
are ¢. 1 500 observations, which were collected within
the frame of this project during the years 1994-1999
(primarily during the first three years). For fieldwork,
rectified air photographs (scale 1:20 000) were used, in
some cases smaller scale topographic maps. The position-
ing of the field observations was generally accurate with-
in 50 metres. In some cases GPS positioning with vari-
able accuracy has been made. Samples have been collect-
ed for making e.g. thin sections, geochemical analyses,
petrophysical analyses, and radiometric age determina-
tions. The field and laboratory results were compiled and
integrated together with new geophysical interpretations,
previously published information and archive material.
The information has been generalised with regard to the
scale of presentation (1:250 000). Revision of the digital
map referred to above was made by screen digitisation
using MapInfo™. Rock assignments have been modified
from previous mapping where necessary, so as to be as
consistent as possible with the results of our recent field
investigations and the presently available petrographical,
geophysical, geochemical, and isotopic data. Adjustment
of rock unit boundaries on the basis of magnetic field
data has been made in such cases where processed dig-
ital magnetic data provided more accurate interpretation
compared to previous work.

The lithogeochemical database contains 1 110 analy-
ses, many of which only have major and minor elements.
Complementary sampling during this project yielded
185 new analyses with major and minor elements, and
36 trace elements including rare earth elements. The
sample localities were chosen to improve the interpreta-
tion of the stratigraphy and the subdivision of intrusive
suites. The analyses were made by Svensk Grundimnes-
analys AB in Luled, using optical emission spectrometry

S. BERGMAN, L. KUBLER & O. MARTINSSON

and mass spectrometry or quadrupole mass spectrome-
try with inductively coupled plasma (ICP-AES and ICP-
MS/QMS). Measurements of the gamma radiation spec-
tra were made directly on outcrops in order to analyse
the concentrations of potassium (in %), uranium (eU in
ppm) and thorium (eTh in ppm). The instrument used
was GR 320 from Exploranium™. This type of informa-
tion was obtained from a total of 200 outcrops.

Ten new U-Pb isotopic age determinations of zircon,
titanite or monazite were made through this project. The
sample localities were chosen to improve the interpre-
tation of the stratigraphy, the subdivision of intrusive
suites and the interpretation of timing of deformation
events. The analyses were performed at the Laboratory
for Isotope Geology in Stockholm.

Over the entire project area, extensive petrophysical
sampling has been carried out in various periods since
the early 1960s. The petrophysical database contains in
total about 12 200 samples from 9 200 different sam-
pling localities. Complementary sampling in 1994-1998
yielded about 750 new petrophysical samples. All petro-
physical data are given in SI units. Magnetic field and
electromagnetic field (VLF) measurements were under-
taken on the ground, where more accurate information
about rock boundaries and deformation zones was need-
ed. However, a great number of geophysical ground sur-
veys, such as magnetic field and EM-slingram measure-
ments on more local scales, have previously been per-
formed during other exploration activities. Although
they constitute an immense source of information, these
data were not used in this investigation, mostly because
they exist as analogue products and because we had lim-
ited time.

In order to improve the magnetic total field image,
some cosmetic operations such as levelling and deleting
of peaks were undertaken. The different groups of rocks,
as defined on the geological map, were characterized
through analyses of the spectrum of the magnetic total



field over each area. This was done by statistical treat-
ment of subsets of the magnetic total field data for each
group.

In this investigation an attempt was made to charac-
terize the structural pattern of domains or rock units on
the basis of a statistical analysis of magnetic connexions.
These are local, narrow magnetic field maxima aligned in
a certain direction and which can be traced over a mini-
mum distance of at least 4 to 5 times the flight line sepa-
ration used during data acquisition. The identification of
such peak values was simplified using the OASIS mon-
taj™ program. The “magnetic structure index” proposed
here equals the density of magnetic connexions in a spec-
ified area (number of lines/km?) multiplied by the mean
length of all connexions within this area. The quality of
the index will depend on the processing of the data and
on subjective decisions such as line length and whether
or not a line is accepted as a connexion. Thus the index
should not be regarded as an absolute value but as an
indication of relative structural differences between do-
mains. This can be done with confidence if the chosen
domain is sufficiently large and if the mean length of the
magnetic connexions in the domains to be compared is
more or less equal.

Deformation zones include fracture zones, faults and
ductile shear zones. Many of these zones have low mag-
netisation, caused by chemical alterations which affect-
ed the distribution of iron among the rock constituents.
Due to mechanical breakdown the electromagnetic prop-
erties and densities were changed as well. Thus, such
zones may be detected as lineaments in geophysical po-
tential field data. Here, the interpretation of lineaments
made to characterize them with respect to their loca-
tion, length and movement direction was mainly based
on magnetic field data. To some extent electromagnetic
data (slingram or VLF) was also used. An independent
analysis of lineaments was also carried out on the basis
of digital land altitude data and then compared with the
geophysical interpretation.

Four main groups of lineaments were identified: 1)
lineaments with a dextral or sinistral offset, 2) lineaments
with a vertical offset, 3) lineaments which appear to con-
stitute tectonic contacts between rock units, and 4) line-
aments with no or little displacement or for which the
displacement was not clearly observable. Groups 1-3

are interpreted as faults or shear zones and group 4 as
fracture zones or deformation zones in general. As the
area is characterized by a highly heterogeneous magnetic
field pattern, with typically long-extending positive lin-
ear anomalies, lineaments in directions parallel to these
are more difficult to recognise than in other areas. Clear-
ly identifiable magnetic features longer than approxi-
mately 4 000 metres were included in a database. Sev-
eral shorter segments (>1 200 metres) that taken together
constitute a longer zone were also included. The length
of 5000 metres was used as a cut-off limit for lineaments
from altitude data.

"Major discontinuities” are planar features of signifi-
cant lateral and vertical dimensions interpreted from po-
tential field patterns. They may be interpreted as defor-
mation zones or lithological boundaries. They were con-
structed by isolating the signature of either the mag-
netic or the gravity field at a certain depth from that
of the total field, by 7slicing”. In short this means that
the signatures at the lower and upper boundary defining
the isolated slice of the crust are calculated by "upward
continuation”-filtering and then subtracted from each
other (Jacobsen 1987).

For making determinations of metamorphic pressure
and temperature the following procedure was followed:
During the fieldwork, samples were taken to obtain a
regional coverage of high- and medium-grade rocks, and
of rocks belonging to different stratigraphic groups. After
examination in thin section, only samples with equilib-
rium textures and a lack of extensive retrogression were
chosen for microprobe analysis. The compositions of
the minerals garnet, biotite and plagioclase were deter-
mined on carbon-coated thin sections using a CAMECA
SX 50 electron microprobe at the Department of Earth
Sciences, Uppsala University, Sweden. Synthetic stand-
ards were used. Operating conditions were generally
20 kV accelerating voltage and a beam current of 15 nA,
with the exception of during analysis of STB951021C
and STB951052 samples, when the beam current was
12 nA. A few samples from the Gillivare area have gar-
nets with analysed high contents of manganese. These
samples were not studied further. A complete set of anal-
yses for making quantitative determinations of metamor-
phic temperature and pressure was carried out for nine
samples.
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Base information

The main sources of information have been geological
maps, on the scale of 1:50 000, and their accompanying
descriptions, including geophysical interpretations
(Offerberg 1967, Padget 1970, 1977, Witschard 1970,
1975, 1996, Eriksson & Hallgren 1975, Hallgren 1979,
1982, 1983a, b, Ambros 1980, Lindroos & Henkel
1981, Witschard & Zachrisson 1995a, b, Zachrisson &
Witschard 1995a, b, Martinsson 1999a, b, ¢, Kathol &
Martinsson 1999a, b, Martinsson & Stelen 1999). Infor-
mation about the bedrock geology of the Pajala area has
largely been taken from maps and reports that were pro-
duced by Luossavaara—Kiirunavaara AB (LKAB) during
exploration in the area (Hansson et al. 1984, Hansson
1986). Other sources that have been used for the bed-
rock map include Martinsson (1997) in the Kiruna area,
Frietsch (1985) in the Lannavaara area, and Filén et al.
(1988). From the poorly exposed Vivungi area, W of
Lainio, information was used from 12 short diamond
drill holes (Studsvik-Analytica AB 1986, STC Minerals
AB 1986) to outline the distribution of metavolcanic
and plutonic rocks. The distribution of the sedimentary
cover rocks (Dividal Group), which marks the western
boundary of the study area towards the Caledonian oro-
gen, was compiled from the 1:50 000 maps referred to
above, and from Kulling (1964), Kathol (1989), Stelen
(1997), and unpublished compilations in the SGU ar-
chive. Bergman & Kiibler (1995, 1996, 1997, 1998,
1999) have presented preliminary results from fieldwork
in this project.

Field observations (including structural measure-
ments) from the Gillivare area, documented in Gustafs-
son (1985), were used in compiling the maps. From
the Lannavaara area, data from Virkkunen et al. (1984,
1986) and Virkkunen (1985) were used. The structural
measurements have been complemented with data from
Geijer (1918b), Filén (1976), and Fredriksson et al.
(1985). Some structural measurements have also been
taken from Geijer (1931b), Odman (1939, 1957), Eriks-
son (1954), Frietsch (1966, 1979), Lindroos (1974),
Pardk (1975a), Forsell (1987), and Wright (1988). The
distribution of late- to postglacial faults was taken from
Lagerbick & Witschard (1983).

The lithogeochemical database at SGU comprises
1 110 analyses (963 have coordinates) for the present
area. It consists of both published analyses from the lit-
erature and 185 new unpublished analyses. The chem-
ical data presented in diagrams here have been taken
from Offerberg (1967), Padget (1970), Witschard (1970,
1975), Eriksson & Hallgren (1975), Lindroos & Hen-
kel (1981), Ohlander (1984), Ohlander et al. (1987a, b),
Monro (1988), Skisld et al. (1988), Skisld & Ohlander
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(1989), and unpublished analyses from SGU and Luled
University of Technology.

In the present work, isotopic age data were impor-
tant in evaluating the timing of rock formation and the
timing of deformation. The considered data were main-
ly published U-Pb zircon ages, which have been com-
plemented with ten new analyses. They are presented in
Table 1 where references are also given.

A search for information on observations of certain
mineral keywords has been made. This was done in
field notebooks from earlier bedrock mapping. The key-
words searched for (in Swedish) were: albite diabase,
albitite, andalusite, ankerite, chert, cordierite, epidote,
felsite, garnet, carbonate alteration, quartz-carbonate
(ankerite) dyke, leucodiabase, muscovite, quartz alter-
ation (silicification), “red Oscar” (feldspar alteration),
scapolite, sericite, sillimanite, skarn, tourmaline, and
white mica. This information could then be used to
study geographic variations in alteration type and meta-
morphism. In the areas 281, 28], 291, 29L, 301, 31], and
32K, some information exists, but most outcrop maps
with observation numbers are not easily accessible, so the
coordinates could not be recovered. The documentation
of alteration minerals is not uniform over the whole map
area, mainly due to large variations in the amount of
bedrock exposures and to some extent on the quality of
the field notes. A compilation of information on altera-
tions has been made using the data referred to above and
data from reconnaissance mapping in this project. Field
notes from Luled University of Technology (map sheets
28K, 28L, 28M, 29], 29K, 29M, 30K, 30L), informa-
tion from drill cores (LKAB and SGU) and geological
publications have been used. Areas of limited alteration
data occur in the southwest, northeast and north (28I,
28], 291, 29L, 30M, 31J, 31K, 31L, 32], and 32 K). In
general, documentation is better in the Palacoprotero-
zoic supracrustal units as compared to intrusive units and
the areas with Archaean rocks.

Geophysical data used in the project can be found
in existing databases or such being under construction.
They were collected mainly during earlier projects car-
ried out by NSG, LKAB and SGU in the northern
part of the Norrbotten county. During the Nordkalott
Project (1980-1986) the airborne magnetic measure-
ments, made previously by SGU and NSG during vari-
ous periods from 1961 to 1986, were digitised with a
resolution of 200x200 metres (although the data were
collected in 200x40 metres point density). These were
combined with the measurements collected by SGU in
1980 in order to provide the first digitised magnetic
anomaly map of the area. From 1995 and onwards,



the magnetic, gamma radiation, VLE and EM-slingram
data, previously belonging to LKAB, were integrated into
the databases at SGU. They consist of measurements
performed at a line spacing of 200 metres and a down
line distance of 40 metres. This point density provided
a significant improvement in resolution. Map sheets
not covered by LKAB data but previously measured by
NSG or SGU were thus redigitised to 200x40 metres.
The map of the magnetic total field presented here has
been processed with a grid cell size of 50x50 metres.
The total area covered by airborne magnetic surveys is
33 500 km?.

Together with the geophysical information mentioned
above, Bouguer gravity data from the SGU database were

employed in the interpretation work. This regional data-
base consists of 162 000 data points, of which 21 900
are situated in the project area. The point density varies
strongly from place to place according to the interest an
area may have had for the various activities. In addition
to the regional measurements there are six small areas
in which detailed measurements (c. 25 000 data points)
have been performed.

In the reference list, only those publications that
are cited in the text are included. For additional ref-
erences concerning the geology of the northern part
of Norrbotten county, the reader is referred to the
database GEOREGISTER, which can be found at
heep://www.sgu.se.

Regional geological framwork

The map area is located north of the Arctic circle in the
northwestern part of the Fennoscandian Shield, in the
border zone between Archaean and Proterozoic rocks to
the northeast and solely Proterozoic rocks to the south-
west (Fig. 1). The Precambrian crystalline bedrock in the
west is covered by Vendian (Neoproterozoic) to Cambri-
an sedimentary rocks, and overthrust by rocks belonging
to the Caledonian orogen.

The oldest rocks in the Fennoscandian Shield were
formed during the Samian orogeny (3.5-3.0 Ga ago).
These rocks are found as remnants in voluminous,
younger Archaean rocks, which were formed during the
Lopian orogeny (2.9-2.6 Ga old). In the earliest Protero-

zoic, the Archaean crust was intruded by mafic magmas
during rifting, and mafic volcanic rocks and sediments
(Karelian) were deposited in the rifts and on the older
crust. During the Svecokarelian orogeny (1.96-1.75 Ga)
volcanic and sedimentary rocks were formed and intrud-
ed by several generations of intrusive rocks. Different
phases of regional deformation occurred mostly under
low to intermediate pressure conditions. In some areas
the Archaean crust was also affected by these events. The
Sveconorwegian orogeny was active in the southwestern
part of the shield c. 1.1-0.9 Ga ago, and the Caledonian
orogeny affected the western part of the shield c. 0.5-0.4
Ga ago.

Bedrock geology
(including geophysics)

The geology of the northern part of Norrbotten county
was first described by Fredholm (1886) and Svenonius
(1900). More detailed work by Lundbohm (1910), Sun-
dius (1915), Geijer (1931b), Odman (1939, 1957), and
Eriksson (1954) followed these brief outlines. Summa-
ries were presented by Witschard (1984, 1986) and a
compilation of available information concerning explo-
ration was given by Gustafsson (1993). Local contribu-
tions come from a large number of studies, which are
referred to in the text. A simplified bedrock map is pre-
sented in Fig. 2. Radiometric age determinations play a
critical role for the interpretation of the regional geology.
The available U-Pb data (published and unpublished)

are listed in Table 1, and ages of Proterozoic rocks are

shown in Fig. 3. A schematic summary diagram (Fig. 4)
shows the main rock units and events in the area. A large
number of differing names of rock units occurs in the
literature. In Table 2 these names can be compared with
those preferred in this paper. Sm-Nd-isotopic data are
listed in Table 3. Diagrams showing the modal classifica-
tion of various intrusive suites are shown in Fig. 5, and
some chemical diagrams of these suites are shown in Figs.
6-9.

The signature of the magnetic total field over the
northern part of Norrbotten county corresponds to the
very heterogeneous geology of the area. Persistent but
low amplitude magnetic banding as in the Archaean
rocks in the northern part (marked by A in Fig. 10)

DESCRIPTION OF ... NORTHERN NORRBOTTEN COUNTY
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Fig. 1. Major geological units in the Fen-
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Modified from Gorbatschev & Bogdano-
va (1993), Olesen & Sandstad (1993),
Stephens et al. (1994), and Korsman et
al. (1997). KADZ = Karesuando—Arjeplog
deformation zone, PSZ = Pajala shear
30° zone.

cover

contrasts with areas of very high amplitude variations
and irregular banding, such as in areas dominated by su-
pracrustal rocks in the west-central and the southeastern
parts (B in Fig. 10). Large intrusive complexes in the
southwest and south-central parts (C and D in Fig. 10)
are less affected by deformation and show more uniform,
somewhat elevated magnetic levels, which in case D is
caused in part by magnetic rocks at depth. The area with
deformed intrusive rocks in the east (E in Fig. 10) shows
both an elevated magnetic level and a banded magnetic
pattern. The two latter areas also coincide with positive
Bouguer anomalies (D and E in Fig. 11), which suggests
that the magnetic rocks at depth are mafic in composi-

tion.

ARCHAEAN ROCKS

The Archaean rocks are located in remote areas in the
north and very few studies of them have been made. Ma-
jor components are metagranitoids, which have intruded
older supracrustal rocks. Large areas have been mapped
as unspecified gneiss. The Archaean bedrock is limited to
the east by pronounced structural discontinuities, which
may be followed geophysically to more than 5 kilometres
depth. The first report of Archaean rocks in the region
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was given by Matisto (1969), who presented an age of
2800 Ma from a leucocratic granodiorite at Ropijirvi,
near the Swedish—Finnish border. Subsequently, reports
of Archaean ages (2834-2679 Ma, Table 1) have been
presented in Welin et al. (1971), Skisld (1979b), Skisld
& Page (1998), and Martinsson et al. (1999). The most
recent description of the Archaean rocks (Réstojaure
complex) is by Martinsson (1999¢) and Martinsson &
Stelen (1999). Steeply dipping mafic dykes of Proterozo-
ic age are common in the Archaean bedrock. In some ar-
eas they form extensive swarms, e.g. between Naimakka
and Réstojaure. The negative €y -values of most Protero-
zoic rocks in the map area (Table 3) show that there was
Archaean crustal material in their source regions, and
that the Archaean crust extends at depth far beyond the
area where it is presently exposed. See the references in
Table 3 and e.g. Mellqvist et al. (1999) for further de-

tails.

Supracrustal rocks

Near Lake Réstojaure there are banded biotite gneisses
of sedimentary origin, locally with garnet and silliman-
ite. An easily accessible locality of a similar rock type is
found at Jirkastakka, NW of Ovre Soppero. Metaare-
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Fig. 2. Simplified bedrock map of the northern part of Norrbotten county. KADZ = Karesuando—Arjeplog deformation zone,
KNDZ = Kiruna—Naimakka deformation zone, NDZ = Nautanen deformation zone, PSZ = Pajala shear zone.

nitic gneisses, with variable proportions of quartz and
biotite, are found in the west, near the Norwegian bor-
der. Quartzites are found in some areas.

Fine-grained, banded amphibolites of probable mag-
matic origin are found in the western part in belts up
to 700 metres wide. Intermediate to felsic metavolcanic
rocks are found locally. A strongly sheared, intermediate,
porphyritic metavolcanic rock below a Karelian quartzite
(Tjirro quartzite), NW of Ovre Soppero, is interpreted

as Archaean in age.

Intrusive rocks

Gneissose granitoid rocks are the most common Archae-
an rocks in the area. They are mostly tonalitic in com-
position but granodiorites and quartz diorites are also

common. Assimilated fragments of amphibolite occur
frequently, especially close to larger amphibolite bodies.
In many areas the granitoids are strongly deformed and
metamorphosed, with a strong gneissosity or banding
and abundant quartzofeldspathic veins. Large bodies of
granite and pegmatite of probable Archacan age are
found in the Karesuando area. These granites are not eas-
ily distinguishable from those of the c. 1.8 Ga old Gran-
ite-pegmatite association. One criterion for discriminat-
ing Archaean granites in this area is the presence of meta-
diabase dykes (Fig. 12a). Furthermore, their mean sus-
ceptibility is lower (Fig. 13) and their concentrations of
thorium (Fig. 8) and uranium are also generally lower,
which has also been indicated by gamma ray spectrom-
etry. At a locality c. 15 kilometres W of Karesuando (in
Finland), there is a well-preserved unconformity where

DESCRIPTION OF ... NORTHERN NORRBOTTEN COUNTY



TABLE |. Comepilation of age determinations (U-Pb and Sm-Nd) in the northern part of Norrbotten county. Abbreviations in
the "Unit” column: Gsg = Granite-syenitoid-gabbroid association, Gp = Granite-pegmatite association, Pms = Perthite monzonite
suite, G = Granitiods 1.86-1.84 Ga, Hs = Haparanda suite, Pg = Porphyry group, Ptg = Porphyrite group, Gg = Greenstone group,
A = Archaean rocks. Coordinates refer to the Swedish National Grid (RT 90).Two analyses, denoted with * in the "Reference”
column, are unpublished SGU analyses but the age figures were presented by Witschard (1996).

Object Unit Age (Ma) Method Map N-S E-W Reference
Monzonite, Pikku Sattavaara Gsg  1799+2 U-Pb zircon 29K 7541500 1723500 SGU (unpublished)
Monzonite, Viiksvaara Gsg 179715 U-Pb zircon 29L 7500020 1786280 SGU (unpublished)
Syenite, Saarijarvi Gsg 17924 U-Pb zircon+titanite 29) 7527000 1676000 Romer et al. 1994
Granite, Tjarvetjarram Gp 1794+24 U-Pb zircon 29K 7507000 1706000 Skiold 1988

Granite, Vettasjarvi Gp 1794+24 U-Pb zircon 28L 7480100 1752500 Skiold 1988

Granite, Linailven type locality Gp 177847 U-Pb titanite 28) 7472100 1689180 SGU (unpublished)
Pegmatite, Aitik Gp 1747£15 U-Pb zircon+monazite 28K 7451650 1723550 *SGU (unpublished)
Metagranite, NW Soppero Gp 1791 U-Pb zircon 30K 7582440 1745000 SGU (unpublished)
Granite, Aijajirvi Pms 1863, 1826 U-Pb zircon 29K 7519000 1737000 Skisld 1981b

Syenite, Koivo-Kuosanen Pms 187947 U-Pb zircon 29K 7523550 1706250 Skisld & Ohlander 1989
Granite, Masugnsbyn Pms  1858+9 U-Pb zircon 29L 7497450 1768400 Skisld & Ohlander 1989
Quartz monzodiorite, Aitik Pms  1873%24 U-Pb zircon 28K 7451700 1724000 *SGU (unpublished)
Granite, Rakisvare Pms 1874%12 U-Pb zircon 30) 7579440 1687260 Martinsson et al. 1999
Monzonite, Runkanjunnje Pms  1868+55 U-Pb zircon 30) 7551460 1655920 Martinsson et al. 1999
Metagranodiorite, Pingisvaara G 185648 U-Pb zircon 30L 7595420 1795370 SGU (unpublished)
Granodiorite, Pahtajarvi G 1853+21 U-Pb zircon 29L 7543500 1785600 SGU (unpublished)
Metagranodiorite, Jankajarvi Hs 1886+ 14 U-Pb zircon 29K 7521700 1730900 Skiold 1988
Metagranodiorite, Hopukka Hs 1886+ 14 U-Pb zircon 29K 7514000 1729500 Skiold 1988
Metagranodiorite, Lehtovaara Hs 1886+ 14 U-Pb zircon 29K 7515620 1745900 Skiold 1988
Metagranodiorite, Juolovanjirvet Hs 1847£19 U-Pb zircon 30L 7580500 1752100 Skiold 1981b
Metaquartzdiorite, Puristakero Hs 1873+23 U-Pb zircon 29M 7543000 1817500 Skiold 1981a
Metagranodiorite, Paittasjarvi Hs 1880+28 U-Pb zircon 30L 7590000 1791000 Skiold 1979a
Metadiorite, Maattavaara Hs 1881+7 U-Pb zircon 29K 7546300 1724200 SGU (unpublished)
Granite, Lulep Patsajakel Hs 1877+14 U-Pb zircon 30) 7567640 1681640 Martinsson et al. 1999
Metaquartzdiorite, Puristakero Hs 1880 U-Pb zircon 29M 7543000 1817500 Lindroos & Henkel 1978
Granophyre dyke, Kiruna 1880+3 U-Pb zircon 29) 7531500 1684500 Cliff et al. 1990
Metarhyolite, Kiruna Pg 1882424 U-Pb zircon 29) Welin 1987

Felsic metavolcanic rock, Puollamtjakka Pg 1909+17/-16 U-Pb zircon 28| 7480100 1619500 Skiold & Cliff 1984
Felsic metavolcanic rock, Saggekirka Pg 1909+17/-16 U-Pb zircon 29) 7506600 1654800 Skiold & Cliff 1984
Intermed. metavolcanic rock, Kdaymajarvi Ptg 1880+3 U-Pb zircon 28M 7491190 1811430 SGU (unpublished)
Amygdules in metaandesite, Kiruna 187619 U-Pb titanite 29) Romer et al. 1994
Albite diabase, intrudes Kovo Group Gg 2184+5 U-Pb zircon 30) 7558000 1692300 Skiold 1986

Albite diabase, N Soppero 1874+10 U-Pb zircon 30K 7581700 1745900 Skisld 1981b
Magnetite-titanite dyke, Luossavaara 1888+6 U-Pb titanite 29) Romer et al. 1994
Metabasaltic-metaandesitic tuff,Viscaria 2687+3 U-Pb zircon 29) Skiold & Page 1998
Metabasaltic-metaandesitic tuff, Kovo 269215 U-Pb zircon 29) Skiold & Page 1998
Greenstone, Saarijarvi 2682+4 U-Pb zircon 29) Skiold & Page 1998
Metapicrite, Kdymajarvi Gg 2055+146/-117 U-Pb zircon 28M 7495900 1805500 SGU (unpublished)
Gneissose granite,Vuolosjarvi A 2760 U-Pb zircon+titanite 30) 7568600 1689250 Welin et al. 1971
Gneissose granite, NW Soppero A 2834140 U-Pb zircon 30K 7586730 1733600 Skiold 1979b
Metagranite, Saarijarvi A 2710+4 U-Pb zircon 29) 7526520 1675800 Skiold & Page 1998
Metatonalite, Rastojaure A 2679+12 U-Pb zircon 31) 7631020 1697840 Martinsson et al. 1999
Granophyre dyke, Kiruna 1890+90 Sm-Nd whole-rock 29) Cliff et al. 1990
Greenstone,Viscaria Gg 1932445 Sm-Nd whole-rock 29) Skiold & Cliff 1984
Metaarenite, Karivaara, cordierite-bearing 1810 U-Pb monazite+zircon 28M 7466570 1826940 Bergman & Skisld 1998
mesosome

Pegmatite,Ahkéri, leucosome in 1798-1774 U-Pb monazite 28M 7468090 1835140 Bergman & Skisld 199
8metaarenitic gneiss

Felsic dyke, Maattavaara 163317 U-Pb monazite 29K 7544160 1726370 SGU (unpublished)
Mafic enclave,Vassijaure, Rombak Window 179045 U-Pb columbite 301 7590000 1605000 Romer & Wright 1992
Albite diabase, N Soppero 1800480 Sm-Nd 30K Skisld & Cliff 1984
Fracture filling, Malmberget, titanite- 1620-1613 U-Pb titanite 28K Romer 1996
monazite-apatite-stilbite

Fracture filling, Malmberget, monazite- 1740-1735 U-Pb monazite 28K Romer 1996

titanite-apatite-stilbite
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Fig. 3. U-Pb ages of Proterozoic rocks in
the northern part of the Norrbotten coun-
ty. See Table | for references.The age lim-
its of deformation and metamorphism are
explained in the chapter on "Structure”.
Abbreviations: K = Kiruna, R-V = Ren-
sjon—Vittangi area, M = area southwest of
Muonionalusta. The symbol marked with *
is a granophyre dyke from Kiruna (Cliff et
al. 1990).

TABLE 2.Terminology of rock units used in this paper, compared to previously used names and local names that can be found
in the literature. Comparable units in the Skellefte district and surroundings are also shown.

Terminology used

Previously used names or local names for

Approximate Similar unit in

in this paper corresponding unit and subunits age (Ga) Skellefte district
Supracrustal rocks
Younger Svecofennian Vakko, Upper Hauki complex (Vakko), Hauki group, <1.88 Vargfors group
supracrustal rocks Snavva-Sjofallet group, Maattavaara quartzite group,
Upper sediment group
Porphyry group Kiruna porphyries, Kiruna porphyry group 1.91-1.88 Arvidsjaur group
Porphyrite group included in Kiruna porphyries, Kurravaara group, 1.91-1.88 Skellefte group
Kalixalv group, Ruutivaara group, Suorsa greenstone
group
Older Svecofennian Kurravaara conglomerate, Kurravaara group, Pahakurkio 1.96-1.88 Bothnian supergroup
metasedimentary rocks group, Kalixdlv group, Kilavaara quartzite group,
Kuusivaara group, Middle sediment group
Greenstone group Kiruna Greenstones, Kiruna greenstone group,Vittangi 2.3-1.96
greenstone group,Veikkavaara greenstone group,
Kaymajarvi group, Kolari greenstones, Greenstone
formation, Iron ore formation, Schist formation
Kovo Group and Tjarro quartzite formation, Lower sediment group 24-23
comparable units
Archaean supracrustal Rastojaure complex >27
rocks
Intrusive rocks
Gabbro, metagabbro, Ring gabbro, Gabbro ring-complex, Nabrenjarka gabbro <18
dolerite diabase
Granite-syenitoid- Kangos diorite 1.80-1.79 Revsund suite, TMB
gabbroid association
Granite-pegmatite Lina granite suite, Lina granite series, Younger series of 1.81-1.78 Skellefte granite,
association deep-seated rocks, Potassic granite, Vettasjarvi granite Harno granite
Granitoids Jyryjoki granite, Lainio granite 1.86-1.84
Perthite monzonite Perthite granite series, GSM 1.88-1.86 Jorn GlII, Arvidsjaur
suite granite
Haparanda suite Haparanda series, Porojoki diorite, Haaravaara group, 1.89-1.86 Jorn GI
Parkajoki complex
Ultramafic-mafic c.2.44
intrusions
Archaean intrusive Réstojaure complex 2.85-2.68

rocks
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a granite is weathered in the upper parts and overlain
by Karelian conglomerate and quartzite (Fig. 12b). At
Saarijirvi, S of Kiruna, a small body of red metagranite
(2710+4 Ma old, Skisld & Page 1998) is overlain by
Karelian clastic rocks and greenstones.

The area of high-grade metamorphic rocks southeast
of Karesuando has previously been suggested to be a
basement to the Proterozoic supracrustal rocks (Lindroos
& Henkel 1978, 1981, Ambros 1980, Witschard 1984).
This is not supported, however, by presently available
isotopic data (see below).

Chemically, the Archaean granitoids are classified as
adamellites to tonalites on the P-Q diagram (Fig. 6). On
a modified Peacock diagram they scatter but appear to

S. BERGMAN, L. KUBLER & O. MARTINSSON

define a calc-alkaline trend (Fig. 7). Nearly all samples in
Fig. 9 can be classified as volcanic arc granites.

The spectral distribution of the magnetic total field
covered by Archaean rocks is shown in Fig. 14a. The var-
iation of the magnetic total field is less than average (low
standard deviation) and its mean value (Fig. 15) is the
lowest of all rock units. It is influenced mainly by the
relatively low magnetic susceptibility. Natural remanent
magnetisation due to the presence of such minerals as
magnetite or pyrrhotite has no or very small effect on the
magnetic total field (Figs. 15, 16). The abundant Prot-
erozoic mafic dykes also contribute to the magnetic field
pattern in the area, even though their influence is diffi-
cult to quantify.
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Granite- Granite,
syenitoid- pegmatite ass.
gabbroid ass. (Lina granite)
c.1.8Ga
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Fig. 5. Classification of various intrusive suites based on modal composition according to IUGS (1973). Modal data is reclassified from
Odman (1957) and Witschard (1970). Abbreviations in small diagram: ag = alkali feldspar granite, sg = syenogranite, mg = monzogran-
ite, gd = granodiorite, t = tonalite, aqs = alkali feldspar quartz syenite, gs = quartz syenite, qm = quartz monzonite, qmd = quartz
monzodiorite or quartz monzogabbro, qd = quartz diorite or quartz gabbro, s = syenite, m = monzonite, md = monzodiorite or
monzogabbro, ga = diorite or gabbro.
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Granite-syenitoid-gabbroid ass. T 300 Granite-pegmatite ass. T 300
c. 1.8 Ga (Lina granite)
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Fig. 6. Chemical classification of various intrusive suites using the P-Q diagram (Debon & LeFort 1983). Abbreviations in small
diagram: gr = granite, a = adamellite, gd = granodiorite, t = tonalite, gs = quartz syenite, gm = quartz monzonite, qmd = quartz
monzodiorite, qd = quartz diorite, s = syenite, m = monzonite, mg = monzogabbro, ga = gabbro.
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Fig. 7. Chemical classification of various intrusive suites using a modified Peacock diagram (e.g. Brown 1982).
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for various intrusive suites. Oxides in weight-% and elements in ppm.
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Fig. 8. Plots of K,O,TiO,, Zr, Sr,Th and Y vs. SiO
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Granite-syenitoid-gabbroid association (1.8 Ga)
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Fig. 9. Rb vs.Y+Nb discrimination plot (Pearce et al. 1984) for various intrusive suites. Syn-COLG = syn-collision
granitoids, Post-COL = post-collision granitoids, WPG = within-plate granitoids, VAG = volcanic arc granitoids,

ORG = ocean ridge granitoids.
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Kebnekaise
)

Fig. 10. Color-shaded image showing the magnetic total field over the map area with illumination from the east.The original grid has a
cell size of 50 metres x 50 metres. A = banded pattern of Archaean rocks, B = banded pattern in two areas dominated by supracrustal
rocks, C, D and E = areas dominated by intrusive complexes. White arrows in the eastern part of the area point to some <1.8 Ga
old mafic intrusions which are spatially related to the gravity high (E in Fig. | I).Yellow arrows mark the magnetic "escarpment” in the
northern part of the Karesuando—Arjeplog deformation zone (Fig. 2). The two dotted lines in the Vittangi—Lainio area show examples
of faults with steep displacement components. In these cases the northeastern blocks are elevated relative to the southwestern
blocks.
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Kebnekaise
°

Ovre Lap
Soppero d

Fig. I 1.The regional Bouguer anomaly over the map area and the distribution of gravity data points (n = 21 900). Color-shaded image
with illumination from the east. The boundary between denser rocks in the east and less dense rocks in the west roughly coincides
with the Karesuando—Arjeplog deformation zone (Fig. 2). Two areas dominated by intrusive rocks with high-density rocks at depth
are annotated with D and E (cf. Fig. 10).Yellow circles in the eastern part show locations for some <1.8 Ga old mafic intrusions that
are spatially related to the gravity high E.
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Fig. 12.Archaean rocks. a) Metagranitoid intruded by mafic dyke.
The dyke crosscuts an Archaean gneissosity, and both rocks con-
tain a post-dyke foliation (Svecokarelian). 23 kilometres NW of
Ovre Soppero (7586730-1733600). b) Metagranite with weath-
ered upper surface, overlain by Proterozoic conglomerate and
quartzite. Jaramd, |5 kilometres NWV of Karesuando, Finland.
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Fig. 13. Petrophysical properties of rocks col-
lected from within different rock units. Magnet-
ic susceptibility (SI) vs. density (kg/m?) in semi-
logarithmic diagrams. The number of samples
are shown in parentheses. In diagram a) the Ar-
chaean rocks are marked in blue, with black dots
corresponding to granites reinterpreted from
the Granite-pegmatite association to Archaean
granite. In general these rocks have lower sus-
ceptibilities than ”true” Lina granite (diagram g).
In diagram d) the black dots denote rocks of the
Porphyrite group, while rocks of the Porphyry
group are shown in blue.
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Fig. 14. Histogram showing spectra of the magnetic total field (nT) over the different rock units defined on the geological

map. Filled blue area corresponds to the spectrum obtained from the whole map area. X-axis interval: 50 nT. Y-axis: Number
of values in percent of the total number for each rock unit.
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Fig. 16. Natural remanent magnetisation (A/m) vs. magnetic susceptibility (Sl-units) of rocks collected
from within different rock groups plotted in logarithmic diagrams.The heavy black line corresponds to a
Q-value of |. For samples that plot above this line the remanence has a larger effect on the magnetic
field than the susceptibility. In diagram c) rocks of the Porphyrite group are shown in blue while black
dots denote rocks of the Porphyry group.
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PALAEOPROTEROZOIC ROCKS
Ultramafic-mafic intrusions (c. 2.44 Ga)

A few strongly deformed ultramafic-mafic bodies are
found in the Archaean bedrock. These are tentatively
correlated with similar c. 2.44 Ga old intrusions along
strike in Finland. A recent discussion of this intrusive
group in the Fennoscandian and Canadian Shields is pre-
sented in Vogel et al. (1998).

The largest bodies are found west and southwest of
Karesuando. At Keukiskero, an enstatite pyroxenite has
been transformed into an antophyllite-rich rock. Fur-
ther west, at Ruutusdive, the strongly deformed ultra-
mafic rocks are serpentine- and amphibole-rich types.
A report from detailed mapping during nickel explora-
tion (by Sveriges Geologiska AB) in this area is given in
Gerdin et al. (1983).

Karelian rocks (c. 2.4-1.96 Ga)
Kovo Group and comparable units

The above group of rocks can be correlated with Sari-
olian rocks (Martinsson 1997) further east, which were
deposited during the age range of 2.39-2.33 Ga ago. The
components are clastic metasedimentary rocks and mafic
to intermediate metavolcanic rocks.

The Kovo Group was defined by Martinsson (1997)
as basal clastic metasedimentary rocks (Fig. 17a), uncon-
formably overlying the Archaean basement in the Kiru-
na area, together with a sequence of tholeiitic metaba-
salt and calc-alkaline metavolcaniclastic rocks (Fig. 17b).
The metasedimentary rocks consist of conglomerate and
quartzite. North of Kiruna, a c. 2.2 Ga old (Skisld 1986,
Table 1) albite-bearing metadiabase sill is found in the
lower part of the sequence, giving a minimum age of the

Kovo Group.

The Tjirro quartzite (with minor conglomerate) is
a basal unit, which overlies the eastern margin of the
Archaean rocks, and can be followed in Sweden almost
continuously for more than 75 kilometres. The primary
nature of the contact is, however, obscure in many plac-
es, due to strong deformation along a major shear zone,
the Karesuando—Arjeplog deformation zone (Fig. 2).

The Kovo Group north of Kiruna and the Tjirro
quartzite were probably deposited along a coastline of an
early Proterozoic marine rift basin (Kumpulainen 2000).
Material input from a westerly source area to the coast-
line was provided through a number of alluvial fans.
Sandy material was distributed along the coastline by
coast-parallel southwards currents.

The metaarenitic gneisses along the Swedish—Finnish
border S of Pajala have been placed in this group based
on correlation with the stratigraphy on the Finnish side
of the border (J. Viininen, pers. comm. 1999).

The susceptibility-to-density ratios of rocks in the
Kovo Group fall into three distinct groups (Fig. 13b).
This could be expected for supracrustal rocks, in contrast
with a differentiated intrusive suite which shows a more
continuous distribution (cf. Figs. 13e, f, h). The Tjirro
quartzite is characteristically placed in the low density—
very low susceptibility corner, similar to Svecofennian
metaarenites in higher stratigraphic levels. These areas
are marked by pronounced depressions in the magnetic
total field (e.g. south of Masugnsbyn and in the Stora
Sjofallet area, Fig. 10).

Greenstone group

Rocks belonging to the Greenstone group are found in
several areas. The main rock types are metabasalt, com-
monly graphite-bearing metaargillite, crystalline carbon-
ate rock, and ultramafic rocks. Local names used for these

rocks are shown in Table 2. The first detailed petrograph-

Fig. 17. Rocks of the Kovo Group. a) Basal conglomerate on Archaean basement.The foliation in some Archaean clasts have different
orientations, which indicates that the basement was deformed prior to deposition of the Kovo Group. Southeast of Ravdujavri, |9
kilometres ENE of Rensjon (7561500-1686700). b) Fragment-bearing metaandesite. The rock is strongly foliated and quartz-veined.
Southeast of Ravdujavri, 19 kilometres ENE of Rensjon (756 1600-1686900).

S. BERGMAN, L. KUBLER & O. MARTINSSON



ical description of the Kiruna greenstones was presented

by Sundius (1915). A recent, detailed study is given by
Martinsson (1997). Stratigraphical columns for the Sop-
pero—Lannavaara, Vittangi, Masugnsbyn (T#rends), and
Pajala areas, and comparisons with the Kiruna green-
stones, are presented in Martinsson (1993). The lower
and upper boundaries of the Jatulian, towards the Sari-
olian and Ludikovian, respectively, coincide with a glo-
bal excursion to high 8" °C values of carbonates between
2.3 and 2.06 Ga ago (e.g. Karhu 1993, Melezhik et
al. 1997). This change in 8"C values has also been re-
corded in carbonates from the Kiruna area (Martinsson
et al. 1997a) and constitutes the basis for the Jatulian/
Ludikovian subdivision of the metavolcanic rocks in the
Greenstone group.

Amygdaloidal metabasaltic lavas are characteristic for
the lower parts of the Greenstone group. They can be
correlated with Jatulian metabasalts in the northeastern
part of the Fennoscandian Shield. Individual lava flows

(7495740-1805420). b) Pillowed metabasalt in the upper part
of the Greenstone group. Kurravaara, 10 kilometres NNE of
Kiruna (7545000-1690200). c) Metamorphosed lapilli tuff with
picritic composition. Kdymdjarvi, 28 kilometres NW of Pajala
(7495870-1805520). d) Serpentinite with altered pyroxene (?)
phenocrysts and chrysotile veins. Valkeasiipivaara, 5 kilometres
NNW of Kiruna (7539800-1684900).

are commonly 2—18 metres thick. The amygdules (2-15
millimetres) consist of quartz, chlorite, calcite, epidote,
amphibole, feldspar, magnetite, pyrite, or chalcopyrite.
These tholeiitic metabasalts largely have a MORB- or
LKT-like chemical character (Martinsson 1997).

In the Vittangi and Soppero—Lannavaara areas, the
metabasaltic lavas are overlain by volcaniclastic units. In
the Masugnsbyn and Pajala areas these are the only ex-
posed units. Layering is common on a centimetre-to-
decimetre scale. In most places they have a tholeiitic
composition. In the upper parts (Ludikovian) the vol-
caniclastic rocks are intercalated with black schist, car-
bonate rocks, iron formations (Fig. 18a), and chert. In the
Kiruna area there are metabasaltic pillow lavas (Fig. 18b)
at high stratigraphic levels in the Greenstone group.

Mafic dykes and sills, at least some of which are coeval
with the magmatism of the Greenstone group, are com-
mon in the Karelian and Archaean rocks. Their domi-
nant strike direction is NNE. Albite-bearing metadia-

DESCRIPTION OF ... NORTHERN NORRBOTTEN COUNTY
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base is common in many areas. Rocks previously mapped
as leucodiabase may be either light-coloured mafic mag-
matic rocks or albite-rich rocks (albitite) formed by ex-
tensive alteration. The albitites are characteristically lo-
cated near tectonic zones, and they are commonly micro-
fractured or brecciated.

Metaultramafic rocks are found in some areas as dykes or
as supracrustal rocks (Figs. 18c, d). Komatiites are mainly
restricted to low stratigraphic positions in the Kiruna area
(Martinsson 1997). Picritic sills and/or chemically similar
tuffs and local instances of lava exist in the Kiruna, Vittangi,
Masugnsbyn, and Pajala areas (Martinsson 1993). Ultrama-
fic dykes are also known from the Soppero area.

Thick units of crystalline carbonate rock are mainly
found at high stratigraphic levels in the Vittangi, Lan-
navaara, Masugnsbyn, and Pajala areas, and north of
Kiruna. The most well known deposit is at Masugnsbyn,
where dolomite is presently quarried.

Metaargillite with a locally high graphite content
is interlayered with the volcaniclastic rocks, whereas
metaarenite is a subordinate component in the Green-
stone group. Minor intercalations exist in the Kiruna and
Pajala areas. The largest rock units, which have an uncer-
tain stratigraphic position, are found in the high-grade

rocks east of Karesuando.

The Greenstone group has a banded magnetic pat-
tern, reflected in a rather high magnetic structure index
(1 km', Table 4), which yields a broad magnetic total
field spectrum (Fig. 14b) with high standard deviation.
The asymmetry of the spectrum is caused by the more or
less bimodal distribution of susceptibility (Fig. 13¢c). On
the other hand, the distribution of the densities is simple
with one maxima (Fig. 19¢). Remanent magnetisation is
very important in this group and contributes to the high
mean magnetic total field (Fig. 15).

Svecofennian supracrustal rocks
(c. 1.96-1.85 Ga)

The Greenstone group is overlain by Svecofennian meta-
sedimentary and metavolcanic rocks. The contact be-
tween these major rock units is in most places interpret-
ed as conformable. However, in the Kiruna area there is
evidence for substantial erosion of the Greenstone group
prior to Svecofennian deposition. In the Lannavaara areca
the contact has been suggested to be an angular uncon-
formity (Ambros 1980). This is further discussed in the
”Structure” chapter on page 82.

TABLE 4. Magnetic structure index for various rock units and structural domains defined in the chapter on ”Structure”.
The values for Archaean rocks also include the mafic dykes in that area. L-domain(: values calculated from the total domain
L-area. L-domain (max) @: values calculated from the central part with maximum connexion density. M-domain (max) : values
calculated from the southern part with maximum connexion density. G-domain (south) is the southern part of domain G (see
the ”Structure” chapter and Fig. 52).The column MTF (std. dev.) is the standard deviation in nT for magnetic total field values

in an area.

Rock unit or Area Total Total length  Connexion Mean Magnetic MTF

structural domain (km?) number of of all density length structure index (std.
connexions connexions (n/km?) (km/n) (x1/km) dev.)

() (km)

Archaean rocks 4793 1924 4014 0.401 2.086 0.837 358

Kovo Group 333 240 429 0.721 1.788 1.288 591

Greenstone group 1943 953 1943 0.490 2.039 1.000 880

Porphyrite group 1758 979 1962 0.557 2.004 I.116 1372

Porphyry group 1937 966 1992 0.499 2.062 1.028

Haparanda suite 4080 1243 2752 0.305 2214 0.675 598

Perthite monzonite

suite 4779 1536 2837 0.321 1.847 0.594 1072

Granitoids 1.86—

1.84 Ga (Jyryjoki

granite) 937 311 599 0.332 1.926 0.639 189

Granite-pegmatite

association 8448 2268 4591 0.268 2.024 0.543 410

Granite-syenitoid-

gabbroid assoc. 1390 498 998 0.358 2.004 0.718 1039

L-domain 3756 1142 2615 0.304 2.290 0.696

L-domain (max) @ 446 244 604 0.547 2.475 1.354

M-domain (max) 500 406 662 0.812 1.631 1.324

G-domain (south) 538 373 717 0.693 1.922 1.333

J-domain 971 407 862 0.419 2.118 0.888
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Fig. 19.The distribution of densities (kg/m?) of rocks collected within different rock groups plotted in
histograms.The number of samples are shown in the headings.

Older metasedimentary rocks

The older Svecofennian metasedimentary rocks consist
of various clastic sequences. Calc-silicate rocks (skarn)
are found only locally (e.g. in the southwestern corner of
the study area) and carbonate rocks are rare.

Some rock units which were classified as belonging
to the Karelia or Lapponia Supergroups (e.g. the Pa-
hakurkio group and parts of the Korpilombolo group)

on the bedrock map of northern Fennoscandia (Silven-
noinen et al. 1987) have been reinterpreted here as Sve-
cofennian. The main reason for this is the association of
metasedimentary rocks with intermediate metavolcanic
rocks, where the latter have yielded U-Pb ages of c. 1880
Ma (SGU, unpublished results).

In the Kiruna area, metaconglomerate and metasand-
stone (Kurravaara conglomerate, Fig. 20a) overlie the
Greenstone group. The pebbles of the metaconglomer-
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Fig. 20. Older Svecofennian metasedimentary rocks. a) Kurravaara conglomerate, which was deposited on top of the Greenstone
group in the Kiruna area. Clasts mainly consist of intermediate metavolcanic rocks. Valkeasiipivaara, 5 kilometres NNW of Kiruna
(7539700-1685000). b) Crossbedded metaarenite overlying the Greenstone group. Kurravaara, 10 kilometres NNE of Kiruna.
c) Migmatitic metaarenite from the area with high-grade rocks S of Pajala. Leucosome from this locality has yielded U-Pb monazite
ages, indicating metamorphism in the range of 1798—1774 Ma (Bergman & Skidld 1998). Ahkérd, 12 kilometres southeast of Pajala
(7468090-1835140). d) Andalusite-porphyroblastic metaargillite with flat-lying bedding and gently S-dipping cleavage. View looking
west. Pahakurkio, 14 kilometres SSE of Masugnsbyn (7484840-1770100).

ate are dominated by metavolcanic rocks showing some
similarities with the overlying Porphyry group. This has
prompted a long-lasting discussion about the origin of
the metaconglomerate and the stratigraphy within the
area. Recent studies, however, show that the pebbles are
calc-alkaline and chemically different from the over-
lying Porphyry group (Martinsson & Perdahl 1993).
The depositional setting of the Kurravaara conglomer-
ate was most probably a fan delta, or perhaps two fan
deltas (Kumpulainen 2000). Quartz-pebble conglomer-
ate is found at a similar stratigraphic position in the
Kéymaijirvi area, near Pajala.

Svecofennian metaarenitic rocks are widespread in the
region. Well-preserved rocks with primary sedimentary
structures (Fig. 20b) are found e.g. near Kiruna, S of
Masugnsbyn (Pahakurkio group), in the Kdymijirvi area,
and at Nunasvaara (E of Lannavaara). These rocks carry
features characteristic of shallow-marine wave-dominat-
ed deposits, which grade laterally and vertically over to
graded and laminated tempestites deposited on deeper
shelf (Kumpulainen 2000).

The high-grade metaarenitic gneisses S of Pajala (Fig.
20c¢) have been divided into two units of separate age but
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with similar field appearance. The position of the bound-
ary is uncertain and has been placed where a fault has
been interpreted from magnetic data. The Karelian age
of the eastern unit is based on correlation with the strati-
graphy on the Finnish side of the border (J. Viininen,
pers. com. 1999). The western unit is considered to
be Svecofennian, based on its association with interme-
diate metavolcanic rocks (comparable to the Porphyrite
group). An ion probe age of c¢. 1910 Ma from the in-
ternal part of a zircon crystal (Bergman & Skisld 1998)
also points in this direction. High-grade metaarenites as-
sociated with pyroxene-bearing amphibolites are found
near Muonionalusta and S of Saivomuotka. Their strati-
graphic position is unclear but they are interpreted here
as Svecofennian. A study of zircons from gneisses of vari-
ous origin (mica and amphibole gneisses) in this region
gave ages less than 2063 Ma (Skisld 1981a). This sug-
gests a Svecofennian or possibly late Karelian age of dep-
osition for these rocks. Lehtonen (1988) describes a se-
quence of amphibolites, arkose gneisses, and quartzites
in the Muonio area in Finland, and interprets them as
early Proterozoic (pre-Svecofennian).

Larger areas with metaargillitic rocks (Fig. 20d) are



found S of Masugnsbyn and SW of Pajala. In the first-
mentioned area andalusite-bearing mica schist grades to-
wards the south into sillimanite-bearing schist and veined
gneiss.

Metavolcanic rocks

The Svecofennian metavolcanic rocks can be subdivided
into the stratigraphically lower Porphyrite group and
the overlying Porphyry group. These metavolcanic rocks
have recently been studied by Martinsson & Perdahl
(1993, 1995), who maintained the terminology of Of-
ferberg (1967) even though a large part of the rocks orig-
inally referred to as the Porphyrite group were found
to be mafic metavolcanic rocks in the lower part of the
Porphyry group. The distribution of the Porphyrite and
Porphyry groups on the map has been slightly modified
from Offerberg (1967), Martinsson & Perdahl (1995),
and Perdahl & Martinsson (1995). In some areas the re-
classification of the metavolcanic rocks into these two
groups was complicated by the fact that the previous
naming of rocks (e.g. trachyte) may be wrong, as only
major elements were considered.

Porphyrite group

The Porphyrite group consists of metamorphosed low-
titanium andesites (Fig. 21a, b), basalts, and minor in-
tercalations of felsic tuffs and tuffites. The andesites and

basalts are often rich in plagioclase phenocrysts (up to
3 cm large, Fig. 21b) in a biotite-rich matrix. Intrusive
porphyritic rocks with intermediate composition are
known from the area NW of Vittangi (Geijer 1918b,
Eriksson & Hallgren 1975, Filén 1976). The rocks of
the Porphyrite group generally have low contents of ti-
tanium and zirconium (Fig. 22). Martinsson & Perdahl
(1995) suggested that the Porphyrite group is a calc-alka-
line volcanic series formed in a compressional environ-
ment. The high content of alkalis was attributed anoma-
lous crust rather than enrichment through differentia-
tion. One age determination of an intermediate metavol-
canic rock from Kidymijirvi has provided evidence for an
age of 1880+3 Ma (Fig. 3, Table 1, SGU, unpublished

results).

Porphyry group

The overlying Porphyry group, which hosts economi-
cally important iron ores (e.g. in Kiirunavaara), consists
of metamorphosed high-titanium basalt, trachyandesite,
and rhyodacite-rhyolite. The geographic distribution is
confined to the southwestern part of the map area. Meta-
basalt with a thickness of at least 4 kilometres is found
in the stratigraphically lowest part, southwest of Kiruna.
Trachyandesite is mainly restricted to the footwall of
the Kiirunavaara iron ore. Large phenocrysts of micro-
perthite and albite are common in the rhyodacite-ryolite

(Fig. 21c). Volcaniclastic rocks are found in some areas.

Fig. 21. Svecofennian metavolcanic rocks. a) Intermediate
metavolcanic rock with veins and pockets of epidote-amphi-
bole skarn (Porphyrite group). Hosiokangas, 21 kilometres
WNW of Pajala (7491190-1811430). b) Porphyritic intermedi-
ate metavolcanic rock (Porphyrite group). Southeastern slope of
Nunisvaara, 5 kilometres E of Gillivare (7455300-1715700).
c) Metavolcanic rock with a large amount of feldspar pheno-
crysts (Porphyry group). Laukkuluspa, 27 kilometres WSW of
Kiruna (7531840-1659490).
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Fig.22. Plot of TiO, vs. Zr which distinguishes most rocks of the
Porphyrite group from rocks of the Porphyry group. Discrimina-
tion fields for island arc basalts (IAB), mid-ocean ridge basalts
(MORB) and within-plate basalts (WPB) from Pearce (1980).

The rocks of the Porphyry group are generally high in
titanium and zirconium (Fig. 22), which distinguishes
them from rocks of the Porphyrite group. The high ti-
tanium content of a mafic metavolcanic rock (drill core
analysis in Studsvik-Analytica AB 1986) in the Vivungi
area (W of Lainio) suggests affinity to the Porphyry
group. Martinsson & Perdahl (1995) suggested that the
mildly alkaline rocks of the Porphyry group were formed
in an extensional environment. Age determinations of
felsic metavolcanic rocks have yielded ages of 1882 Ma
and 1909 Ma, with large errors (Fig. 3, Table 1, Skiold &
Cliff 1984, Welin 1987).

With respect to petrophysical properties the Porphy-
rite group is not easily distinguishable from the Porphyry
group, if at all. High susceptibilities are typical for both
groups even though densities are below 3 000 kg/m?,
with an opposite distribution trend in comparison to the
Greenstone group (Fig. 19¢, d). The more felsic to inter-
mediate metavolcanic rocks of the Porphyry group typi-
cally have high to very high susceptibilities and low den-
sities, which is less common in the Porphyrite group.
The magnetic total field in the area covered by the
Porphyrite and Porphyry groups is very heterogeneous
and shows the strongest amplitude variations (very high
standard deviation) and highest mean value of all units
(Fig. 14c). These variations are confined to extensive
magnetic banding, illustrated by a high magnetic struc-
ture index (Table 4). As can be discerned from Figs. 15
and 16c¢, rather high remanent magnetisation especially
in the Porphyry group contributes to the high average
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magnetic total field. An additional cause is the presence
of the iron ores.

Forsell (1987) reinterpreted the stratigraphy in the
Kiruna area and considered the Kurravaara conglomer-
ate to be coeval or younger than the footwall rocks of the
Luossavaara—Kiirunavaara iron ores (Porphyry group).
Isoclinal folding was inferred to explain the outcrop
pattern. A model presented by Talbot & Koyi (1995)
also implies that the Kurravaara conglomerate is younger
than the Porphyry group. This view is not favoured here.
The available stratigraphic information, including reli-
able younging directions, suggests that the conglomerate
is older than the Porphyry group and coeval with rocks
of the Porphyrite group.

Younger supracrustal rocks

In the Stora Sjofallet area, clastic metasedimentary rocks
overlie (apparently conformably) metavolcanic rocks of
the Porphyry group. They consist of a probably more
than 6 000 metres thick pile of red metasandstone, meta-
conglomerate, metaarkose, and quartzite. Metaargillite
and metabasalt are also found. The rocks are commonly
excellently preserved and show a wide range of primary
structures (Fig. 23a, b). They have been interpreted as
a continental or near shore deposit (e.g. Witschard &
Zachrisson 1995a, b).

Northwest of Vittangi, a metaconglomerate (Fig. 23c¢)
rests unconformably on a metadiorite (Odman 1939).
This metadiorite has been dated to 1881+7 Ma (SGU,
unpublished results), which thus is the maximum age
of the basal metaconglomerate. The overlying rocks are
dominated by quartzite with intraformational metacon-
glomerate. Corresponding rocks are also found in the
Kiruna area. The contacts towards other units are mostly
tectonic.

Svecokarelian intrusive rocks

Six different Svecokarelian intrusive rock suites can be
distinguished in the investigated area. Modal data for five
of these are presented in Fig. 5. Their major element vari-
ations are shown in the P-Q diagram included in Debon
& LeFort (1983, Fig. 6) and in the modified Peacock
(1931) diagram (e.g. Brown 1982, Fig. 7). Other dia-
grams are shown in Figs. 8 and 9.

In potential field data, some Svecokarelian plutons are
easily detected as two types of circular structures of limit-
ed geographical extent. The first type is characterized by
high magnetic-high gravity anomalies and reveals con-
centric magnetic banding (white arrows in Fig. 10 and
yellow circles in Fig. 11). These structures are generally
caused by mafic intrusions. The second type is character-



Fig. 23. Younger Svecofennian metasedimentary rocks.
a) Ripple marks in sandstone. Vietasitno, near Stora Sjofallet
(7491000-1610000). b) Mud cracks, same locality as a). c) Meta-
conglomerate that was deposited on a 1881+7 Ma old meta-
diorite. The clasts mainly consist of metadiorite. Skaitevaara,
34 kilometres NW of Vittangi (7546300-1724200).

ized by low magnetic—low gravity anomalies with a high
magnetic anomaly fringe (e.g. 18 kilometres S of Vit-
tangi, Fig. 10). Several of these structures are caused by
granites of the Perthite monzonite suite. Henkel (1978)
interpreted the structures as diapirs.

Haparanda suite

The name "Haparanda series” was originally used for a
group of intrusions of granite, granodiorite, quartz dior-
ite, diorite, and gabbro in the Haparanda area (Odman
et al. 1949), and was later also used for similar rocks fur-
ther north (Odman 1957). Since then, that name and
the more appropriate "Haparanda suite” have been used
extensively in northernmost Sweden.

Rocks belonging to the Haparanda suite are mainly
found in the eastern part of the map area. The more or
less gneissose rocks are commonly medium-grained, but
fine-grained types also exist. Porphyritic types are less
common. There is a wide spectrum of rock types, from
gabbro and diorite, through monzodiorite, monzonite
and granodiorite, to subordinate granite. Syenitoid com-
positions are common in the central parts, between Vit-
tangi and Huuki, whereas granitoid compositions dom-
inate other areas, especially the high-grade Karesuan-
do—Muonionalusta area (Fig. 24). Relatively weakly de-
formed granodiorites-quartz monzonites in the T4rendo
area are uncertainly assigned to the Haparanda suite.

Modal compositions of rocks from the 29L Lainio map
sheet were presented by Witschard (1970), and from
other areas by Odman (1957), and these are given in Fig.
5. The range in chemical composition is shown in Fig. 6.
The chemical trend is alkali-calcic to calc-alkaline (Fig.
7). Compared to the Archaean rocks, many samples from
the Haparanda suite have higher contents of potassium
and thorium (Fig. 8). On a Rb vs. Y+Nb diagram the
rocks of the Haparanda suite plot in the volcanic arc
granite field (Fig. 9).

In the Karesuando—Muonionalusta area the Haparan-
da suite, with its low- to medium-density rocks, is found

s ¥ 7 s x iy

Fig. 24. Metamorphosed quartz diorite (Haparanda suite).
Puristakero, 14 kilometres southwest of Muonionalusta
(7542480-1817540).
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in an area characterized by a regional, high gravity anom-
aly (marked with E in Fig. 11). This is one of the most
pronounced positive gravity anomalies in Sweden. Ac-
cording to Lindroos & Henkel (1978, 1981) this anom-
aly could be caused by a basement culmination, assum-
ing that gneissose rocks of rather high density (>2 900
kg/m?) are also in existence in the central part. At that
time the petrophysical information was limited. New
sampling during the present project did not reveal the
densities needed to explain the gravity anomaly. The
occurrence of several gabbro intrusions located within
the outlines of the anomaly (for a description of these
intrusions see the chapter on ”Gabbro, metagabbro and
diabase, <1.8 Ga”, p. 37) suggests that these two phe-
nomena are linked to each other and that the anomaly
is younger than earlier proposed. A deeper-seated body
of high-density rocks (e.g. gabbro) probably causes the
anomaly, and the intrusive structures formed at sites
of pressure release conduits during emplacement of the
high-density body. According to Euler deconvolution
modelling, the upper surface of this body is located at a
depth of 6-9 kilometres (Leif Kero, pers. comm. 2000).

The magnetic total field over the Haparanda suite dif-
fers from the other rock groups in that its spectrum is
almost identical to the total observed over the whole map
area (Fig. 14d). Low- to medium-density rock types with
rather high susceptibility dominate (Figs. 13e, 19¢). The
natural remanent magnetisation has only a minor influ-

ence on the magnetic total field (Fig. 16d).

Perthite monzonite suite

Two groups of older intrusions, both including gabbro,
syenite and granite, were identified by Geijer (1931b).
The first group, including calc-alkali syenite, was later
included in the Haparanda suite (see above). The sec-
ond group is characterized by perthitic feldspar in both
quartz-rich and quartz-poor varieties. Using modern ter-
minology, monzonite or quartz monzonite proved to
be the dominating rock type rather than syenite, and
Witschard (1984) introduced the name "Perthite mon-
zonite suite” for these rocks.

The main distribution of the suite is in the western
parts of the area, where it forms a broad N-S trending
belt. Syenitoid compositions dominate over granitic
types. Perthite granites are commonly red and medium-
to coarse-grained (Fig. 25a). Pyroxene-bearing mon-
zonites appear locally. Enclaves and hybridisation phe-
nomena show that magma mingling and mixing proc-
esses were active (Fig. 25b). The rocks are typically iso-
tropic, but near pluton margins, a magmatic foliation
may be present. Many large intrusions of gabbro and
diorite are found between Vittangi and Rensjon. In some
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of them magmatic layering has been observed and several
show a concentric, banded magnetic pattern. In several
intrusions there is a normal zoning with gabbroid rocks
at the margin and granite in the central parts. Ultramafic
rocks such as pyroxenite and serpentinite are present in
some areas. The range in chemical composition is shown
in Fig. 6. The dominant chemical trend is alkali-calcic
(Fig. 7). Witschard (1975, 1984) pointed out the chemi-
cal similarity between the Perthite monzonite suite and
the Porphyry group, and suggested that the former was
emplaced under subvolcanic conditions.

The rock types in the Perthite monzonite suite are
similar to those in the Haparanda suite, but have been
traditionally kept separate due to their field appearance.
There are small compositional differences; in the former,
granite is more common and granodiorite-tonalite is
rare, and there is a tendency towards more alkaline com-
positions. Generally, the contents of K,O, TiO,, zirco-
nium, and yttrium are higher and the strontium contents
lower in the Perthite monzonite suite (Fig. 8). On a Rb
vs. Y+Nb diagram the main cluster of points represent-
ing the Perthite monzonite suite plot in the syn-collision
and volcanic arc granite fields at slightly higher values
than the Haparanda suite for these elements (Fig. 9).

The radiometric ages for the Perthite monzonite suite
and the Haparanda suite fall in the ranges of 1879-1858
Ma and 1886-1873 Ma (excluding one sample which
gave 1847 Ma), respectively (Fig. 3, Table 1). Consider-
ing the errors in the age determinations no significant age
differences between the two suites can be shown. How-
ever, where Haparanda granodiorite can be observed near
Perthite monzonite (e.g. near Stora Sjéfallet and NW of
Kiruna), the former is foliated and recrystallised, where-
as the latter is apparently undeformed. Similar relation-
ships have been observed in the Skellefte district between
intrusions of Jérn GI- and GlII-type (Lundstrém et al.
1999). One model for explaining this would be that both
suites formed during the same main magmatic event,
with a magma evolution towards more alkaline compo-
sitions, during a deformation event which rapidly de-
creased in intensity. A comparable magmatic evolution
has been described from eastern Australia (Landenberger
& Collins 1996). Alternatively, the differences between
the suites could be explained by a change in tectonic set-
ting at c. 1.88 Ga ago.

The structural difference between the two suites has
its correspondence in the magnetic field pattern and may
be expressed using the magnetic structure index. It is
0.675 km™! for the Haparanda suite and 0.594 km™! for
the Perthite monzonite suite (Table 4). The mean value
of the magnetic total field for the latter is much higher,
as is its amplitude variation as well (Figs. 14d, e, 15).
This implies that the Perthite monzonite suite has a more



Fig. 25. Intrusive rocks of the Perthite monzonite suite. a) Slightly porphyritic granite with a weak foliation. Jievdu, 35 kilometres SSE
of Rastojaure (7606200-1705320). b) Monzonite with assimilated hybrid enclaves and zoned feldspar. Renhagen, 41 kilometres W of
Gillivare (7450760-1669570).

spotted or heterogeneous distribution (Fig. 10) of its
magnetic rocks, which to a great extent contain ferro-
magnetic minerals with strong remanent magnetisation
(Fig. 16¢). The Perthite monzonite suite shows a bimo-
dal density distribution (Fig. 19f) but rocks of both den-
sity groups generally have high magnetic susceptibility
(Fig. 13f).

Granitoids, c. 1.86—1.84 Ga

In the eastern part of the area there are two types of gran-
itoids, both of which have U-Pb zircon ages of c. 1.85 Ga
(SGU, unpublished results). Although they have a simi-
lar zircon age their field appearance is very different.

One type (Pingisvaara-type) is found near the Swed-
ish-Finnish border in three discrete areas. The rocks
have granitic—granodioritic compositions and are light
grey to reddish grey in colour, fine-grained, and even-
grained (Fig. 26a). They are thoroughly deformed and
recrystallised and contain abundant quartzo-feldspathic
veins. Xenoliths of amphibolite and metamorphic pyrox-
ene have been observed.

The other granitoid type (Jyryjoki-type), which is
found in a large area east of Lainio, has a very different
appearance, being unevenly grained (in the matrix), por-
phyritic, and weakly foliated (Fig. 26b). Monzogranite
and granodiorite are the major components (Figs. 5, 6)
and the chemical trend defined by a limited number
of samples is calc-alkaline (Fig. 7). It is associated with
pegmatite, and in many places it contains biotite-rich
bands and partly assimilated remnants of older rocks. It
was called Lainio granite by Odman (1957) and Jyryjoki
granite by Witschard (1970). On the Nordkalott map
(Silvennoinen et al. 1987) it is distinguished as a sepa-
rate intrusion. Southwest of Muonionalusta, a granite of
Jyryjoki-type crosscuts orthogneisses, and is clearly post-
tectonic in relation to a high-grade deformational fabric.

The ages of deformation episodes are discussed in the
chapter on ”Structure” (see p. 81).

At Juolovanjirvet (c. 12 kilometres NNE of Ovre Sop-
pero) a granodiorite gave a U-Pb zircon age of 1847+19
Ma (Skiold 1981b). This relatively low age was con-
sidered to be the result of metamorphic effects, and in
e-value calculations (Skiold et al. 1988) rocks from this
area were attributed a zircon age of 1.89 Ga (Table 3).
Therefore the rocks at Juolovanjirvet are not included
in the 1.86-1.84 Ga group here. Rocks with zircon ages
of 1.86-1.84 Ga are not very common in other parts of
Sweden. A possibility that must be considered is that the
age figures represent a mixing of true magmatic compo-
nents with inherited and/or secondary components. To
confirm the presence of 1.86-1.84 Ga old rocks in this
region, further study is needed.

In nearby areas in Finland there are some intrusions
with zircon ages in the age range of 1.86-1.84 Ga. An al-
bititic monzonite from Rautuvaara (13 kilometres NE of
Huuki) gave an age of 1849+16 Ma, while a monzonite
from Hannukainen (19 kilometres NE of Huuki) gave
an age of 1862+3 Ma (Hiltunen 1982). From the Muo-
nio area, an age of 1850+41 Ma has been reported for
a granodiorite at Kipparinoja (Lehtonen 1984). Recon-
naissance work together with Finnish geologists (Sep-
tember 2000) in the Muonio area showed that grani-
toids similar to the Pingisvaara-type are widespread on
the Finnish side of the border.

Intrusive rocks, c. 1.81-1.78 Ga

Granite-pegmatite association

The rocks of the Granite-pegmatite association are com-
monly referred to as Lina granite in northernmost
Sweden. The Lina granite was originally described by
Holmgqvist (1905); the type area was chosen at the rail-
way bridge at Lina ilv, 26 kilometres NW of Giillivare.
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Fig. 26. Granitoids, c.
homogeneous part of this rock has been dated to 1856+8 Ma. Sérkivaara, 26 kilometres SE of Karesuando (7595420-1795370).
b) Uneven-grained, weakly porphyritic granite with diffuse biotite-rich bands (Jyryjoki-type). Myllyrova, 30 kilometres WSW of Lainio
(7521100-1804000).

The granite has a U-Pb titanite age of 1778+7 Ma (the
zircon age of the same sample is 1811+6 Ma, SGU,
unpublished results). It is commonly greyish red, medi-
um-grained and weakly porphyritic (Fig. 27). Red, fine-
grained and evenly grained varieties are also common.
The content of mafic minerals is low, with biotite as
the common phase; muscovite is rare. The granite is
usually associated with pegmatite, which in some areas
forms large massifs. Fragments of assimilated country
rock are common. Dykes and veins of granite, pegma-
tite, or aplite belonging to this suite are common in older
rocks. In the arenitic gneisses S of Pajala, a granitic leuco-
some has yielded U-Pb monazite ages of 1798-1774 Ma
(Bergman & Skisld 1998).

The compositional range of the Granite-pegmatite as-
sociation is restricted to monzogranite (Fig. 5). Nearly
all chemically analysed samples fall within the range of
70-77 % SiO, and have high thorium contents (Fig. 8).
The rubidium contents are also high and they plot with-
in or close to the syn-collision granite field in Fig. 9.

The rocks of the Granite-pegmatite association are
usually weakly foliated. When observed in contact with

Fig. 27. Lina granite (Granite-pegmatite association) from the
type locality, at the railway bridge crossing the Linailven river,
26 kilometres NWV of Gillivare (7472100-1689180).

S. BERGMAN, L. KUBLER & O. MARTINSSON

1.86-1.84 Ga old. a) Thoroughly recrystallised metagranodiorite with quartzofeldspathic veins. A

the more strongly foliated rocks of the Haparanda suite
the foliations in both rocks are parallel, which suggests
that the granite intruded while regional deformation was
still active. The Karesuando—Arjeplog deformation zone
has affected the Lina granite. Granite mylonite in this
zone can be observed west and northwest of Gillivare.

The magnetic total field of the Granite-pegmatite
association has a rather narrow spectrum (Fig. 14g), in-
dicating low amplitude variations around an in itself
low mean value (Fig. 15). Compared to the other rock
units its magnetic susceptibilities and remanent mag-
netisations are lower (Figs. 13g, 16g). Banded magnetic
patterns with short wavelengths are found in the area
northwest of Gillivare, near the Karesuando—Arjeplog
deformation zone. The magnetic structure index (Table
4), which in the Granite-pegmatite association area as a
whole is as low as 0.54 km!, achieves a value of 1.3 km'!
or more in that area. The magnetic field variations are
mainly due to susceptibility differences of the order of a
factor of 10 (0.002-0.02 SI) whereas the natural rema-
nent magnetisation has no influence. These features are
developed where there are inclusions or relics of older
rocks, or in zones of pronounced foliation, whereas the
commonly weakly foliated granite northeast of Gillivare
rarely reveals banded magnetic structures. Instead, brittle
to semi-brittle deformation zones are recognised in long
and narrow magnetic minima or offsets cutting a rather
homogeneous magnetic background.

In the area around Giillivare the main part of the Lina
granite massif coincides with a positive long-wave grav-
ity anomaly (D in Fig. 11) which is not in accordance
with the observed densities. The density of the Granite-
pegmatite association spans from 2 605 to 2 660 kg/m?
with a mean density about 2 620 kg/m® (Fig. 19g). A
long-wave magnetic field anomaly is also observed with-
in the same area (D in Fig. 10). Results from inversion
modelling suggest different solutions which all, however,



point at the occurrence of an extensive rock mass with
densities more than 2 750 kg/m? (width c. 30 kilometres
from east to west) at a depth of 8 kilometres to more
than 2 850 kg/m? at a depth of 12 kilometres (see also
Lindroos & Henkel 1978).

Granite-syenitoid-gabbroid association

In the Tdrendé-Lainio area there are a large number
of plutons and complex intrusions which have been as-
signed to a suite which has age and compositional char-
acteristics in common with parts of the Transscandina-
vian Magmatic Belt in southern and central Sweden.
Other plutons in the same suite are found north of Svap-
pavaara and southwest of Kiruna. Similar intrusions are
known in the Lulei—Edefors area (Ohlander & Skisld
1994). The field characteristics of the Granite-syenitoid-
gabbroid association are very similar to the Perthite mon-
zonite suite, and it is possible that future work will show
that this younger suite has a wider distribution than
shown on the present map.

The composition of the Granite-syenitoid-gabbroid
association varies from gabbro to granite, with mon-
zonite and monzodiorite (+ quartz-bearing varieties) as
intermediate members (Figs. 5, 6). Syenite has been re-
ported from southwest of Kiruna. Three age determi-
nations have yielded ages in the range 1799-1792 Ma
(Romer et al. 1994, SGU, unpublished results). The
dominant chemical trend is alkali-calcic (Fig. 7). A sepa-
rate calc-alkaline trend within this association may also
exist. The rocks of the Granite-syenitoid-gabbroid asso-
ciation are also chemically similar to the Perthite mon-
zonite suite (Fig. 8), but on a Rb vs. Y+Nb diagram a
small group of samples show higher values of these ele-
ments (Fig. 9).

The rocks of this association are characterized by high
magnetic susceptibility regardless of the type of rock (Fig.
13h). A high portion of natural remanent magnetisa-
tion contributes to the very high mean value of the mag-
netic field. The petrophysical properties are very similar
to those of the Perthite monzonite suite, which is in ac-
cordance with their similar field characteristics (Figs. 13,

14, 16, 19).

Gabbro, metagabbro and diabase, <1.8 Ga

In the easternmost part of the area, gabbros are found
as sheet intrusions forming ring-shaped structures, or as
discrete plutons. On the magnetic anomaly map, most of
them show a prominent magnetic banding (white arrows
in Fig. 10). The banding is caused by either: 1) layered
gabbro with variations in magnetite content, or 2) intru-
sive sheets of magnetic gabbro surrounded by pegmatite,

granite, or gneiss. At Lumivaara (SE of Lainio) there is
a well-exposed stream section where gabbro sheets alter-
nate with pegmatite and granite sheets. Pegmatite locally
intrudes the gabbro, which may be an effect of back vein-
ing. At Naakajirvi (ESE of Lainio), deeply weathered
gabbro dykes have been observed in a foliated granitoid.
However, most exposures in this area consist of pegma-
tite. A set of NE-SW-striking dykes is found NE of the
Naakajirvi area. The intrusion west of Muonionalusta
is layered (Filén et al. 1988) and gabbro grading into
anorthosite has been observed. The complexes NW of
Muonionalusta are not exposed. Besides their character-
istic appearance on the magnetic anomaly map, the in-
trusions are clearly detectable on the gravity map and ap-
pear to be related to the large regional and strongly positive
gravity anomaly in the area. A large mafic body at depth
may cause this regional anomaly, which is not reflected in
the density distribution of the surface rocks. The gabbros
have high contents of iron, aluminum, phosphorous,
titanium and sulphur and low silica contents (Lindroos
& Henkel 1981).

The Nabrenjarka diabase, W of Gillivare, is a con-
spicuous, flat-lying, bowl-shaped and sill-like intrusion
with an exposed length of more than 50 kilometres (Fig.
2, near C in Fig. 10). It intrudes several rock types, in-
cluding rocks of the Granite-pegmatite association, and
is therefore younger than c. 1.8 Ga. It has relatively high
percentages of iron, titanium, and vanadium and a rath-
er low silica content (Witschard 1975). In the same re-
gion there are also numerous gabbroic dykes, which are
probably related to the Nabrenjarka diabase. One fan-
like swarm of vertically dipping dykes seems to cut the
Nabrenjarka diabase. This swarm is probably related to
the prominent dyke swarms found southeast of Keb-
nekaise and in the Gillivare area. The relation between
these gabbros and diabases and the gabbros in the east-
ernmost part of the area is still unknown.

VENDIAN TO CAMBRIAN COVER ROCKS
(DIVIDAL GROUP)

Vendian (Neoproterozoic) to Cambrian cover rocks (Di-
vidal Group) unconformably overlie weathered Archaean
and early Proterozoic rocks in the western part of the
area. During the Caledonian orogeny these rocks were
overthrust by nappes from the west. The cover rocks
have been described by e.g. Kulling (1964) and The-
lander (1982). They are dominated by quartzites, sand-
stones, siltstones with minor shaly intercalations, and
alum shales.

Tillite was found in a small outcrop near Holmajirvi,
c. 18 kilometres WSW of Kiruna (Odman 1957). It was
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compared with similar tillites of Eocambrian age further

west.

GENERAL PETROPHYSICS

In previous sections the petrophysical properties were
discussed with respect to the different rock units recog-
nised in the map area. It is evident that density and mag-
netic properties depend on the mineral composition of
the rock. This means that particular rocks by their petro-
physical properties may be bound to rock type or genesis.
Wide compositional ranges in one and the same type of
rock or rock unit give wide petrophysical ranges, so an
attempt to classify rocks is merely a statistical proce-
dure. On the other hand, petrophysical properties may
be used to illustrate geochemical changes, e.g. magmatic
differentiation processes, and with the aid of magnetic
and gravity field data such processes may be related to
time and space. Such studies have been presented in ear-
lier published papers concerning the map area (Ambros
1980, Lindroos & Henkel 1981, Eriksson & Hallgren
1975, Padget 1977, and Witschard 1975). Henkel (1976)
presented a description of petrophysical properties of
rocks from northern Sweden and an attempt to retrace
within them geochemical evolution processes. In Fig. 28
the magnetic susceptibility versus density is plotted for
each of the major groups of rock types used in his study,
together with many new samples. A combination of two
or more of these distribution patterns roughly results in
the distribution pattern of a rock unit (Fig. 13). A more
or less pronounced low-susceptibility and/or high-sus-
ceptibility trend may be observed in all rock units (Fig.
13) and rock types (Fig. 28). The former trend seldom
reaches more than 5x10° Sl-units and is due to rocks
with varying amounts of paramagnetic minerals and no
or negligible amounts of ferrimagnetic material. Iron is
fixed in silicates. Metasedimentary and magnetite-defi-
cient mafic rocks may account for this trend in the Ar-
chaean rocks. The upper trend in the diagrams represents
the evidence that ferrimagnetic material (mostly magnet-
ite) is present. Typically, but with exceptions, there is
no smooth transition between the lower and the higher
trend in medium- to high-density rocks. In these rocks, a
bimodal susceptibility distribution is found as illustrated
by the Greenstone group (Fig. 13¢), the mafic metavol-
canic rocks in general (Fig. 28d) or, less pronounced, in
the Archaean rocks (Fig. 13a). The reason is that even
if magnetite is present in only a fraction of a weight per-
cent, its extreme magnetic properties will outrange those
of the paramagnetic minerals (Tarling & Hrouda 1993).
The bimodality is likely to be produced by metamorphic
processes differentially affecting the minerals. Deuteric/
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hydrothermal processes may consume pre-existing mag-
netite, resulting in the formation of e.g. chlorite and
titanite, and consequently in a drastic lowering of the
magnetic properties. However, the presence of strong
paramagnetic properties in combination with remanent
magnetisation in rocks found in the lower susceptibility
trend implies that processes were involved which lead to
the formation of ferrimagnetic minerals from iron sili-
cates by oxidation. On the other hand, if primary mag-
netite grains are very large or if they are protected as in-
clusions in silicate grains, they may be preserved and a
high susceptibility is maintained (Dunlop & Ozdemir
1997). This also explains the rather frequently observed
high natural remanent magnetisation in the intrusive
suites, the Porphyry and Porphyrite groups, and the
Greenstone group.

Granitoid rocks and especially the rocks of the Gran-
ite-pegmatite association are different from other rock
types or units in that they mostly lack strong paramag-
netic minerals, which is reflected in their low densities.
Still, they very often reveal high susceptibilities (>5x107),
accompanied by low Q-values (<0.5, mean value 0.23,
Fig. 16), which gives evidence of the presence of ferri-
magnetic minerals. Typically, granites are found in a nar-
row sampling to the left in diagrams of the type shown in
Figs. 13 and 28. In Fig. 13g a division into the two sus-
ceptibility trends are only weakly indicated for the rocks
of the Granite-pegmatite association. The variation of
the density is low, with a mean value of 2 625 kg/m’.
The only possible carriers reported in the literature on
these rocks that have ferrimagnetic and strong paramag-
netic properties are magnetite and biotite, respectively
(with the exception of occasional chlorite as a retrograde
product of biotite). Hornblende may occur in certain
varieties. In all earlier works magnetite is mentioned as
a disseminated accessory constituent, while the reported
biotite content is on average 3 %, in some cases reach-
ing 7 %. Biotite is also an important constituent of rocks
found as fragments in the Granite-pegmatite associa-
tion. According to available chemical data, the iron con-
tent expressed in Fe,O;-equivalents ranges from 0.7 to
1.6 wt-% but Eriksson & Hallgren (1975) reported val-
ues even below 0.5 wt-% and for FeO c. 0.2 wt-%. Only
one investigation reports up to 5 vol-% magnetite (Of-
ferberg 1967). Recalculated into magnetite equivalents
this would easily explain the observed high susceptibili-
ties if most of the iron were bound to magnetite rather
than biotite. It is also possible that biotite is less abun-
dant than indicated and, in fact, conceals a much higher
magnetite content than that found in the observed dis-
seminated part. This magnetite may occur as inclusions
between the lamellae of biotite from which it was ex-
solved, rendering the biotite extrinsically ferrimagnetic
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Fig. 28. Petrophysical properties of rock types in the map area independent of rock unit. Magnetic
susceptibility (SI) vs. density (kg/m?) in semi-logarithmic diagrams.The grey background in all diagrams
is the total population of samples (n=11 150).
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Fig. 29.The concentrations of thorium versus uranium in the different rock groups. The concentrations were measured by means of

gamma ray spectrometry.

(Dunlop & Ozdemir 1997). Such an explanation is re-
inforced by the fact that there actually is a slightly high-
er natural remanent magnetisation-to-susceptibility ra-
tio trend than indicated by the black line (Q = 1) in
Fig. 16g. It can be discerned in Figs. 15 and 16 that natu-
ral remanent magnetisation plays a role in the outlines
of the magnetic field pattern. The Q-value (geometric
mean value) increases with increasing mean value of the
magnetic total field for the different rock units. McEnroe
& Brown (2000) point out that this phenomenon may
be underestimated while, in the literature, magnetic sus-
ceptibility is still held as principally responsible for what
we see on magnetic maps.

Due to the thick cover of Quaternary deposits in large
parts of the map area, airborne gamma radiation data are
of restricted help in identifying rock units. In large, how-
ever, there is a correlation between the distribution of
high total gamma radiation and the felsic to intermediate
rocks of the Perthite monzonite suite and the rocks of the
Granite-pegmatite association (see the separate printed
map SGU Ba 56:5). Our in situ measurements of the
latter show anomalous contents of thorium (Fig. 29f).
The lower limit of anomalous thorium content has been
set to 20 ppm. Uranium concentrations exceed 10 ppm
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only in about 10 observation points, all situated within
the area occupied by the Granite-pegmatite association.
However, these high values are not typical and the urani-
um contents spread over a wide range (Fig. 29f) with an
average value similar to that reported in the literature for
granites in general (Sharma 1986). Measurements car-
ried out on rocks of the other rock units yielded low val-
ues, thus contrasting only weakly, if at all, with the soil
cover. The uranium contents are low, with the majority
of the values below about 3 ppm. Thorium-anomalous
rocks are present in all intrusive suites. One exception
is the Granite-syenitoid-gabbroid association, which also
shows a larger variation of uranium values. Consequent-
ly, the Th/U ratio is much lower than in the other suites
(5:1 to 10:1). The difference in field appearance between
the Haparanda suite and the Perthite monzonite suite
(see p. 34) is reflected in the differences in their thorium
and uranium contents (Fig. 29¢, d). The main part of
the measurements on metagranitoids of the Haparanda
suite (Karesuando—-Muonionalusta area and SE of Svap-
pavaara) yielded low values. In contrast, two thirds of the
measurements of granites and syenitoids of the Perthite
monzonite suite show thorium-anomalous values.



MINERAL OCCURRENCES

MINING HISTORY AND PRODUCTION

The northern part of Norrbotten county is an ore prov-
ince dominated by iron and copper, represented by sev-
eral different types of deposits. Other metals, including
zine, lead, vanadium, titanium, and cobalt, are only
found in subeconomic amounts. Economically most im-
portant for the region are the apatite iron ores, with an
annual production in the two operating mines at Kiruna
and Malmberget of c. 30 million tonnes (Mt) of ore
and a total production of c. 1 600 Mt from 10 mines
during the period 1888-1999. Minor amounts of iron
ore were also recovered from the apatite iron ores and
one iron formation before the 20th century. The Mag-
netgruvan deposit at Masugnsbyn was mined intermit-
tently between 1645 and 1865, and the Malmberget
apatite iron ore was the major source of ore for several
small blast furnaces in southeastern Norrbotten during
the 18th and 19th centuries.

Copper was produced during the 17th and 18th cen-
turies from several small deposits in the Kiruna area,
the most important of which was Gruvberget at Svap-
pavaara. Recently, copper ore has been mined in Kiruna
on a larger scale at the Viscaria (1982-1997) and the
Pahtohavare (1990—1997) mines. At Pahtohavare, some
gold was also produced. Sweden’s largest sulphide mine,
Aitik, is situated in the Gillivare area. Mining started
in 1968 and the annual outcome from the open pit is
now 18 Mt of ore. As early as 1902-1907 some copper
and gold was mined in the Gillivare area at Nautanen,
Liikavaara, Ferrum, and Fridhem.

Mineral production in the northern part of Norrbot-
ten county also includes some industrial minerals. In
1898 graphite was discovered in the Vittangi area, which
resulted in extensive exploration and efforts to start
production of graphite. Although several deposits were
found to be rich in graphite, their fine-grained character
made an economic recovery of graphite impossible and
only small amounts have been produced from the Vit-
tangi and Masugnsbyn areas. During the Second World
War, apatite for the production of fertiliser was produced
from the apatite iron ores in Gillivare and Kiruna. Dolo-
mite and quartzite have been used as additives in pellet
production at the iron ore mines. Dolomite is still pro-
duced at Masugnsbyn, while quartzite production from
two quarries, Nukutusvaara and Hopukka in the Kiruna
area, ended in 1974 and 1982, respectively. Production
years and tonnages for all types of deposits are given in

Table 5.

CLASSIFICATION OF DEPOSITS

In the following description, the metallic and industrial
mineral deposits have been grouped according to their
commodity and character. Besides the type of metals
or industrial minerals forming economically important
constituents of the deposit, the classification is based on
the style of mineralisation and its relation to the host
rock. Accordingly, this is not primarily a genetic classi-
fication, even though the character and composition of
the deposits are in most cases largely controlled by their
origin.

The metallic deposits are divided into the following
categories: stratiform—stratabound base metals and iron,
apatite iron ores, epigenetic base metals, and other met-
als. A few occurrences with gold as the most important
constituent are included in the epigenetic base metal
class. In the stratiform—stratabound deposits the ore min-
erals occur either in a banded or laminated manner that
is parallel to the bedding of their host rock, or they form
massive lenses conformable to the wall rocks. Minerali-
sations that cut bedding or lithological contacts are rare
and mainly restricted to the stratigraphic footwall. This
group includes sulphide deposits dominated by copper or
zinc-lead, and two types of iron formations (banded iron
formations and skarn-rich iron formations). All known
occurrences are hosted by the Greenstone group. The
apatite iron ores define a specific group of magnetite-
hematite deposits that are spatially related to the Por-
phyry group. In the epigenetic class of base metal depos-
its the ore minerals occur disseminated, in veinlets and
veins or in breccias. In general, the boundaries of these
ore bodies are gradual and crosscut primary features such
as bedding. Based on the metal composition they are di-
vided into the subgroups coppertgold+cobalt and zinc-
lead, with the former as the most abundant. The depos-
its containing other metals than iron and base metals (al-
loy metals, titanium, platinum group elements, lithium,
beryllium, rare earth elements, and uranium) are divided
according to commodity. For the industrial mineral de-
posits the classification is mainly based on commodity
but their origins serve as a base for further subdivisions
(e.g. quartz, magnesium silicates, and apatite).

STRATIFORM-STRATABOUND ORE
DEPOSITS (BASE METALS AND IRON)

Stratiform to stratabound mineralisations with base met-
als and iron occur in volcaniclastic units in the middle
and upper parts of the Greenstone group. Sulphide
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TABLE 5. Production of ores and industrial minerals. Reference abbreviations: B = Bergsstaten, Bs = Bergverksstatistik,
SG = Svenska Gruvféreningen, Besk = Beskrivning till slutkarta, + = mine still in production 1999.

Name of deposit Map Commodity Economic status Prod.Mt Prod. Comment Source
from-to.
Kiirunavaara 29) NO Fe+(P) Mine c. 1030 1895-1999+ 1865 and 1889 small production ~ Grip 1978, Bs 1964-1999 SG
Malmberget 28K SV Fe+(P) Mine c.460 1888-1999+ 1738-1887 intermittently Grip 1978,Bs 1964-1999 SG
Levedniemi 29K sV Fe Closed mine 56.65 19641983 Besk Levedniemi B
Tuolluvaara 29) NO Fe Closed mine 2372 1902-1982 Besk Tuolluvaara B
Luossavaara 29) NO Fe Closed mine 16.65 1919-1985 1803-1907 intermittently Besk Luossavaara B
Henry 29) NO Fe Closed mine 4.86 1969-1987 Besk Henry B
Haukivaara 29) NO Fe Closed mine 2.55 1965-1972 Besk Haukivaara B
Rektorn 29) NO Fe+(P) Closed mine 2.52 1925-1961 Besk Rektorn B
Nukutus 29) NO Fe Closed mine 0.74 19611967 Besk Nukutus B
Sigrid 29) NO Fe Closed mine 0.55 1952-1980 Besk Sigrid B
Mertainen 29K SV Fe Closed mine 0.22 1956-1958 1918-1920 test mining Besk Mertainen B
Viktor 29) NO Fe Closed mine 0.02 1952-1954 Besk Viktor B
Sahavaara 28M NV Fe Potential deposit 0.002 19741974 Test mining, also in 1965 Besk Stora Sahavaara B, Lundberg 1967
Magnetgruvan 28L NV Fe Closed mine <0.05 1645-1860s Intermittently Geijer 1929
(Junosuando)
Gruvberget-Fe 29K SV Fe Potential deposit <0.002 1707-1880 Intermittently SOU 1924
Keskinen Kayrevaara 29) NO Fe Prospect pit <0.001 1912-1912 Test mining SOU 1924
Aitik 28K SV CutAut+Ag  Mine 322.00 1968-1999+ Bs 1968-1999 SG, Zweifel 1976
Viscaria A-zone 29) NO Cu+Ag Closed mine 12.540 1982-1997 Besk Viscaria B, Martinsson 1997
Pahtohavare 29) NO Cu+Au Closed mine 1.680 1990-1997 Besk Pahtohavare B, Martinsson 1997
Viscaria B-zone 29) NO Cu+Ag Closed mine 0.0750 19961997 Besk Viscaria B, Martinsson 1997
Nautanen 28K SV Cu+(Fe) Potential deposit 0.0720 1902-1907 Geijer 1918a,Bs 1902-1907 B
Gruvberget-Cu 29K sV Cu Closed mine c.0.050 16551757 16871757 intermittently Tegengren 1924, Frietsch 1966
Liikavaara 28K SV Cu Closed mine 0.0030 1903-1907 Geijer 1918a,Bs 1903-1907 B
Ferrum (Nietsajokki) 28K SV Cu+Au Closed mine 0.00045 1904-1907 Tegengren 1924, Bs 1904-1907 B
Sérkivaara 29K sV Cu Closed mine <0.005 17561785 Tegengren 1924, Frietsch 1966
Raggisvaara 30) NO Cu Closed mine <0.001 16831684 Tegengren 1924
Maunuvaara 28L NV Cu Closed mine <0.001 17th century Tegengren 1924, Geijer 1918a
Sekkujoki 29KNV  Cu Closed mine <0.001 17th century Hallgren 1969, Eriksson & Hallgren 1975
Pahtavaara 29KNV  Cu Closed mine <0.001 17th+18th Tegengren 1924, Hallgren 1969
century
Kovogruvan 30) SO Cu Closed mine <0.001 | 7th+18th Tegengren 1924, Geijer 1931b
century
Gruvberget-Kurravaara 29 NO Cu Closed mine <0.001 17491755 Tegengren 1924
Veikkavaara 28L NV Cu Prospect pit <0.001 19th century Geijer 1931b
Kopparasen 301 NV Cu Prospect pit <0.001 1902-1904 Bs 1902-1904 B
Snalkok 28K SO Cu Closed mine 0.000100  1904-1906 Bs 1904-1906 B, Geijer 1918a
Fridhem 28K SV Au Closed mine 0.000007 1905-1905 Tegengren 1924,Bs 1905 B
Ala Parro 30) NO Cu Prospect pit 0.000007  1916-1916 Bs 1916 B
Hopukka 29K SV Qz Closed quarry 1.1400 19741982 Bs SG
Nukutusvaara 29) NO Qz Closed quarry 0.5600 19691974 Bs 1969-1972 B
Vassaravaara 28K SV Qz+(Flsp) Closed quarry 0.0017 1955-1956 Bs 1955-1956 B
Varkhanvaara 28K SO Qz Closed quarry 0.001 1941-1941 Bs 1941 B
Pahtavaara 28K SV Qz Closed quarry 0.0003 1941-1942 Bs 1941-1942 Bs
Adnamvare 29) NO Mg-silicate Closed quarry 0.0600 1978-1979 Bs 1978-1979 SG, Bergstrom 1986
Tjuoltatjakkah 30) SV Mg-silicate Potential deposit 0.0030 1991-1991 Test mining Hansson 1989, 1991
Masugnsbyn 28L NV Dolomite Quarry 2.1000 19521999+ Small scale production in 1930s  Bs 1952—1972 B, Bs 1977-1988 SG, Niiniskorpi
1990, Hansson 1991, Shaikh et al. 1989
Hietajoki 28L NV Dolomite Potential deposit 0.0030 1998-1998 Test mining Hansson 1991, Shaikh et al. 1989
Nunasvaara 29K SO Graphite Potential deposit 0.0030 1981-1981 Test mining, also in 1920 Bergstrom 1987, Geijer 1918b,Tegengren 1924
Nybrénnan
(Vehkovaara) 28L NV Graphite Closed quarry 0.0020 1955-1958 Bs 1955-1958 B, Lundgardh 1971
Lauttakoski 28LNO  Talc Potential deposit <0.001 1966—1966 Test mining Shaikh 1972, Grip 1978
Malmberget 28K SV Apatite Potential deposit cl3 1899-1953 Mainly 1918 and 19401946 Bs B, Geijer 1919b, Odman 1957,
Grip 1978, Lundegardh 1971
Rektorn 29) NO Apatite Potential deposit c.04 1942-1946 Geijer 1950
Kiirunavaara 29) NO Apatite Potential deposit 0.3 1985-1988 Bs 1985-1988 SG
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Allochthonous rocks (Caledonian orogen), left,
ditto, basement derived rocks, right

Sedimentary cover (Vendian-Cambrian)
Ductile shear zone

Gabbro, metagabbro, diabase (< c. 1.8 Ga)
Intrusive rocks (c. 1.81-1.78 Ga)

Intrusive rocks (c. 1.89-1.84 Ga)

11N 1

Stratiform-stratabound
base metal and iron deposits

@® Skarn-rich iron formation

© Quartz-banded iron formation

® Manganese-iron deposit

I Stratiform copper deposit

B Stratiform zinc-lead-silver deposit

Metasedimentary rocks and metabasalt (c. 1.96-1.85 Ga)
Metavolcanic rocks, Porphyry group (c. 1.91-1.88 Ga)
Metavolcanic rocks, Porphyrite group (c. 1.91-1.88 Ga)
Karelian rocks (c. 2.4-1.96 Ga)

Ultramafic-mafic intrusions (c. 2.44 Ga)

Archaean rocks (> c. 2.68 Ga)

Fig. 30. Simplified bedrock map of the northern part of Norrbotten county, with occurrences of stratiform-stratabound base metal

and iron deposits.

deposits are mainly found in the Kiruna area while
occurrences dominated by iron are encountered in most
areas in the Greenstone group (Fig. 30). Carbonate rocks,
graphitic schist and chert are common ore-associated
rocks, constituting either the host rock or the wall rocks
of most deposits. Based on the mineral composition and
the character of the deposits three main types are dis-
tinguished: base metal sulphide deposits, skarn-rich iron
formations, and chert-banded iron formations (BIF).

Sulphide deposits are generally tabular in shape and
dominated by base metal sulphides. Varying proportions
of chalcopyrite, pyrrhotite, pyrite, sphalerite, galena, and
magnetite occur as stratabound to stratiform dissemina-
tions and massive intercalations in tuffite, black schist,
and carbonate rocks. The largest and only economic de-
posit is the Viscaria copper ore. Several subeconomic
copper deposits of stratiform character are found in the
western part of the map area. The Ostra Pahtohavare de-

DESCRIPTION OF ... NORTHERN NORRBOTTEN COUNTY

43



44

posit is situated within the Greenstone group, 10 kilo-
metres S of Viscaria. Valasjaure and Kopparisen are situ-
ated in greenstones west of Kiruna. A few zinc-lead oc-
currences exist in the eastern part of the area, of which
the largest is the subeconomic Huornaisenvuoma deposit
S of Lannavaara.

Skarn-rich iron formations and BIF lack economic
importance. The most numerous of these are the skarn-
rich iron formations, which occur as stratiform lenses of
magnetite, serpentine, diopside, actinolite, and smaller
amounts of iron sulphides. The BIF deposits are tabular
with thicknesses of up to 200 metres. Most of them con-
tain iron silicates as the major iron mineral. They are
mainly restricted to the eastern part of the map area and
often exhibit a close spatial relation to the skarn-rich iron
formations.

Ore-related alterations are insignificant or mainly re-
stricted to the stratigraphic footwall for both sulphide
and iron deposits. This, in combination with the mainly
stratiform character, suggests a syngenetic origin for most

occurrences.

Stratiform-stratabound sulphide deposits
Viscaria

The Viscaria copper deposit is situated 4 kilometres W
of Kiruna. It was indicated using geobotany in 1972 and
found by drilling 1973. The mineralisation is hosted by
the volcaniclastic Viscaria Formation (Martinsson 1997)
occurring in the middle part of the Greenstone group
(Fig. 31). Three stacked ore zones in progressively de-
scending stratigraphic order (A, B and D) contain sul-
phides and magnetite in differing proportions. Thin ho-
rizons containing magnetite and some sulphides also oc-
cur in the stratigraphically overlying Peuravaara Forma-
tion (Martinsson 1997). The A-zone was economically
most important, but during the last years of mining
some ore was also produced from the B-zone. A total of
12.54 Mt of ore with 2.29 % Cu was mined between
1982 and 1997 (Martinsson et al. 1997a).

The stratigraphically lower D-zone mineralisation is
c. 1 000 metres long and dominated by magnetite. It oc-
curs within a c. 20 metres thick dolomite in the lowest
part of the Viscaria Formation. The ore generally has a
fine-grained character and a low sulphide content. Ore
grades (>1 %) of copper are locally developed, with dis-
seminated chalcopyrite and pyrite occurring in slightly
coarser-grained magnetite ore. The copper mineralised
part of the D-zone is calculated to contain 0.74 Mt with
1.5 % Cu (Martinsson et al. 1997a).

Several narrow and closely spaced horizons containing
magnetite, pyrite, pyrrhotite, and chalcopyrite constitute
the B-zone. The mineralisation has a maximum length of
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3 000 metres and occurs in a 40 metres thick sequence of
mafic tuff in the middle part of the Viscaria Formation.
The ore minerals are disseminated or form massive inter-
calations in tuff or tuffite of mafic composition. Epidote
and calcite are important gangue minerals in some parts
of the mineralisations. The copper content of the B-zone
is generally rather low and ore grades are only developed
in some restricted parts of these laterally extensive hori-
zons. These more copper-rich parts are calculated to con-
tain 2.5 Mt with 1.9 % Cu and from one part 0.075 Mt
of ore has been mined.

The economically important A-zone is situated be-
tween two black schist horizons at the top of the volcani-
clastic Viscaria Formation. The ore zone is 3 700 metres
long, 400-600 metres wide and 2—-10 metres thick. It is
capped by a thin chert horizon extending several kilome-
tres outside the economic part of the deposit. Chalcopy-
rite, magnetite, pyrrhotite, and some sphalerite are the
main ore constituents. They are mostly fine-grained and
occur disseminated, as thin layers or more massive accu-
mulations. Lamination in millimetre-scale is developed
in some parts of the ore. Calcite is the main gangue min-
eral, while amphibole, apatite, barite, quartz, and albite
occur in accessory amounts. Ore grades (>1 %) of cop-
per are locally developed in the footwall graphite schist,
with chalcopyrite and pyrrhotite forming veinlets. This
is in contrast to the hanging wall black schist which is
barren, with only small amounts of pyrrhotite occurring
disseminated in thin laminae.

A pronounced metal zoning is developed in the A-
zone. Most conspicuous is the enrichment of zinc to-
wards the hanging wall contact in the central and high-
grade part of the ore (Fig. 32). The copper content in this
area is 3 to 10 %, with a general increase in grade towards
the footwall. Accessory amounts of barite are found in
the high-grade part. Enrichment of zinc, manganese and,
to some extent, gold is noticeable in the peripheral and
low-grade parts of the ore zone.

The A-zone is situated on top of a large alteration
zone, which extends laterally beyond the economic part
of the A-zone. The alteration zone encloses the underly-
ing B- and D-zones and reaches about 500 metres strati-
graphically below the ore in its central part. A high K/Na
ratio, due to the alteration of plagioclase feldspar to phyl-
losilicates, characterizes the altered rocks (Martinsson et
al. 1997a). The altered rocks are depleted in sodium and
to some extent of calcium and strontium, while potas-
sium, zinc, and barium are enriched. K-feldspar altera-
tion is of minor importance. It is developed in a dacitic
tuff situated below the footwall graphite schist. The K-
feldspar alteration has been largely replaced by post-ore
albitisation, which has developed along the contacts of a
mafic sill intruding the dacitic tuff and the black schist.



Greenstone group

Perthite
monzonite
suite

Mafic sill

Metabasaltic pillowlava /
tuff-tuffite

Magnetite-sulfide
mineralisation

Tuffite-tuff
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Fig. 31. Geological map of the Viscaria area
(from Martinsson 1997).The following ab-
breviations refer to formations within the

(in stratigraphic order):

SF = Sakevaratjah Formation, AF = Adnam-
vare Formation, PiF = Pikse Formation,
VF =Viscaria Formation, PeF = Peuravaara
Formation. The annotations A, B and D
refer to ore horizons within the Viscaria
Formation. C is a graphite schist.
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of the ore (from Martinsson et al. 1997a).The scale is relative, with the upper contact of the ore as the zero level.
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Scapolite is locally developed in the upper part of the al-
teration zone and exists in small amounts together with
tourmaline at the top of the ore zone.

The pronounced stratiform character of the Viscaria
ore suggests a syngenetic origin. Extensive alterations in
the footwall and the metal zoning of the ore are features
of genetic importance, supporting an exhalative origin.
However, compared to typical VMS-deposits, Viscaria is
exceptional for its layered structure of high-grade cop-
per ore and high magnetite content. The main ore ho-
rizon, the Viscaria A-zone, was formed in conjunction
with basin subsidence and marks the start of voluminous
eruptions of MORB-type pillow lava (Peuravaara For-
mation). Most probably the exhaled ore fluid was highly
saline and accumulated as a brine pool at the sea floor.
During cooling and brine mixing with overlying seawa-
ter, the ore constituents were precipitated as a chemical
sediment. Along a fissure-controlled exhalative vent these
sediments developed a pronounced copper-zinc zoning,
with a high content of copper. Compared to world-wide
copper-zinc deposits, most features of the Viscaria cop-
per ore are similar to that of the Besshi-type. Regarding
tectonic setting and ore genesis, the Viscaria deposit rep-
resents an ancient analogue to the Atlantis II Deep met-
alliferous sediment in the Red Sea (Martinsson et al.

1997a).

Ostra Pahtohavare

The subeconomic copper deposit Ostra Pahtoha-
vare is very similar in character to the Viscaria
deposit. Indications were discovered by LKAB in

and iron outlines an elongated zone in the central part of
the mineralisation. This same part of the ore zone has the
highest Cu/Zn ratio.

The volcaniclastic rocks in the footwall are extensively
altered to a depth of at least 70 metres stratigraphically
below the ore. The alteration zone is chemically defined
by a high K/Na ratio due to phyllosilicate alteration of
plagioclase feldspar (Fig. 33). The depletion of calcium
and strontium is not as pronounced as for sodium, and
the enrichment of potassium is accompanied by some
enrichment of barium, rubidium, zinc, copper, and iron
(Martinsson et al. 1997a).

Koppardsen

The Koppardsen deposit was discovered in 1897 and in-
vestigated for copper using test pits. In the 1970s the
possible occurrence of uranium in this area was inves-
tigated by means of geophysical ground measurements
and drilling. The sulphide mineralisation occurs in a
basement window within the Caledonides 100 kilome-
tres NW of Kiruna. Several horizons containing copper,
zing, silver, and uranium in mostly low concentrations
occur within a 500 metres thick sequence of mafic tuff
and tuffite, overlain by clastic metasedimentary rocks.
These supracrustal rocks constitute an isolated enclave
within 1.8 Ga old granites. The stratigraphic position is

unknown.

Cu ppm

1979 and investigated in more detail by NSG in
1984-1985. The mineralisation is situated in the

middle part of the Viscaria Formation, between
two horizons of black schist. Magnetite, chalcop-
yrite, pyrite, pyrrhotite, and smaller amounts of

sphalerite occur disseminated or form almost mas-
sive intercalations in a calcareous mafic tuffite. In

character and stratigraphic position the mineralisa-
tion is most similar to the Viscaria B-zone. Several

thin, and laterally extensive, intercalations of mag-

netite containing varying amounts of pyrite occur

stratigraphically below the Ostra Pahtohavare de-
posit.

The ore zone is about 1 kilometre long, 200 me-
tres wide and 2-10 metres thick. Besides copper
and iron it is enriched in zinc, barium, calcium, and

manganese. The area of highest content of copper & % & Stratigraphic up
;I‘.<”\r‘\‘\\‘\ T T T \Iv: \‘.‘\‘4 B B \‘\‘.‘ g
‘,3"“:‘:‘:‘”‘:‘ \m \%\‘:r}:\:\:\‘ ',:\H\ &
.. b o Ss-020.8052 a
Fig. 33. Chemistry of altered wall rocks at the Ostra — "‘ - -
Pahtohavare deposit, drill core 2406 (modified from ] Atteration zone [0 Tuff-tuffite e Sample point
Martinsson 1995). [ ] Black schist . som
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The stratigraphically lowest horizon consists of mag-
netite, chalcopyrite, and bornite, which laterally give way
to magnetite-pyrite. Some pyrite, chalcopyrite, and urani-
nite occur in association with anomalous contents of va-
nadium, molybdenum, and fluorine peripheral to this
mineralisation and slightly higher in stratigraphical po-
sition. A third horizon, associated with a thick chert lay-
er and with graphite-bearing tuffite, contains pyrrhotite,
pyrite, chalcopyrite, sphalerite, and uraninite together
with some arsenopyrite and galena. The uppermost min-
eralisation is hosted by black schist and has pyrrhotite,
pyrite, chalcopyrite and sphalerite as its main ore miner-
als. Galena, arsenopyrite, cobaltite and uraninite are mi-
nor components (Adamek 1975). The grades of copper
and zinc are usually less than 1 %, but no systematic in-
vestigation of tonnage and grade has been made.

The mineralised horizons are mainly stratiform—
stratabound in character and have a length of 0.8 to
3 kilometres. In some of the horizons copper is most
abundant in the central parts, while zinc is enriched in the
peripheral parts. Magnetite is only found in the more cop-
per-rich central part of the lowest horizon. Other elements
enriched in the mineralisations besides copper and zinc
are uranium, arsenic, nickel, and silver. Mineralisations
with uranium are strongly enriched in vanadium (700-
1 600 ppm, Adamek 1975), and occur mainly in asso-
ciation with pyrite-pyrrhotite. An epigenetic origin for
uranium is suggested from lead isotope data, with min-
eralisation related to metamorphic fluids at 1.78 Ga. The
minimum age for the least radiogenic lead in the sul-
phides indicates a syngenetic mineralisation at 2.05 Ga
(Romer & Boundy 1988). Ore-related alterations have
not been detected, but scapolitisation is locally common
in the mafic rocks and tourmaline is encountered in a

few places (Adamek 1975).

Huornaisenvuoma

The largest sulphide deposit in the northeastern part
of the map area is the subeconomic Huornaisenvuoma
zinc-lead-silver-copper deposit. It was found by LKAB
in 1978 by drilling, and is calculated to contain 0.56
Mt with 4.8 % Zn, 1.7 % Pb, 0.2 % Cu, and 12 ppm
Ag (Frietsch 1991). It is hosted by a thick dolomite in
the upper part of the Greenstone group comprising ma-
fic tuff and tuffite, manganiferous iron formation, and
black schist. The Greenstone group constitutes the core
of an anticline and is overlain by Svecofennian clastic
sedimentary rocks and intermediate volcanic rocks (Am-
bros 1980). These volcanic and sedimentary rocks are
metamorphosed at middle to upper amphibolite facies.
A thin stratiform sulphide horizon exists at the base
of a 20-35 metres thick skarn zone in the upper part

Lake

o Volcanic meta-
=< | conglomerate

Felsic meta-
volcanic rocks

Intermediate meta-
volcanic rocks
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Intrusive
greenstone

Mafic tuffite with \
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[ ] )
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\
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Fig. 34. Geological map of the Huornaisenvuoma area (from
Martinsson 1995).Teltaja, Sattavaara and Kevus are iron mineral-
isations.

of the dolomite (Fig. 34). It consists of sphalerite, mag-
netite, and pyrite occurring disseminated and as almost
massive layers. The mineralisation generally has a thick-
ness of 1-2 metres and its maximum length is 950 me-
tres. Another mineralised horizon exists in the upper part
of the skarn. It is situated 20-30 metres higher up, and
has a similar thickness and length as the sphalerite-bear-
ing horizon but is more irregular in character. Dissemi-
nated magnetite with subordinate to ore grades (>1 %
Cu) of chalcopyrite are the main constituents.

Diopside occurs together with varying amounts of
actinolite as disseminated to almost massive aggregates
within the skarn zone. Chondrodite, partly altered to ser-
pentine, is found disseminated in the skarn zone and it is
the dominant silicate mineral in some parts. Skarn min-
erals are also found in the footwall to the sphalerite-bear-
ing horizon, but they usually decrease rapidly in amount
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with increasing distance from this horizon.

An elongate and narrow zone with strong lead enrich-
ment is located towards the central part of the minerali-
sation, which also shows the highest zinc content. In the
footwall to this metal-rich part of the deposit, skarn-rich
dolomite with chondrodite, diopside, and actinolite ex-
tends at least 30 metres below the stratiform mineralisa-
tion (Martinsson 1995). This discordant skarn zone be-
low the central part of the mineralisation is enriched in
silicon, barium, copper, manganese, and iron.

A strong enrichment of iron, zing, lead, copper, silver,
cadmium, manganese, and barium is developed in the
ore zone and several elements define a pronounced zon-
ing pattern. Manganese has the highest content in the
peripheral part, with up to 5.9 % MnO, while lead, cop-
per, silver, and barium are enriched in the central part
above the discordant skarn zone. The upper horizon is
iron-dominated and partly very high in manganese (up
t0 9.1 % MnO). The metal zoning with lead enriched in
the central part of the main ore horizon suggests a rela-
tion to SEDEX-type deposits (Large 1980), which also
is consistent with the high barium and manganese con-
tent of the ore and the high Zn+Pb/Cu ratio (Martinsson
1995). Thus, the discordant skarn zone below the metal-
rich central part of the deposit could be the expression of
a metamorphosed exhalative feeder zone. The locally oc-
curring high grades of copper may have formed by a later
overprinting hydrothermal event.

Iron formations (BIF and skarn-rich)

General characteristics

The most common mineralisation types in the Green-
stone group are the skarn-rich iron formations. They
are stratabound-—stratiform in character, with a length of
600—-1 300 metres and a thickness of 50-100 metres.
Most of the deposits are located in the upper part of the
Greenstone group, but some are also found in the middle
part. Associated rocks are tuffite, black schist, and dolo-
mite. Magnetite, serpentine, diopside, and tremolite are
the main constituents of the mineralisations. The skarn
minerals occur together with magnetite or form mag-
netite-poor intercalations and lenses. Some mineralisa-
tions are overlain by diopside-amphibole skarn and calc-
silicate-bearing chert. Pyrite and pyrrhotite are common
minor components. They occur disseminated and in
veinlets together with accessory amounts of chalcopy-
rite. Alterations are mainly recorded from the footwall,
where biotite or chlorite and locally scapolite have been
formed. Alterations in the hanging wall are generally less
intense, or absent. The average compositions of most
skarn-rich formations are rather similar, with 30—45 %
Fe, 1-3 % S, and 0.02-0.1 % P (Grip & Frietsch 1973).
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Typical sizes are 5-60 Mt, and the largest and best
known example is the Sahavaara deposit.

Most skarn-rich iron formations are slightly enriched
in copper and some of them have been investigated by
Boliden Mineral AB as potential sources of copper. Al-
though core sections containing several percent copper
exist in many deposits the average grade is usually in the
range of 0.02 to 0.07 % Cu. Tervaskoski is the largest
example of the more copper-rich deposits. It contains 30
Mt with 48 % Fe, 3 % S, and 0.1 % Cu (Grip & Frietsch
1973).

The Vathanvaara deposit in the Vittangi area is part-
ly different from the general characteristics of skarn-rich
iron formations. It changes in its central part from lam-
inated and almost massive pyrite-pyrrhotite sulphide
facies at the footwall to normal skarn-rich iron forma-
tions towards the hanging wall and its peripheral parts.
The Tapuli deposit is also different through the oc-
currence of irregular magnetite-rich skarn lenses within
a thick dolomite. The Tjavelk and Vieto deposits are
anomalous through their high phosphorus content.

Some typical skarn-rich iron formations gradually
change into BIF towards the hanging wall and/or later-
ally, suggesting these two types of iron deposits to be ge-
netically related (Grip & Frietsch 1973). One of the best
examples is the Tornefors deposit in the Tédrend area,
where a skarn-rich iron formation containing 25-35 %
Fe is overlain by typical BIF, with 15-25 % Fe. Deposits
exhibiting a similar transition from skarn iron formation
to BIF are Marjajirvi in the Pajala area and occurrences
in the Masugnsbyn area.

Silicate facies BIF are widespread in the upper part of
the Greenstone group, in the eastern part of the area (Pa-
jala, Tdrends, Lannavaara). The largest and best-known
deposit occurs at Kdymaijirvi in the Pajala area. Generally
the iron content is in the range of 15 to 25 %. Slightly
higher grade is encountered in locally developed oxide
facies. Many of the BIF-deposits are manganiferous, with

up to 4 % MnO.

Kdaymadjdrvi

Picritic lapilli tuff constitutes the core of an anticline of
fairly well-preserved rocks in the Greenstone group at
Kéymijirvi. This pyroclastic rock is overlain by a thin
unit of mafic tuffite, a 150 to 200 metres thick BIF, a sec-
ond unit of mafic and partly graphitic tuffite, and finally
a ¢. 200 metres thick dolomite at the top of the succes-
sion. On top of these rocks rest Svecofennian andesitic
metavolcanic rocks and a clastic metasedimentary unit.
At Kdymijirvi the BIF can be followed along strike for
about 18 kilometres.

The BIF contains on average c. 15-20 % Fe, but in



locally occurring oxide facies the iron content may reach
30 to 40 % over some metres of thickness. The BIF ex-
hibits a distinct mesobanding, with 5 to 30 c¢m thick
chert bands alternating with silicate bands mainly con-
taining pyroxene, amphibole, and fayalite in various pro-
portions. Grunerite is the dominant mineral in most sili-
cate bands (Geijer 1925). Magnetite occurs locally as mi-
crobands in silicate bands and as a poor dissemination
in some silicate and chert bands. Some iron-poor parts
of the BIF differ in character only by their lack of iron-
rich silicates and magnetite. Dolomitic intercalations up
to some metres thick are encountered locally. Both the
silicate and oxide facies contain between 2.3 and 3.4 %
MnO, and barium may be enriched up to 1 % in oxide
facies. Base and precious metals in the BIF have not been
found significantly enriched (Martinsson 1995).

Tornefors

The Tornefors deposit is intersected by 8 drill holes and
contains an estimated tonnage of 8 Mt with 25 % Fe,
1-2 % S, and 0.05 % P. The deposit is situated within a
unit of basaltic lapilli tuff in the upper part of the Green-
stone group at Junosuando. It is mainly developed as an
oxide-facies BIF which, close to the footwall, changes
into a serpentine-magnetite skarn-rich iron formation. A
5-10 metres thick marble horizon separates the minerali-
sation from the volcaniclastic rocks in the footwall and a
10 metres thick layer of amphibole skarn constitutes the
top of the mineralised zone, which is c. 100 metres thick
in total (Fig. 35).

Chert and skarn define a mesobanding in decimetre-
scale. The skarn is dominated by amphibole but can locally
contain pyroxene and garnet. Magnetite occurs disseminat-
ed and as microbands in the skarn layers. Laminae of mag-
netite with a thickness of 0.1-1 millimetre are commonly
found. Sulphides are locally abundant. Pyrite and some pyr-
thotite form veinlets and an irregular dissemination.

An alteration zone extends at least 100 metres strati-
graphically below the mineralisation. It is mineralogical-
ly defined by the formation of biotite, at the expense
of plagioclase. The most obvious chemical changes in
the altered rock are a depletion of sodium, calcium, and
strontium, accompanied by an enrichment of magnesi-
um, potassium, barium, and rubidium. Limited chemi-
cal data from the hanging wall rocks indicate that they
are unaltered. Only a few elements exhibit distinct vari-
ations within the mineralised horizon. A strong enrich-
ment of magnesium is developed near the footwall, and
the Si/Fe ratio increases stratigraphically upwards. The
central and upper parts of the mineralised zone are slight-
ly enriched in cobalt and gold (Martinsson 1995).
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Fig. 35. Geological map of the Tornefors deposit (from Martins-
son 1995). All rocks belong to the Greenstone group.

Sahavaara

The Sahavaara deposit is situated NE of Pajala and com-
prises three lenses of skarn-rich iron formation. The larg-
est one, Stora Sahavaara, contains 82 Mt with 41 % Fe,
2.5%S, 0.07 % P, and 0.08 % Cu. Sédra Sahavaara and
Ostra Sahavaara, situated in a stratigraphically slightly
lower position, contain 19.6 and 2 Mt of ore, respective-
ly (Grip & Frietsch 1973).

The Sahavaara deposit occurs in the upper part of the
Greenstone group, at the contact between volcaniclastic
rocks in the footwall and Svecofennian clastic metasedi-
mentary rocks in the hanging wall (Fig. 36). The foot-
wall tuffites, which are deposited on lapilli tuff of picritic
to high-magnesium basalt composition, are mainly ba-
saltic in character. However, near the mineralisation, the
tuffites are andesitic and generally rich in graphite. The
metasedimentary rocks in the hanging wall have a rather
uniform composition and were probably derived mainly
from andesitic volcanic rocks (Martinsson 1995).
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Fig. 36. Geological map of the Sahavaara deposit (modified from Lundberg 1967).

The mineralised horizon at Stora Sahavaara is up to
80 metres thick and consists of serpentine-rich magnet-
ite ore, including lenses and layers of serpentine-diop-
side-tremolite skarn (Lundberg 1967). Pyrite, pyrrhotite,
and chalcopyrite are minor constituents which occur dis-
seminated in the mineralisation. A zoned skarn unit usu-
ally caps the mineralisation. Near the mineralisation it
is dominated by serpentine, but it gradually changes to
diopside-amphibole skarn and at the top of the mineral-
ised zone it ends up in a calcsilicate-bearing chert. The
highest content of iron and sulphur is found in the cen-
tral part of the deposit, which is also slightly enriched
in copper and cobalt. Similarly to many other skarn-rich
iron formations the Sahavaara deposit exhibits a pattern
of decreasing contents of iron, copper and cobalt, com-
bined with an increase of calcium, silicon, phosphorous,
and manganese towards the top and peripheral parts of
the mineralisation (Martinsson 1995).

An alteration zone extends to about 200 metres be-
low the Stora Sahavaara deposit and encloses the smaller
Ostra Sahavaara horizon. The graphite schist in the foot-
wall is partly replaced by a skarn-scapolite rock consist-
ing of varying proportions of scapolite, diopside, trem-
olite, and some pyrrhotite (Lundberg 1967). This al-
tered rock is enriched in sodium, calcium, strontium,
and chlorine. Scapolite-rich graphite schist is of regional
occurrence in this stratigraphic position and the sodium-
enrichment in the footwall to the Stora Sahavaara de-
posit may not be a product of alteration related to the
mineralising event. The stratigraphically lower part of
the alteration zone is more or less rich in biotite, result-
ing in enrichment in magnesium, potassium, barium,
and rubidium, while sodium, calcium, and strontium are

slightly depleted (Martinsson 1995).
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APATITE IRON ORES

General characteristics

The apatite iron ores are spatially related to the areas oc-
cupied by the Porphyry group (Fig. 37), and they are
generally hosted by either these volcanic rocks or the un-
derlying Porphyrite group. About 40 apatite iron ores
are known from the northern part of Norrbotten coun-
ty, and individual deposits have an average content of
iron and phosphorous varying between 30 and 70 % and
0.05 and 5 %, respectively. Kiirunavaara, the largest de-
posit, contains more than 2 000 Mt of ore, and several
other deposits are in the range of 100-600 Mt.

The apatite iron ores exhibit a considerable variation
in host rock relations, host rock lithology, host rock alter-
ations, phosphorous content, and associated minor com-
ponents. It is possible to distinguish two distinct groups
of deposits, a breccia type and a stratiform-stratabound
type. A third and less distinct group of deposits has fea-
tures similar to the other two groups, and is in many
respects intermediate in character to them (Martinsson
1994).

Apatite iron ores have been distinguished geochem-
ically from magmatic and sedimentary ores by their
generally low titanium content in the range of 0.04—
0.31 %, combined with a high content of vanadium,
varying from 317 to 2 310 ppm (Loberg & Horndahl
1983). The high content of vanadium in magnetite from
apatite iron ores was already noticed by Frietsch (1966),
who also showed that cobalt and nickel were higher in
these ores compared with magnetite from skarn-rich iron
formations. The phosphorous content of the apatite iron
ores is to some extent dependent on the character of the
ore. Tabular ores are generally higher in phosphorous
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Fig. 37. Simplified bedrock map of the northern part of Norrbotten county with occurrences of apatite iron ores.

compared to ores of breccia type. Instead, the content
of titanium is often higher in the breccia type (Frietsch
1966). Most apatite iron ores are strongly enriched in
rare earth elements, with a dominance of the light rare
earth elements (Pardk 1973a, Frietsch & Perdahl 1995).

Apatite iron ores having the character of a breccia are
mainly situated in intermediate to mafic volcanic rocks,
occurring in a stratigraphically low position of the Por-
phyry group or within the underlying Porphyrite group.
One exception is Tuolluvaara, which occurs in a felsic

metavolcanic rock in the Porphyry group. Amphibole
is always present as a minor component, and accessory
amounts of pyrite, chalcopyrite, and titanite may be en-
countered. Host rock alterations are not reported to be
a prominent feature of these deposits, but albite and
scapolite seem to be rather common, while sericite, epi-
dote, and tourmaline are less important. Characteristic
for the breccia-type deposits is a low phosphorous con-
tent, usually in the range of 0.05-0.3 %, and an average
iron content of about 30 %. However, the central parts
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of larger deposits are more high-grade (60-70 % Fe, e.g.
Mertainen and Tuolluvaara). With some few exceptions
magnetite is the only iron oxide.

The other group of deposits form stratiform-strata-
bound lenses in stratigraphically high positions within
the Porphyry group. The deposits have hematite as a ma-
jor iron oxide, together with varying amounts of magnet-
ite, and these deposits also have a higher phosphorous
content, varying from 1 to 4.5 %. Amphibole is missing,
and the gangue minerals are mainly apatite, quartz, and
carbonate. Host rock alterations are common, with seri-
cite, biotite, tourmaline, and carbonate as typical prod-
ucts. The hanging wall rocks may also be strongly silici-
fied (i.e. in the Rektorn deposit). Sulphides are rare and
mainly found in small amounts in the altered footwall or
as crosscutting late veins within the ores.

Some deposits share features with both groups of apa-
tite ores. They are mainly stratabound in character but
also have ore-breccia developed along the wallrock con-
tacts (e.g. Kiirunavaara). Magnetite is the dominant, or
only, iron oxide. Amphibole is a characteristic minor
component, and titanite may be present in accessory
amounts. The iron content is high (55-67 %), and the
average phosphorous content is rather low, although it
varies between c. 0.02 and 4 % within individual depos-
its. Alterations in the host rocks are not well defined, but
include the formation of albite, amphibole, biotite, seri-
cite and, locally, scapolite or tourmaline.

The deposits Mertainen, Rektorn, and Kiirunavaara
will be described in more detail below, as these three de-
posits represent different types of apatite iron ores. In
contrast to most apatite iron ores at Kiruna, the Levei-
niemi and Malmberget deposits are strongly affected by
metamorphic recrystallisation and ductile deformation,
which has largely obliterated the primary character of the
ores and their host rocks. Both of these deposits are situ-
ated near large granite intrusions of the Granite-pegma-
tite association.

Genetic models

The genesis of the Kiruna apatite iron ores has been sub-
ject to discussion for more than 100 years. A sedimentary
origin was proposed by Fredholm (1891), based on the
stratabound nature of the ores. This concept was further
developed by Pardk (1975a), who argued for an exhala-
tive-sedimentary process. However, the magmatic model
has been rendered the greatest support, with Geijer as
the main advocate. He first proposed an extrusive origin
for the Kiirunavaara-Luossavaara ores (Geijer 1910), but
subsequently changed his mind and regarded them as in-

trusive sills (Geijer 1919a, 1931a, 1967).
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This discussion on genesis has primarily been based
on geological data concerning the relation between the
ores and their host rocks. However, Pardk (1973a, 1975a,
b, 1985), Frietsch (1978, 1982), Nystrom & Henriquez
(1994), and Frietsch & Perdahl (1995) also used chemi-
cal data on iron oxides and apatite to support their ar-
guments. Geijer (1910) identified peculiar textures in
the apatite-iron ores, including columnar and dendritic
magnetite. To support a magmatic origin for the Kiiru-
navaara ore, the similarities between these textures and
ore textures in the El Laco deposit (in northern Chile)
were emphasised (Nystrom 1985, Nystrom & Henriquez
1989, 1994). In the light of PardK’s (1973b) ideas, Geijer
& Odman (1974) suggested an intrusive origin for the
Kiirunavaara-Luossavaara ores and an extrusive-sedimen-
tary origin for the Per-Geijer ores (the Rektorn, Henry,
Nukutus, and Haukivaara ores, Geijer 1910). A modi-
fication of this model was presented by Wright (1988),
proposing the Kiirunavaara-Luossavaara to be extrusive,
while the Per-Geijer ores were believed to have formed
through exhalations. Using oxygen isotope data O Farrelly
(1990) suggested an intrusive emplacement at c¢. 700 °C
for the Kiirunavaara deposit and at 550 °C for the strati-
graphically higher-situated Per-Geijer ores.

Using geochronological data, Cliff et al. (1990) brack-
eted the emplacement of the Kiirunavaara deposit to a
period between 1.88 and 1.90 Ga, and they suggested
the formation of the ore to be a result of intrusion-relat-
ed high-temperature processes during orogenesis. From
oxygen isotope data a temperature of c. 600 °C was in-
dicated for this volatile-rich magmatic-hydrothermal ore
forming process (Blake 1992). This change from pure
magmatic models to also include hydrothermal proc-
esses was further developed by Hitzman et al. (1992).
They presented a hydrothermal replacement model for
the Kiruna apatite iron ores, based on genetic ideas re-
garding the Olympic Dam deposit in Australia.

Considering the large variation exhibited by the apa-
tite iron ores in the map area regarding such features as
ore character, relation to the host rock, and extent of
ore-related alterations, no single model can explain all
the known features of this ore type. Most deposits were
probably formed as magmatic volatile-rich intrusions
at a moderate depth in the crust. During solidification
exsolved high-temperature hydrothermal fluids altered
the wall rocks and precipitated minor late ore assemblag-
es. Kiirunavaara and several other deposits fit this mod-
el, but the phosphorous-rich Per-Geijer ores may have
formed at very shallow depths or even at the surface.
Some apatite iron ores are pegmatitic in character (e.g.
Painirova), and there are other deposits that most prob-
ably are of hydrothermal origin.



Kiirunavaara

Kiirunavaara is the largest of the apatite iron ores in Swe-
den, comprising c. 2 000 Mt of iron ore with 60 to 68 %
Fe. It was found in outcrop in 1696 but regular mining
did not start until 1900, when a railway was built from
the coast to Kiruna. Open pit mining ceased in 1962,
after a total production of 209 Mt. Underground work
started on a small scale during the 1950s, and the ore
is now mined through large-scale sublevel stoping. The
present main haulage level is at 1 045 m, and the total
production at the end of 1999 from open pit and under-
ground was c. 1 030 Mt.

The tabular ore body is c. 5 kilometres long, up to
100 metres thick, and extends at least 1 300 metres be-
low the surface. It follows the contact between a thick se-
quence of trachyandesitic lavas (traditionally called syen-
ite porphyry) and overlying pyroclastic rhyodacites (tra-
ditionally called quartz-bearing porphyry). Towards the
north, the much smaller Luossavaara ore is situated in a
similar stratigraphic position (Fig. 38).

The trachyandesite lava succession consists of numer-
ous lava flows, which are rich in amygdules near the
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flow tops. Minor pyroclastic intercalations exist between
some of the flows. A thick sill varying in composition
from gabbro to monzonite has intruded the lava succes-
sion 1 kilometre stratigraphically below the ore. Several
dykes of granophyric to granitic character cut the ore,
and a larger body of potassic granite is found at deeper
levels in the mine on the footwall side of the ore.

In the footwall to the Luossavaara deposit, titanite and
magnetite exist together in the form of coarse-grained
veins. The titanite from these veins has yielded a U-Pb
age of 1888+6 Ma (Romer et al. 1994), while granophy-
ric to granitic dykes crosscutting the Kiirunavaara ore has
a U-Pb zircon age of 1880+3 Ma (Cliff et al. 1990). This
suggests that the Kiirunavaara—Luossavaara ores formed
between 1888 and 1880 Ma ago.

Magnetite-actinolite breccia is developed in both the
footwall and the hanging wall along the contacts of the
Kiirunavaara ore body. In the footwall, larger breccia
zones partly show a change from veined trachyandesite to
breccia with angular fragments of the wallrock. In some
places there is a central part containing rounded pebbles
of the wallrock set in a matrix, which is rich in magnet-
ite. Near the hanging wall contac, the ore is often rich in
angular to sub-rounded clasts of rhyodacitic tuff. Veins of
magnetite and actinolite extend tens of metres up in the
hanging wall, and they are locally wider and spaced more
closely together, forming rich ore breccia or lenses of mas-
sive ore.

The phosphorus content of the ore exhibits a pro-
nounced bimodal distribution with either less than
0.05 % P or more than 1.0 % P. Most of the apatite-
poor ore (B-ore) is found near the footwall. This body
of massive magnetite ore is slightly irregular and has a
branch-like geometry. It is usually 40 to 70 metres thick
and contains up to 15 % of disseminated actinolite in a
5-20 metres wide zone along its borders. The magnetite
is mostly very fine-grained (<0.3 millimetres) but in the
central part of the B-ore, zones of coarser magnetite (up
to 2 millimetres) may exist together with some calcite
and small amounts of pyrite. Apatite-rich ore (D-ore) is
mainly found towards the hanging wall and in the pe-
ripheral parts of the ore body, but it occurs in varying
amounts at the footwall contact as well. In some places,
the D-ore has a banded structure and the proportions of
apatite and magnetite vary widely. The age relation be-
tween B- and D-ore is ambiguous, and both ore types
can be seen cutting each other. Magnetite with locally
developed columnar and dendritic textures in the ore

Fig. 38. Geological map of the central Kiruna area (modified
from Martinsson & Perdahl 1993 and Romer et al. 1994). Names
refer to major ore bodies.
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suggests rapid crystallisation in a supercooled magma
(Geijer 1910, Nystrom 1985, Nystrom & Henriquez
1989). Veins of anhydrite, anhydrite-pyrite-magnetite,
and coarse-grained pyrite are encountered locally in the
ore and its wall rocks.

Extensive albitisation is developed in the footwall to
the Kiirunavaara deposit. It is most intense around the
gabbroic to monzonitic sill, which itself is strongly al-
tered. Especially the amygdaloidal parts of the lava flows
are pronouncedly altered and the albitisation is accom-
panied by secondary magnetite, actinolite, titanite, and
locally some tourmaline (Geijer 1910). A U-Pb age of
187649 Ma was obtained from titanite in albitised tra-
chyandesite lava, thus considered to be the age of albi-
tisation (Romer et al. 1994). Sericite schist with some
tourmaline is found locally at the footwall contact of the
ore (Geijer 1910), and it may be related to shearing after
ore formation. Actinolite is a common alteration mineral
at both the footwall and the hanging wall contacts, and
in places forming massive skarn bordering the ore. Actin-
olite also partly or completely replaces clasts of wallrocks
in the ore and in the ore breccia. Besides actinolite and
magnetite veining close to the ore, the hanging wall is in
some areas affected by biotite-chlorite alteration, which
is often accompanied by disseminated pyrite and a weak
enrichment of copper, cobalt, and molybdenum.

Rektorn

The Rektorn ore is one of the apatite-rich Per-Geijer ores
(Rektorn, Henry, Nukutus, and Haukivaara) occurring in
the central Kiruna area (Geijer 1910). While the much
larger Kiirunavaara and Luossavaara ores are situated in
the middle part of the Porphyry group, the Per-Geijer
ores are located at the upper part of this unit (Fig. 38).
The Rektorn ore was indicated by magnetic survey and
discovered through trenching in 1887. Mining was start-
ed in 1925 and continued intermittently to 1961. Dur-
ing one period (1942-1946) apatite was the main prod-
uct (Geijer 1950). A total of 2.52 Mt ore was produced
from open pit and underground mining.

The Rektorn deposit is situated at the top of pyroclas-
tic rhyodacites (Figs. 38, 39). The hanging wall is het-
erogencous in character and strongly sheared. In its low-
est part it consists of a strongly altered reddish rock of
probably rhyolitic pyroclastic origin ("Rektorn Porphy-
ry”, Lundbohm 1910). Locally an ignimbritic structure
has been identified in the Rektorn Porphyry (Frietsch
1979). However, it generally lacks primary textures and
is either developed as a massive K-feldspar rock or as
spherulitic aggregates of K-feldspar in a dense quartz ma-
trix with finely disseminated hematite (Geijer 1950).

Intercalations of siliceous hematite ore up to several
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metres thick are common in the Rektorn Porphyry. They
are poor in apatite and mostly rich in clasts of hematite
ore and felsic rocks. The Rektorn Porphyry is overlain
by strongly altered basaltic tuff, which is succeeded by a
conglomerate containing rounded clasts of apatite iron
ore and felsic porphyritic rocks up to 5 decimetres in
size. Stratigraphically upwards, the conglomerate grad-
ually changes into greywacke and phyllite (Lundbohm
1910).

The ore of the Rektorn deposit consists of magnetite
and hematite in varying proportions. Apatite occurs dis-
seminated in the ore, enriched in bands, or as breccias
and crosscutting veins. In banded ore, apatite forms pris-
matic grains with a length of ¢. 0.1 millimetre, arranged
subparallel to the banding. In some places quartz and
carbonate are quantitatively important constituents of
the apatite-rich ore. They occur interstitial to apatite or
form small patches (Geijer 1950).

In the southern part of the deposit, a 10-20 metres
wide ore breccia is developed in the footwall. It contains
up to 5 decimetres large, altered fragments of rhyodac-

ite, which occur in a matrix rich in apatite and iron
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Fig. 39. Geological map of the Rektorn deposit (modified from
Geijer 1950).All rocks are Svecofennian in age.



oxides. Further northwards, a branch of iron ore pro-
trudes at least 40 metres into the footwall.

The rhyodacite in the footwall is usually altered in a
5 to 10 metres wide zone along the contact to the ore.
Secondary minerals are sericite, ferro-dolomite, biotite
and, locally, tourmaline (Geijer 1950). Chalcopyrite and
pyrite are occasionally found in small amounts in the al-
tered rocks. The Rektorn Porphyry in the hanging wall
has been affected by very extensive K-feldspar alteration
and silicification. Sericite formed during a late pervasive
alteration phase in association with shear zones. It also
occurs as patches or lenses of massive sericite containing
radiating aggregates of tourmaline. Barite, orthite, and
fluorite are accessory components in the altered porphy-
ry and in the siliceous hematite ores (Lundbohm 1910).
A strong sericite-chlorite alteration is developed in the
sheared basaltic tuff overlying the Rektorn Porphyry.

Mertainen

The Mertainen deposit was found in 1897 through mag-
netic surveys and has been investigated by means of
drilling and trenching on several occasions. Extensive
diamond drilling was done by SGU during the period
1959-1963 and the proven reserve was calculated to be
166 Mt containing 35 % Fe and 0.05 % P. This includes
a richer part containing 11 Mt with 61 % Fe (Grip &
Frietsch 1973). From 1956 to 1958 c. 0.4 Mt of ore was
mined from an open pit in one of the richer parts of the
deposit.

The ore is hosted by trachytic to trachyandesitic
lavas, which commonly are rich in amygdules and feld-
spar phenocrysts. The lavas may also be rich in magnet-
ite which occurs disseminated, in patches, and in irregu-
lar veins (Lundberg & Smellie 1979). The Mertainen de-
posit has the character of a large breccia body, containing
partly massive lenses or veins of magnetite in its central
part. The magnetite-rich part is surrounded by succes-
sively less magnetite-rich breccias (Fig. 40a). Mineralisa-
tion is proven to a depth of 500 metres (Fig. 40b) and
the richer part of the deposit occurs within a large posi-
tive magnetic and gravimetric anomaly (Fig. 40c), sug-
gesting the magnetite breccia to be very extensive.

Magnetite is accompanied by actinolite, some apatite
locally, and small amounts of titanite. Actinolite occurs
both as coarse aggregates and disseminated in the ore.
In some places it also forms a narrow border zone along
magnetite veins. Apatite is mainly found in veins that are
up to 10 cm wide. Titanite occurs disseminated in the
ore, giving it an average TiO, content of c. 1 % (Lund-
berg & Smellie 1979). The host rock to the ore is sodic in
character and in many places scapolitised. Scapolite also
occurs together with actinolite in magnetite veins. Out-

side the mineralised breccia the volcanic rocks are gen-
erally potassic in character, with K-feldspar as the main
feldspar mineral.

Levedniemi

Levedniemi is the third largest apatite iron ore in the
northern part of Norrbotten county. It is situated at
Svappavaara and was found in 1897. The deposit was
investigated in magnetic ground surveys in 1898 and
through diamond drilling in 1899—-1907. A second phase
of geophysical measurements and drilling was carried out
by SGU in 1957-1962. The ore is folded into a funnel-
shape and its lowest part reaches c. 550 metres below the
ground surface. Levedniemi is calculated to contain 204
Mt of high-grade ore with c. 64 % Fe, and 104 Mt of
low-grade ore with 26 % Fe. A calculation based solely
on data from the local gravity anomaly carried out by
Werner (1965) yielded an iron reserve of 150 Mt. Both
ore types have a phosphorous content varying from 0.02
to 1.1 %, but in general the content is less than 0.1 %
(Grip & Frietsch 1973). Between 1964 and 1983, about
57 Mt of ore was produced in open pit mining.

The bedrock at Leveiniemi consists of strongly meta-
morphosed rocks of volcanic and sedimentary origin,
which are intruded by pegmatite and granite. A larger
granite intrusion (Granite-pegmatite association) is found
towards the south. The metavolcanic rocks, probably
belonging to the Porphyrite group, are stratigraphically
overlain by a 30 metres thick metaconglomerate con-
taining rounded volcanic clasts of local origin. Minor
arenitic and calcareous intercalations occur. The meta-
conglomerate is followed by a banded carbonate-scapo-
lite rock containing some disseminated pyrite, pyrrho-
tite, and chalcopyrite. Upwards it gradually changes into
biotite schist, which is the main host rock to the Levei-
niemi ore. In some areas it contains large porphyroblasts
of cordierite (Pardk & Espersen 1965).

Levedniemi is dominated by massive magnetite ore
but large volumes of ore breccia occur in an up to 100
metres wide zone in the surrounding biotite schist. The
contacts between the massive ore and the ore breccia
are mostly distinct. The grain size of the ore is mostly
0.08-0.2 millimetres. Apatite, calcite, and amphibole are
the main gangue minerals, while titanite, diopside, bio-
tite, and chlorite are less important. Calcite is partly
abundant as veinlets. Up to 0.5 metre wide veins of
coarse-grained apatite and magnetite are common in the
northern part of the deposit; up to 1 decimetre large apa-
tite crystals grew mostly perpendicular to the walls of the
veins. These apatite-rich veins and up to 5 metres thick
mafic dykes rich in scapolite cut both the ore and its host
rock. A few porphyry dykes of intermediate composition
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exist in the biotite schist (Pardk & Espersen 1965).

The host rock is mostly rich in biotite, but in some
areas it changes into strongly foliated muscovite schist.
Locally the biotite schist is affected by intense albitisa-
tion, giving it a reddish colour. In the eastern part of the
deposit the ore is bordered by an up to 20 metres wide

S. BERGMAN, L. KUBLER & O. MARTINSSON

amphibole skarn. Intense scapolitisation took place lo-
cally in the same area, with desmine and chabazite oc-
curring in druses. In the central part of the deposit, mag-
netite is largely altered to hematite and the host rock is
locally affected by strong clay alteration.



Malmberget

The precise point of time for the discovery of the Malm-
berget deposit is not known, but most likely it was found
at the end of the 17th century. Mining started on a
small scale in the 18th century, with the main production
coming from the Kapten ore body. When the railway from
Luled to Gillivare was completed in 1888, ore production
rapidly increased and open pits were developed on most
outcropping ore bodies. The total tonnage of the Malm-
berget deposit is estimated to be at least 660 Mt with 51—
61 % Fe and <0.8 % P (Grip & Frietsch 1973). At the
end of 1999 about 460 Mt had been produced.

The ores are hosted by strongly metamorphosed and
deformed rocks of felsic to mafic composition. A por-
phyritic texture is locally preserved in the felsic rocks.
Amygdules are occasionally encountered, suggesting a
mainly extrusive origin and a primary character similar
to that of the host rocks to the Kiirunavaara deposit.
Mafic rocks are mainly found adjacent to the ores as
conformable to discordant lenses. Occasionally they con-
tain remnants of plagioclase phenocrysts and amygdules.
Some of the mafic rocks are probably dykes, but most
of them are suggested to have formed as sills or extru-
sions (Geijer 1930a). A large intrusion of granite (Gran-
ite-pegmatite association) exists northwest of the deposit
(Fig. 41), and the recrystallisation of the host rocks to
the ores increases in that direction. Dykes of granite and

pegmatite are frequently found in the ores and their host
rocks. Some of the pegmatites are rich in coarse-grained
hematite, apatite, and titanite.

In the western and northern parts of the deposit the
ores form an almost continuous horizon with a length
of about 5 kilometres. These ores contain both magnet-
ite and hematite, and apatite banding is a common fea-
ture. The eastern part includes several more or less iso-
lated bodies of magnetite ore, which is generally less rich
in apatite. The main gangue minerals are apatite, amphi-
bole, pyroxene, and biotite. Pyrite, chalcopyrite, bornite,
and molybdenite occur locally as accessories. The grain
size is mostly 0.5 to 2 millimetres for the ore minerals,
but larger porphyroblasts of magnetite occasionally oc-
cur in hematite ore.

The host rocks to the ores are mainly felsic in compo-
sition and often K-feldspar-rich. Albitic rocks are more
locally encountered. Mafic rocks are usually biotite-rich
and scapolite-altered. In the footwall to the western part
of the deposit, gneiss consisting of sillimanite, musco-
vite, and quartz occurs. Tourmaline, microcline, and iron
oxides occur in minor amounts, while andalusite, corun-
dum, and barite are occasionally found in this rock (Gei-
jer 1930a).

Various scales of brecciation are developed in the wall
rocks of the ores. Especially ore bodies in the eastern part
are surrounded by extensive breccias. Magnetite, apatite,
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Fig. 41. Geological map of the Malmberget area (modified from Geijer 1930a). All rocks belong to the Porphyry group, except the
rocks of the Granite-pegmatite association. Names refer to major ore bodies.
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and amphibole are the main constituents of millimetre
to metre-wide veins that form networks and breccias. Al-
bite occurs in some amphibole breccias, with scapolite
found locally in druses. Breccias with a high iron con-
tent are mainly found adjacent to the iron ores, while
breccias dominated by amphibole are developed also at a
distance from them. The breccias are often strongly flat-
tened by ductile deformation and locally they transform
into banded ore (Geijer 1930a).

The Malmberget deposit has been strongly affected
by ductile deformation, and the large-scale structures
were controlled by at least two phases of folding. The
present shape of individual ore bodies is mainly a result
of stretching parallel to a fold axis plunging 40 to
50° towards SSW. Many ore lenses are boudinaged in
the plunge direction and some of the granite-pegmatite
dykes exhibit a similar style of deformation (Geijer
1930a). These dykes are probably related to the Granite-
pegmatite association, suggesting that the deformation is
younger c. 1.8 Ga.

EPIGENETIC BASE METAL DEPOSITS

General characteristics

Sulphide occurrences of epigenetic origin are mainly
found in the Greenstone group and in the Svecofennian
metavolcanic rocks (Fig. 42). Most of them are dom-
inated by copper, but some also contain considerable
amounts of cobalt or gold. Mineralisations dominated
by zinc and lead are less common and most of them
are of vein-type, hosted by graphitic schist within the
Greenstone group. However, the Kurkkionvaara zinc-
lead deposit is hosted by clastic metasedimentary rocks
belonging to the upper part of the older Svecofennian
supracrustal rocks (Niiniskorpi 1986).

The largest number of epigenetic copper deposits has
been found in the western part of the map area and in
the Gillivare area, which may be a result of more exten-
sive exploration in these areas. Only a few of the depos-
its are of economic importance, but several subeconomic
ones, with c. 1 % Cu and more than 0.1 Mt of ore, have
been discovered.

Deposits occurring in the Porphyry and Porphyrite
groups are characterized by alterations comprised of K-
feldspar, scapolite, commonly some tourmaline, and lo-
cally sericite. Strong albitisation is only locally developed
and then mainly in association with intermediate to fel-
sic intrusions. The main ore minerals are pyrite, chalco-
pyrite, and magnetite. Several deposits also contain bor-
nite and minor amounts of molybdenite. Pyrite with a
high cobalt content is the most important ore mineral in
some deposits. Aitik is the largest and only economically
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more important copper-gold deposit in the northern part
of Norrbotten county, but there exist several subeconom-
ic to potential occurrences (e.g. Liikavaara Ostra, Pikku-
jirvi, Tjarrojikka, Kiskamavaara, Ahmavuoma, and Liet-
eksavo). Several small deposits have been mined in the
past in the Gillivare and Svappavaara areas (Nautanen,
Liikavaara, Ferrum, Fridhem, and Gruvberget).

Deposits hosted by the Greenstone group are mainly of
two types: the carbonate-quartz vein-type and the Pahto-
havare-type. Vein-type mineralisations contain chalcopy-
rite or locally chalcocite in a gangue of quartz, ferro-dol-
omite, or calcite. Some deposits were mined in the 17th
and 18th centuries but they are all of small size (Rag-
gisvaara, Kovogruvan, Kurravaara, Pahtavaara). Most of
them are hosted by mafic sills or basaltic lava, and ore-
related alterations are mostly minor. Pahtohavare-type
deposits are characterized by albitisation, scapolitisation,
and locally carbonatisation. Pyrite and chalcopyrite are
the dominant ore minerals and besides copper, gold may
also be of economic significance. A weak enrichment of
uranium is common in several occurrences. The only de-
posit of economic importance is the Pahtohavare depos-
it, which in many respects is similar to the Bidjovagge
gold-copper deposit in northern Norway (Bjorlykke et
al. 1987).

The Kiruna-Vittangi—(Soppero-Tarendo) area

A large number of epigenetic copper occurrences have
been found in the Kiruna—Vittangi area. The first was
discovered in 1654 at Gruvberget, near Svappavaara (Te-
gengren 1924). Deposits occur mainly within volcani-
clastic parts of the Greenstone group, in metaandesite
belonging to the Porphyrite group and in metabasalt
from the lower part of the Porphyry group. Most of them
are related to shear zones, or in some cases intrusions
of intermediate to felsic composition. Two clusters of
mineralisations can tentatively be identified. One occurs
near Svappavaara along the Karesuando—Arjeplog defor-
mation zone and the other extends from the Pahtoha-
vare area and further westwards. Both clusters comprise
mineralisations of varying character and different host
rocks. Vein-type mineralisations are common within the
Greenstone group in the Kiruna area and in the Kovo
Group north of Kiruna. Some of the larger deposits
occur rather isolated, which may be a result of limited
exploration in their surroundings (e.g. Tjarrojakka-Cu,
Pikkujirvi).

Only a small number of more significant deposits
are known further eastwards in the Soppero—T4rends—
Pajala area. Maunuvaara is a small copper mine from the
17th century, and Ahmavuoma is a subeconomic cop-
per-gold-cobalt occurrence found in the 1980s.
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Fig. 42. Simplified bedrock map of the northern part of Norrbotten county, with occurrences of epigenetic deposits.

Pahtohavare

Exploration for Viscaria-type deposits (see p. 44) was ini-
tiated by NSG in the Pahtohavare area in 1984. In the
same year the Ostra Pahtohavare deposit, a stratiform-
stratabound copper mineralisation of Viscaria-type, was
found through drilling. During the subsequent drilling
operations in the surroundings, auriferous sulphide min-
eralisations of a different type were encountered, and in
1987-1988 three lenses of copper-gold mineralisation

were found (the Sédra Pahtohavare, Syddstra Pahtoha-
vare and Centrala Pahtohavare deposits). These minerali-
sations occur in an anticlinal structure of the Greenstone
group 10 kilometres S of Viscaria (Fig. 43).

Open pit mining was started by Viscaria AB at the
Sodra Pahtohavare deposit in 1990 and at the Sydéstra
Pahtohavare deposit in 1992, with a total production
of 0.672 Mt and 0.114 Mz, respectively. In 1993 both
ores were developed for underground mining. When the
mines were closed in 1997, a total of 1.68 Mt of ore
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Fig. 43. Geological map of the Pahtohavare area (from Martinsson 1992). All rocks belong to the Greenstone group except the
metaconglomerate, which belongs to the Older Svecofennian metasedimentary rocks. Local coordinate system in metres.

with 1.89 % Cu and 0.88 ppm Au had been produced
from the open pits and underground (Martinsson et al.
1997b). The Sédra Pahtohavare deposit had the largest
ore body, with a maximum length of 270 metres and a
thickness of up to 25 metres. It was mined in an open
pit to a depth of 95 m, and then later underground.
The Centrala Pahtohavare mineralisation is uneconomic
due to its small size and the extensive supergene oxida-
tion which has transformed the sulphides into an asso-
ciation of tenorite, cuprite, chrysocolla, malachite, and
limonite-goethite.

All mineralisations at Pahtohavare are hosted by rocks
of the Viscaria Formation, which form the core of an an-
ticline enveloped by pillow lava. The SE-plunging anti-
cline is truncated by a WNW-directed shear zone on its
southern limb. The S6dra and Centrala Pahtohavare ores
occur in a similar stratigraphic position on the limbs of
the anticline and are spatially affiliated with a thick black
schist horizon. The Sydostra Pahtohavare ore is situated
near the overlying pillow lavas at the hinge of the fold
(Fig. 43). The Sédra Pahtohavare ore is mainly strata-
bound in character (Fig. 44), while the Sydéstra Pahto-
havare ore has a more complex shape. A stratabound part
of this ore occurs in mafic tuffite containing thin graph-
itic intercalations whereas a narrow discordant part fol-
lows a NN'W-directed shear zone and is hosted by a mafic
sill (Fig. 45). The discordant part is a vein, which partly
has a mylonitic to cataclastic structure, and it is accom-
panied by albite-carbonate alteration. This part of the ore

S. BERGMAN, L. KUBLER & O. MARTINSSON

is mostly high-grade and consists of coarse-grained ferro-
dolomite, quartz, scapolite, albite, chalcopyrite, and py-
rite in varying proportions (Martinsson et al. 1997b).

In stratabound mineralisations, ore grades of copper
are mainly developed in albite felsite, which has formed
by alteration of graphite schist. Chalcopyrite and pyrite
are the dominant ore minerals, occurring disseminated as
veinlets and breccia-fillings in the albite felsite, together
with carbonate and some quartz. Accessory minerals are
native gold, tellurobismuthite, melonite, hessite, and al-
taite. Both gold and the tellurides occur mainly as in-
clusions in chalcopyrite (Hélenius 1986, 1989). Copper
and gold exhibit similar distribution patterns within the
ores, suggesting a co-precipitation.

Several types of alteration are recognised at Pahto-
havare, with albite, marialitic scapolite, biotite, actino-
lite, and ferro-dolomite as characteristic minerals. Less
abundant are chlorite, tourmaline, and riebeckite. Most
extensive is the biotite-scapolite alteration, which sur-
rounds ore-bearing albite felsites.

An early albitisation of tuffite along the contact of
mafic sills is overprinted by later ore-related alterations.
The ore-related albite felsite and surrounding tuffite or
black schist are usually interfingering, with highly irregu-
lar contacts in the direction of bedding. In detail, the
contacts of the albite felsite are mostly gradual over a dis-
tance of some centimetres to decimetres, and they exhib-
it discordant relations to the primary layering. The albite
felsite generally has an intergranular to granoblastic tex-
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ture and a grain size of less than 0.05 millimetres. Fer-
ro-dolomite occurs in varying amounts as a fine-grained
dissemination or larger scattered grains. The composi-
tion of albite is near end-member composition, and the
ferro-dolomite contains 8—11 wt % FeO (Martinsson et
al. 1997b).

In both the S6dra and Sydéstra Pahtohavare ore bod-
ies, the ore-bearing albite felsite is surrounded by biotite-
scapolite altered rocks. The alteration is more extensively
developed in tuffs and tuffites than in mafic sills. Scapo-
lite forms characteristic porphyroblasts and networks.
Progressive alteration has caused a mineralogical change
from amphibole-plagioclase-scapolite to amphibole-
biotite-scapolite that resulted in a fine-grained biotite
rock containing porphyroblasts of scapolite. The transi-
tion from biotite-scapolite altered rocks to the central
core of albite felsite is usually gradual, with albite replac-
ing biotite and scapolite in a narrow zone.

Scapolite veinlets are commonly deformed by folding
and shearing, and in places they have a strong mylonitic
texture. Carbonate veins consisting of coarse-grained fer-
ro-dolomite or, more rarely, calcite are characteristic for
the Pahtohavare area. Biotite is a minor constituent in
some veins, and quartz or sulphides may be abundant.
Accessory minerals are brannerite, rutile, orthite, xeno-
time, and minute grains of thortveitite. Carbonate veins
containing sulphides are mainly restricted to the ore-
bearing albite felsite. Veins rich in sulphides often have a
cataclastic texture; otherwise most carbonate veins show
little evidence of deformation.

The ores at Pahtohavare were formed from highly sa-
line hydrothermal solutions (Lindblom et al. 1996) dur-
ing repeated brittle to ductile deformation. The initial
biotite-scapolite alteration and albitisation of graphite
schist was followed by brittle deformation of the albite
felsite. This created suitable chemical and structural traps
for the metal precipitation (Martinsson et al. 1997b).

Tjarrojakka-Cu

The Tjarrojikka-Cu deposit is a subeconomic copper
mineralisation situated 45 kilometres WSW of Kiruna,
adjacent to a large apatite iron ore (the Tjarrojakka-Fe de-
posit). Airborne magnetic measurements made in 1963
by SGU gave a strong magnetic anomaly at Tjirrojikka.
The area was subsequently investigated through geo-
physical ground measurements and drilling during the
period 1965-1970. Boulders and some minor outcrops
containing copper mineralisation were found in the same
area and another drilling campaign was initiated on this
copper prospect. Between 1970 and 1975, 62 holes in

S. BERGMAN, L. KUBLER & O. MARTINSSON

total were drilled. The low-grade copper mineralisation
is hosted by intermediate to felsic porphyritic volcanic
rocks, metamorphosed at lower amphibolite facies (Ros
1979). The bedrock of the area is intruded by meta-
diabases, felsic porphyritic dykes, and diorite.

The Tjérrojakka-Fe deposit is a blind ore with its
top located immediately below the bedrock surface. It is
known to a depth of 450 metres and calculated to con-
tain 52.6 Mt of iron ore. Carbonate and apatite occur
disseminated and as veinlets in the massive ore, which
contains 60—-67 % Fe and 0.5-1.3 % P Actinolite is a
minor and disseminated component, which also occurs
as replacement of volcanic fragments. Veins and breccia
ore of magnetite with 25-40 % Fe and 0.4-3 % P part-
ly envelop the massive ore. Low-grade chalcopyrite dis-
seminations are found in the wallrocks and locally in the
massive ore; otherwise sulphides are rare.

Several mineralisations of copper are found in the vi-
cinity of the Tjarrojakka-Fe apatite iron ore. The largest,
Tjarrojdkka-Cu, is situated 1 kilometre WNW of Tjir-
rojdkka-Fe and contains 1.75 Mt with 0.90 % Cu (cut-
off 0.4 %) or 4.53 Mt with 0.58 % Cu (cut-off 0.2 %)
(Frietsch 1991). Disseminated pyrite, chalcopyrite, and
bornite occur together with apatite-magnetite veins in
a more than 600 metres long zone at the contact be-
tween metaandesite and metadacite. The veins are usu-
ally dominated by apatite and contain 0—40 % magnet-
ite, some actinolite, and locally chalcopyrite. Low-grade
copper mineralisations associated with veins and breccias
of magnetite are also found further to the west. Due to
the close spatial association and the mineralogical simi-
larities to the Tjirrojikka-Fe deposit, a genetic relation
is suggested for the apatite iron ore and the copper min-
eralisation at Tjarrojikka (Martinsson 1995). Generally
the copper mineralisations are low in most ore elements,
except copper. However, a weak enrichment of molybde-
num is locally found.

The most widespread alteration type in the Tjarrojék-
ka area is the formation of K-feldspar, giving the andes-
ites a high K,O (4.5-7.0 %) and barium (1 600-4 600
ppm) content. The most intense K-feldspar alteration is
developed in the mineralised zone at Tjarrojdkka-Cu and
near the copper mineralisations further towards the west
(Martinsson 1995). Albitisation is mainly restricted to
the apatite-magnetite-veined footwall to the copper min-
eralisation. Scapolite is common in the Tjirrojakka area,
and it is almost invariably developed as an alteration
mineral in the metadiabases. Biotite generally accompa-
nies scapolite. Rather extensive biotite-scapolite altera-
tion is developed both in the copper mineralisation and
in its hanging wall.



Pikkujérvi (Sierkavare)

The Pikkujirvi deposit was discovered in 1982 by LKAB
and it represents one of the largest epigenetic copper
deposits in the Kiruna area. The estimated tonnage is
5 Mt with 0.61 % Cu, or, using a cut-off of 1 %,
0.5 Mt with 1.19 % Cu (Frietsch 1991). The deposit is
situated 20 kilometres SSW of Kiruna at the border of a
12 kilometres large quartz-monzonite, which has intrud-
ed amygdaloidal metabasalts and felsic porphyritic meta-
volcanic rocks belonging to the lower part of the Por-
phyry group. At the Pikkujirvi deposit, the metavolcanic
rocks are intruded by porphyritic dykes, mafic dykes,
aplite, and small satellite intrusions of monzonitic rocks.

The metabasalts are partly porphyritic with 3 to 10
millimetres large phenocrysts of plagioclase occurring in
amounts of 10 to 15 %. The monzonite is reddish in col-
our and medium-grained. With increasing amounts of
mafic minerals the rock grades into monzodiorite. Aplit-
ic intrusions are generally quartz monzonitic in compo-
sition. Several southwest-trending dykes of metadiabase
cut the mineralisation.

Chalcopyrite, pyrite and small amounts of bornite,
molybdenite, and magnetite form several less well-
defined mineralised lenses. The ore minerals occur irreg-
ularly disseminated or as veinlets in altered basalt and in
the felsic intrusions. Veins of tourmaline and quartz are
rather common, but they usually lack mineralisations.
Copper is the only metal of economic interest, but co-
balt, molybdenum, and gold are often slightly enriched
in the mineralisation. Veins of magnetite are locally en-
countered in the surrounding areas.

Several types of alteration have affected the volcanic
rocks. The most extensive is biotite-scapolite alteration,
which is frequently also developed in the mafic dykes.
Locally, the alteration has transformed the basalts into
coarse-grained scapolite rocks. K-feldspar alteration oc-
curs more restrictedly and mainly in spatial association
with copper mineralisations. In many cases the alteration
has completely obliterated the primary character of the
basalt and changed it into a reddish feldspar rock resem-
bling syenite. Tourmaline is common in some parts of
the mineralisation. It occurs in veinlets and small patch-
es, partly in association with strongly scapolitised rocks.
Zeolites occur as late phases of the mineralisation event
(Martinsson 1995).

Kiskamavaara

The Kiskamavaara copper-cobalt deposit has been inves-
tigated by SGU in several drilling campaigns during the
period 1972-1980. The mineralisation is c. 650 metres
long and is calculated to contain 3.42 Mt with 0.37 %

Cu and 0.09 % Co (Persson 1981). The deposit is situat-
ed together with several other epigenetic sulphide occur-
rences in the Karesuando-Arjeplog deformation zone.
Andesitic metavolcanic rocks of the Porphyrite group
and Younger Svecofennian quartzite dominate the bed-
rock in the Kiskamavaara area. The host rock to the
Kiskamavaara deposit is a breccia, with sub-rounded
clasts of intermediate metavolcanic rocks occurring in
a matrix of fine-grained volcanic material and varying
amounts of magnetite and hematite. Based on the com-
position and character of the breccia, a hydrothermal ori-
gin is favoured (Martinsson 1995).

Cobalt-bearing pyrite occurs together with some mag-
netite and chalcopyrite disseminated in the matrix of
the breccia within the copper-cobalt mineralisation. Bor-
nite and molybdenite are accessory ore minerals, whereas
quartz and calcite are found in small amounts as gangue
minerals. There are several richer lenses within the min-
eralisation where the composition of the matrix is almost
massive pyrite. In most cases the ore minerals change
from pyrite in the central part of the mineralisation to
magnetite and hematite in the peripheral parts (Martins-
son 1995). The cobalt content of the pyrite varies be-
tween 0.3 and 1.3 % (Ekstrom 1978).

Several types of alterations, including scapolitisation,
K-feldspar alteration, and sericitisation, have affected the
bedrock in the Kiskamavaara area. Albite alteration is lo-
cally developed on the eastern margin of the mineralised
breccia, and scapolite occurs together with biotite in the
surrounding volcanic rocks. The host rock to the deposit
exhibits a strong K-feldspar alteration, resulting in high
K,O (7.1-11.6 %) and barium (0.25-0.64 %) contents
(Martinsson 1995). Sericite is locally developed and oc-
curs together with small amounts of tourmaline as a late
alteration assemblage.

Lieteksavo

A small but rich copper mineralisation was discovered
by LKAB in 1981 through drilling at Lieteksavo, which
is situated 43 kilometres southwest of Kiruna. The bed-
rock in the area comprises the upper part of the Porphy-
rite group and the lower part of the overlying Porphyry
group. Some metadiabases and a shear zone occur sub-
parallel to the general bedding (Fig. 46). The Porphyry
group in the area consists of amygdaloidal lava of basaltic
to andesitic composition. A heterogeneous unit of vol-
caniclastic metasedimentary rocks, partly rich in chlorite
and amphibole, occurs at the base of the Porphyry group.
This thin basal unit is overlain by a several kilometres
thick succession of amygdaloidal and partly porphyritic
basaltic to andesitic lavas, which contain minor interca-

lated felsic units.
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Fig. 46. Geological map of the Lieteksavo area (from Martinsson 1994). The metabasaltic andesite belongs to the Porphyrite group
whereas the metabasalt and metarhyodacite belong to the Porphyry group.

The Lieteksavo deposit consists of quartz-tourmaline
veins with bornite, chalcopyrite, and some molybdenite.
The veins are up to 5 metres wide and are mainly hosted
by an 80 metres thick metadiabase. A lens of rich min-
eralisation has been calculated to contain approximately
50 000 ton with 6.8 % Cu, 1.3 ppm Au, and 46 ppm Ag
(Frietsch 1991). Several small copper mineralised quartz-
tourmaline veins exist in the surrounding area.

The quartz-tourmaline veins are generally enveloped
by intense scapolitisation. For thicker veins, the scapo-
lite alteration locally extends several metres away from
the contact. Similar alterations are found around quartz-
tourmaline veins in the Nautanen area at Gillivare.
Scapolite-biotite alteration is commonly also developed
in the metadiabase and to some extent in the metavol-

canic rocks (Martinsson 1995).

Gaillivare area

The mineral potential of the Gillivare area was first rec-
ognised in the 18th century, when iron deposits were
found. When the railway from Luled was built in 1888
to exploit the large iron ore deposits, extensive explo-
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ration activities for other deposits were initiated in the
surrounding areas. In 1898, copper ore was discovered
at Nautanen and within a few years, a number of cop-
per mineralisations had been found northeast and east of
Gillivare. The AB Nautanens Kopparfilt company was
founded in 1900 and mining started in 1902, but lasted
only until 1907 (Geijer 1918a). Some other small cop-
per mines (Liikavaara, Snélkok, and Ferrum) were active
during the same period in the Nautanen area, and one
prospector ran a small gold mine (Fridhem). The Aitik
deposit was discovered in 1932 by drilling on geophysi-
cally indicated targets in an area where a rich ore boul-
der and a mineralised outcrop had been found. Further
drilling was performed in 1960-1965, which delineated
a low-grade but large copper ore suitable for large-scale
open pit mining (Malmqvist & Parasnis 1972, Zweifel
1976). Mining started in 1968 with an annual produc-
tion of 2 Mt, which has successively increased to c. 18
Mt in 1999.

Most of the copper deposits in the Gillivare area are
hosted by Svecofennian arenitic to argillitic metasedi-
mentary rocks of volcanic origin. These rocks are in-

truded by diorites (Haparanda and Perthite monzonite



suites) and c. 1.8 Ga old granites and pegmatites. The ore
deposits occur within, or close to, the Nautanen defor-
mation zone (see the chapter on "Ductile shear zones”,
p. 80). The deformation zone is more than one kilometre
wide and consists of several steeply dipping subparallel
branches of high strain. Extensive alterations are devel-
oped along the shear zone, including K-feldspar altera-
tion, scapolitisation, sericitisation, and tourmalinisation.
Deposits within areas of high strain are mostly dissem-
inated (e.g. Aitik, Nautanen), while deposits in other
areas are mainly of vein-type (e.g. Ferrum, Fridhem).

Aitik

Aitik is Sweden’s largest sulphide mine and one of Eu-
rope’s most important copper and gold producers. The
annual production is c. 18 Mt of ore containing 0.4 %
Cu, 0.2 ppm Au, and 4 ppm Ag. By the end of 1999
about 322 Mt of ore had been produced from a c. 2 000
metres long and 315 metres deep open pit. Mineralisa-
tion is proved to a depth of 800 metres in the northern
part but ceases about 400 metres below surface in the
southern part.

Aitik is situated near the Nautanen deformation zone.
Since Zweifel’s (1976) description of the ore and its host
rocks, additional data has been contributed by Yngstrom
et al. (1986), Monro (1988), Drake (1992), and Wan-
hainen & Martinsson (1999). The host rocks to the ore
are comprised of biotite-sericite schist or gneiss and am-
phibole-biotite gneiss (Zweifel 1976, Monro 1988). The
original character of these rocks is unclear, due to strong
deformation and alteration. However, the chemical char-
acters of the rocks suggest a magmatic precursor of in-
termediate composition, and based on the knowledge
from areas outside the mine a volcaniclastic origin is
favoured (Wanhainen & Martinsson 1999). A slightly
deformed porphyritic quartz monzodiorite intrusion oc-
curs in the footwall to the ore zone, and undeformed
pegmatite dykes crosscut the ore zone and the hanging
wall units (Fig. 47). The quartz monzodiorite has a U-Pb
zircon age of c. 1.87 Ga, while a pegmatite has yielded
a U-Pb monazite age of 1.75 Ga (SGU, unpublished re-
sults, age figures presented by Witschard 1996, see Table
1).

Chalcopyrite, pyrite, and pyrrhotite are the main ore
minerals, and they occur disseminated and in veinlets
within the ore zone. Veins consisting of quartz, sulphides
and, in places, tourmaline are common and contribute to
locally higher ore grades. Barite veins are partly abundant
and many of them contain varying amounts of pyrite,
chalcopyrite, magnetite, and amphibole (Zweifel 1976,
Monro 1988, Wanhainen et al. 1999). Pegmatite dykes
within the ore zone are often mineralised and some of

- Pegmatite Ore zone:
Quartz - .
monzodiorite |:| Biotite schist
- Hornblende Muscovite
biotite gneiss schist

Fig. 47. Geological map of the Aitik deposit (from Wanhainen &
Martinsson 1999). The open pit is outlined in black. The quartz
monzodiorite belongs to the Perthite monzonite suite and the
pegmatites belong to the Granite-pegmatite association. Local
coordinate system in metres.

them are rich in copper. Molybdenite is a minor con-
stituent, occurring mainly in pegmatite dykes and quartz
veins. Desmine and chabazite, locally together with sul-
phides, represent late mineralisation phases. These zeo-
lites occur as crystals in drusy vugs in some of the peg-
matite dykes and quartz veins. Mineralisation of copper
extends in subeconomic grades into the footwall quartz
monzodiorite, while the hanging wall contact of the ore
is sharp and tectonically controlled (Drake 1992).
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Like the ore minerals, the alteration minerals present
within the ore zone were probably formed during several
generations of hydrothermal activity. The most extensive
form is biotite alteration, which is often accompanied
by a growth of garnet porphyroblasts. Towards the hang-
ing wall, sericite becomes an important mineral, forming
sericite schist rich in pyrite (Zweifel 1976, Monro 1988).
K-feldspar alteration and epidotisation are most exten-
sive along the footwall contact, but occur locally within
the ore zone and the hanging wall. Tourmalinisation is
less common and mainly restricted to the immediate
wall rocks of quartz-tourmaline veins and some pegma-
tites. Scapolitisation and formation of amphibole-pyrox-
ene veinlets are features of minor importance.

The Aitik copper-gold ore has been interpreted as a
deformed and metamorphosed equivalent to porphyry-
copper deposits (Yngstrom et al. 1986, Monro 1988).
The mineralised quartz monzodiorite in the footwall to
the ore is suggested to represent an apophysis from a
larger intrusion at depth, which is in accordance with
this genetic interpretation (Drake 1992). However, not
all the features of the ore are typical for porphyry systems
and it might have another or more complex origin (Wan-
hainen et al. 1999). Probably several phases of remobili-
zation occurred and possibly also additional overprinting

mineralisation events.

Nautanen

At Nautanen the bedrock is partly well-exposed and most
of the ore bodies were found in outcrops. During the
period 1902-1907, 71 835 tonnes of ore containing 1—
1.5 % Cu and some gold were mined in open pits and
underground (Geijer 1918a). The most productive mines
were Max, Anna, and Maria. The economic potential
of the Nautanen area was later investigated by SGU in
several campaigns during the years 1966-1979 and by
NSG-SGAB (Sveriges Geologiska AB) in 1983-1985.
These drillings located an ore lens 100 metres below the
surface adjacent to the Max mine. It is calculated to con-
tain 0.63 Mt with 2.36 % Cu, 1.3 ppm Au, and 11 ppm
Ag (Danielsson 1985). The Nautanen area has recently
been drilled by North Atlantic Natural Resources AB
(1997-1998).

The geology of the Nautanen area and its ore depos-
its was first described by Geijer (1918a), and later de-
tailed mapping and core drilling have added further data
(Ros 1980, Danielsson 1984, 1985, 1987). The deposit
is hosted by strongly altered and deformed rocks within
the Nautanen deformation zone. Several lenses of copper
ore have been mined. They consist mainly of chalcopy-
rite in association with magnetite and some pyrite occur-

ring disseminated or as massive vein-like mineralisation.
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Ore minerals found in accessory amounts are sphalerite,
galena, carrollite, bismuthinite, molybdenite, and scheel-
ite (Halenius 1983). Bornite and chalcocite are found in
minor amounts in the southern part of the area, partly
occurring in vuggy veins together with desmine. Mag-
netite is often the major ore mineral, partly forming
almost massive lenses and pods in association with am-
phibole-pyroxene-epidote skarn and garnet. Fine-grained
tourmaline-quartz veins surrounded by intense tourma-
linisation in several metres wide zones are characteristic
for the western part of the Nautanen area (Geijer 1918a).
Gold is a minor constituent of the ores, and a weak en-
richment of cobalt, zing, silver, molybdenum, and tung-
sten is commonly developed. There is generally a good
correlation between copper and gold, and high gold
values are rarely found without significant copper
mineralisation.

The original character of the host rock is obscured by
strong alteration and deformation. Probably the precur-
sors were volcanogenic sedimentary rocks with a mainly
intermediate composition, as less deformed clastic meta-
sedimentary rocks of partly volcanogenic origin are
found on both sides of the Nautanen deformation zone.
Alterations are dominated by scapolite, microcline,
biotite, sericite, garnet, amphibole, epidote, and tour-
maline. There is roughly an E-W mineral zoning,
with scapolite dominating in the east, followed by gar-
net-biotite-microcline in the central part and sericite-
garnet-tourmaline towards the west (Geijer 1918a).
The altered rocks have a high K,O (5.4-9.4 %) and bari-
um (0.12-0.50 %) content, due to the occurrence of
microcline and biotite, which contain 1.2 and 2.1 % Ba
respectively. Manganese is often enriched in the altered
rocks and this element is mainly incorporated in garnet
(Ros 1980).

A strong and steeply dipping foliation is developed in
a NNW direction. A foliation in a NNE direction occurs
locally. The occurrence of rotated garnet porphyroblasts
and boudinaged tourmaline veins indicates the miner-
alisation and alteration to be pre- to syntectonic (Ros
1980).

Ferrum (Nietsajoki) and Fridhem

The Ferrum and Fridhem deposits are of vein-type and
were worked on a small scale in the early 1900s. They are
situated east of Nautanen in an area dominated by vol-
canogenic sandstones and argillites metamorphosed to
middle—upper amphibolite facies. The deformation style
is characterized by open folds plunging towards the SE.
The Ferrum deposit was discovered in 1902 and
mined on a small scale from two shafts called 3:an and
4:an. The 4:an mine is largest, with a depth of c. 20



metres. During 1966-1969 the Ferrum area was investi-
gated by means of detailed mapping, geophysical ground
measurements, and 6 drill holes. Narrow zones of cop-
per-gold mineralisation were intersected close to the ex-
isting mines, and the best section contained 1.45 % Cu
on a core length of 13.87 metres (Ros 1980). Veins of
quartz, quartz-tourmaline, or quartz-microcline-pyrox-
ene-amphibole-calcite contain chalcopyrite and bornite
in varying proportions. Molybdenite and bismuthinite
are accessory minerals, and desmine is locally found as
a late phase of the mineralisations. The quartz veins
are mainly unaffected by deformation, while veins con-
taining microcline-pyroxene-amphibole locally show evi-
dence of ductile deformation. Most veins are parallel to
a vertical NNE-directed foliation (Ros 1980, Gustavsson
& Johansson 1984).

At the 4:an mine, mineralised quartz veins up to 1 de-
cimetre wide are surrounded by zones of intense tourma-
linisation. The altered rock consists of fine-grained tour-
maline and quartz, together with small amounts of dis-
seminated chalcopyrite, pyrite, and locally bornite. At
the 3:an mine, the mineral composition of the ore veins
is more variable, and the main sulphide is bornite. The
host rock is affected by scapolitisation and many veins
are enveloped by a massive scapolite zone containing
some tourmaline (Geijer 1918a).

At Fridhem, a 16 metres deep shaft was sunk through
a set of parallel quartz veins, the largest one 2 metres
wide. The mine was worked for gold only, and the min-
eralisation consists of some chalcocite, small amounts of
bornite, hematite, and native gold. The richest gold min-
eralisation was found in narrow and drusy quartz veins,
containing chalcocite, calcite, and crystals of hematite,
desmine, and chabazite. The wall rocks are altered by
tourmalinisation and scapolitisation similar to that of the
Ferrum deposit (Geijer 1918a).

OTHER METAL DEPOSITS

No economically significant metal deposits of orthomag-
matic origin have been discovered in the northern part
of Norrbotten county, although a number of mineral
occurrences hosted by plutonic rocks have been dis-
covered. A few titanium-vanadium-iron mineralisations
exist in mafic intrusions (e.g. the Akkavare and Airikurk-
kio deposits), and small amounts of nickel sulphides
have been found in a few mafic to ultramafic intrusions.
Molybdenite occurs disseminated in some granitoids
and pegmatites (e.g. the Nunasvaara, Vihivaara, and
Aggojaure deposits), but the contents are mostly low.
The Akkavare (Melko) iron-titanium-vanadium oc-
currence was probably discovered in the late 1890s. It is

situated 40 kilometres W of Gillivare in an area domi-
nated by granite intrusions. In 1957-1958 the deposit
was investigated using magnetic measurements and dia-
mond drilling (14 drill holes) by Stora Kopparbergs
Bergslags AB, while airborne magnetic measurements,
gravimetric and electromagnetic ground surveys were
made in 1965-1968 by SGU (Frietsch 1997). The host
rock is a noritic gabbro (Perthite monzonite suite) con-
sisting of plagioclase, pyroxene, magnetite, ilmenite, her-
cynite, apatite, biotite, and small amounts of pyrrhotite,
pyrite, and chalcopyrite. The amount of magnetite and
ilmenite is up to c. 30 %, and the apatite content varies
between 2 and 10 % (Geijer 1930b). The intrusion is
5.8 kilometres long and 0.6 kilometres wide. The rich-
est mineralisation is found in the northern part, with
25.9 % Fe and 4.3 % Ti in a 27 metres long core section
(Frietsch 1997).

Diamond drilling and magnetic ground surveys were
carried out by LKAB at Airikurkkio, 9 kilometres NW
of Vittangi, in 1982-1983 after the discovery of an out-
crop containing mineralised rocks with a high vanadium
content. The mineralisation occurs in the central part of
a tholeiitic sill, which has intruded rocks of the Green-
stone group. Similar sills are common in the Greenstone
group in the Nunasvaara area further towards the south-
west. Within the c. 100 metres thick sill, disseminated
titaniferous magnetite occurs enriched in a 5-10 metres
wide zone. The best core section contained 30.9 % Fe,
4.0 % Ti, and 0.64 % V,0Os on a length of 6 metres
(Lehto 1983).

The Nunasvaara molybdenum occurrence, 3 kilome-
tres E of Gillivare, was first encountered in outcrop in
1953 and has subsequently been investigated through
drilling. The mineralisation is hosted by pegmatite and
felsic gneiss in the outer part of a gabbro of the Perthite
monzonite suite. It is estimated to be 100 metres long
and on a width of 6 metres it contains 0.3 % Mo
(Odman 1957, Grip & Frietsch 1973).

Disseminated molybdenite and some pyrite were
found in 1971 by SGU in outcrops of aplitic granite at
Aggojaure, in the northernmost part of the map area.
The granite (Granite-pegmatite association) intrudes Ar-
chaean gneiss, and the top of the intrusion is exposed at
the present erosion level. Quartz veins are common in
the granite and the surrounding rocks. The veins contain
fluorite, molybdenite, pyrite, and some scheelite. Molyb-
denite is also disseminated in the granite, especially along
the quartz veins. Magnetic ground measurements and
geochemical sampling were carried out in 1973-1974
and ten holes were drilled in 1980. The result was neg-
ative, with the highest grade being 0.05 % Mo on a
2 metres section (Gerdin & Minell 1981).

Several mafic to ultramafic intrusions north of Kiruna
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(e.g. the c. 2.44 Ga old intrusions at Keukiskero, Kurko-
vare, and Ruutusdive, and the Tjabrak intrusion of the
Perthite monzonite suite) have been explored for nickel,
chromium, and platinum group elements (PGE) with-
out success. Small amounts of disseminated nickel sul-
phides have been found at Tjabrak and Ruutusdive,
and chromite occurs as an accessory mineral at Kurko-
vare. Low grades of PGE (0.22 to 0.34 ppm Pd) have
been detected at Tjabrak (Hansson 1987) and Kurkovare
(Lilljequist 1980).

A small amount of Li-minerals (elbaite, lepidolite)
exists in a pegmatite at Suorravaara, east of Gillivare, and
spodumene has been found in a pegmatite southeast of
Kiruna (Dahlman 1971). Beryl is known as an accessory
mineral in pegmatites in the Tirends, Kiruna, and Ul-
tevis (W of Gillivare) areas. Only at Juordive has minor
work been done to determine the potential of the deposit
(Odman 1947, Dahlman 1971).

Rare earth elements (REEs) are strongly enriched in
the apatite iron ores and locally also in other types of
mineralisations. The apatite iron ores are generally domi-
nated by the light REE and they have a total REE con-
tent of 0.1 to 1 % (Pardk 1973a, Frietsch & Perdahl
1995). Monazite, occurring as small inclusions in apa-
tite, may be the major REE carrier at Kiirunavaara (Pardk
1973a). Orthite is another light REE mineral found
in some apatite iron ores (Geijer 1910, Frietsch 1966,
1974).

During the exploration campaign for uranium in the
1970s, only minor work was done in the northern part of
Norrbotten county. Small mineralisations of pitchblende
with no economic significance were detected in the Kiru-
na area (e.g. at Nukutusvaara and Kovogruvan). Urani-
nite with an age of c. 1.8 Ga occurs in small amounts
in chondrodite skarn from the Magnetgruvan iron ore
at Masugnsbyn, and in scapolite skarn together with
molybdenite and chalcopyrite at Aijirova, 13 kilometres

WSW of Vittangi (Welin & Blomqvist 1966).

INDUSTRIAL MINERAL DEPOSITS

Except for the production of apatite during World Wars
I and II, production of industrial minerals was negli-
gible until the 1970s, when LKAB started production
of quartz (at Nukutusvaara and Hopukka) and dolomite
(at Masugnsbyn). The local need for industrial minerals
is mainly as an additive for pellet production at LKAB,
and, depending on pellet quality, magnesium silicates
(olivine, serpentine), carbonates (calcite, dolomite), or
quartz are used. With the exception of calcite and oliv-
ine, local resources have been used. However, several oth-
er potential industrial mineral deposits have been docu-
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mented in the map area, including graphite, talc, mica,
clay, aluminum silicates, diatomite, and barite (Fig. 48).

Graphite

The discovery of graphite in the Vittangi area in 1898
was the starting point for extensive exploration for graph-
ite in the beginning of the 20th century (Geijer 1918b).
Since then, graphite schists have been found in many
other places within the northern part of Norrbotten
county. Most occurrences are hosted by the Greenstone
group, but graphite schists are also found in the overlying
Svecofennian metasedimentary rocks. Within the Green-
stone group, graphite schists mainly occur as two units:
one in the middle part and one in the upper part of the
succession. The lower unit is generally 10 to 20 metres
thick and poor in sulphides. In the Kiruna area it con-
tains c. 10 % graphite, while in the Vittangi—T4rend6—
Pajala area the graphite content is between 10 and 45 %.
Graphite schists in the upper unit are, with a few excep-
tions, generally richer in sulphides and poorer in graph-
ite compared to the schists of the lower unit.

A folded, almost continuous graphite schist horizon
can be followed for c. 15 kilometres at Nunasvaara, west
of Vittangi. It belongs to the lower graphite unit and
is partly intruded by mafic sills. Although large ton-
nages have been proven through trenching and drilling,
the fine-grained character of the graphite has prohibited
commercial production. Generally the grain size is less
than 0.06 millimetres, but it may reach up to 1 milli-
metre in some areas. The Nunasvaara Stadsgruvefilt
is the most well-investigated part, and on a length of
700 metres the graphite schists have a width of c. 20 me-
tres and an average graphite content of 21.0 %. Using a
cut-off of 25 % C it contains about 1.1 Mt with 27.8 %
graphite and 3.1 % S to a depth of 70 metres (Bergstrém
1987).

There have been several attempts to utilise the graph-
ite schists, including production of amorphous graphite
and use as fuel. Some thousand tonnes of graphite schist
were quarried and tested as fuel for heat production
in Kiruna in 1982. From the Nybrinnan graphite de-
posit in the Greenstone group SE of Masugnsbyn, 1 964
tonnes were produced by Norrbottens Jirnverk AB for
metallurgical use in 1955-1958.

In 1990-1992 several occurrences of Svecofennian
graphite schists in the Pajala—Ti#rendo area (the Jalkunen,
Tiankijokki, Lehtosélke, and Liviovaara deposits) were
investigated for possible production of flaky graphite
(Gerdin et al. 1990, Holmqyvist et al. 1991, Sahlstedt &
Claesson 1996). These deposits are all affected by middle
to upper amphibolite facies metamorphism. The grain
size of the graphite is mostly less than 0.1 millimetre,
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Fig. 48. Simplified bedrock map of the northern part of Norrbotten county, with occurrences of industrial minerals.

with the content varying from 12 to 40 %. For Lehtosol-
ke the estimated tonnage to a depth of 40 metres is 1.72
Mt with 12.3 % C (Sahlstedt & Claesson 1996).

Carbonate

Carbonate rocks occur at several stratigraphic levels with-
in the Greenstone group, but also locally in Svecofen-
nian metasedimentary rocks. Many of them have been
investigated through mapping and sampling (Kihlstedt

etal. 1974, Shaikh et al. 1989). In the Kiruna area, a 50—
150 metres thick carbonate unit occurs in the lowest
part of the Greenstone group. It is mostly dolomitic and
high in silica. Carbonate rocks in the middle part of the
Greenstone group are generally thin and impure. Either
calcite or dolomite may be the dominant carbonate spe-
cies. Especially in the eastern part of the map area, dolo-
mitic carbonate rocks commonly form the top of the
Greenstone group. They have an economic potential due
to their often high purity and great thickness. Svecofen-
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nian carbonate rocks exist in the Tiankijokki area and
possibly east of Giillivare. They are up to 50 metres thick
and partly rather pure.

Large occurrences of pure dolomite within the upper
part of the Greenstone group exist north of Kaunisvaara
(Tapulivuoma), at Kiymajirvi (Isonkivenmaa, Roskajok-
ki and Kdymijirvi), in the Masugnsbyn area (Masugns-
byn and Hietajokki), and in the Lannavaara area (Tukka-
puro and Huornaisenvuoma). They have thicknesses of
200 to 300 m, and most of them occur stratigraphically
above banded iron formations or in close association
with skarn-rich iron formations.

Only the Masugnsbyn deposit has been quarried on
an industrial scale. Larger scale production started in
1952, and up until 1972 about 0.34 Mt had been used
for metallurgical purposes by Norrbottens Jirnverk AB
(Shaikh et al. 1989). Since 1977 LKAB has used the dol-
omite as an additive in pellets, and by the end of 1999
they had produced additionally c. 1.8 Mt of dolomite.
Production at Masugnsbyn will stop in 2003 and a new

quarry is planned at Hietajokki 7 kilometres towards the
SE.

Quartz

Potential resources for quartz are quartzite, pegmatites,
and quartz veins. Quartzites with high purity are rarely
found. Two Archaean occurrences exist northwest of
Kiruna (Maunajaure and Tjekkilnvare), but neither of
them have been investigated in detail. One sample con-
taining 96.9 % SiO, exists from Maunajaure (Odman
1957). At Rissavaara, between Tirendo and Gillivare,
quartzites of an unclear stratigraphic position have con-
tents of SiO, that vary between 92 and 99 % (Dahlman
1971).

Quartz has been produced by LKAB as an additive to
pellets at the Nukutusvaara and Hopukka deposits. Both
deposits are located in quartzites from the stratigraph-
ically uppermost metasedimentary unit in the Kiruna
area. These rocks are dominated by metaarenites vary-
ing from quartzite to feldspathic quartzite with minor
intercalations of metaconglomerate. The Nukutusvaara
deposit was in production between 1969 and 1974, and
at the Hopukka deposit 1.14 Mt of quartzite containing
c. 94 % SiO, were produced in 1974-1982.

Small amounts of quartz have been quarried for silica
production from pegmatites in the Gillivare area (Vas-
saravaara and Varkhanvaara). The Vassaravaara deposit
is situated in a gabbro SE of Giillivare, and between
1955 and 1956 1 735 tonnes of quartz and 511 tonnes
of feldspar were produced. During the later part of the
1980s some pegmatites and quartz veins in the map area
were investigated for the production of ultra-pure quartz
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(Holmgqpvist et al. 1989). Several occurrences were sam-
pled (Pikku Kurravaara, Lumivaara, Muodoslompolo,
Vuolep Riskavare, and Saarikoskenvaara). Vuolep Riska-
vare is situated northwest of Kiruna and has been inves-
tigated by means of trenching and diamond drilling (10
drill holes). The deposit consists of a c. 20 metres wide
and at least 260 metres long quartz vein within Archaean
granitoids. Minor constituents of the vein are ferro-dolo-
mite and actinolite, occurring mainly along the contacts
of the vein (Holmgqvist & Nordstrom 1986). At Naaka-
jirvi, high quality quartz has been found in a pegmatite
intruding a ring gabbro complex. The deposit has been
investigated by LKAB and SGAB using magnetic ground
measurements, trenching, and percussion drilling. It con-
sists of several lenses with an area of up to 1 000 m? and
the estimated reserve is 8 300 tonnes of quartz (Halenius
& Einarsson 1989).

Magnesium silicates (asbestos, talc, serpentine,
olivine, pyroxene)

In general, deposits of rocks containing magnesium sili-
cates can be divided into mafic to ultramafic intrusive
complexes, peridotitic intrusions, komatiites, and soap-
stones. Several mafic to ultramafic complexes of the
Perthite monzonite suite are found northwest of Kiru-
na. They exhibit a more or less well-developed magmatic
layering (e.g. Runkanjunnje), with dunites, troctolites,
and peridotites occurring in the lower part of the intru-
sions (Martinsson 1986, Kathol & Martinsson 1999b).
However, some of the ultramafic rocks have formed as
late intrusions in the complexes. Dykes or sills of perido-
tite exist as single intrusions or in association with gab-
broic rocks. Komatiites are restricted to the stratigraphi-
cally lower part of the Greenstone group and are found
in a c. 500 metres thick unit in the Kiruna area. Soap-
stones formed by hydration of ultramafic dykes and sills
are locally found with Lauttakoski as the most impor-
tant example. Primary magmatic magnesium silicates
(olivine, pyroxene) are mainly found in the mafic to
ultramafic complexes and in some of the peridotitic in-
trusions. Other deposits contain magnesium silicates of
metamorphic origin (serpentine, talc, chlorite, amphi-
bole), with primary minerals only locally preserved.

The soapstone at Lauttakoski was first mentioned
by Fredholm (1886) and later described by Svenonius
(1916) and Shaikh (1972). It has been investigated
by SGU for talc production. Magnetic ground survey,
trenching, and drilling were carried out during the peri-
od 1965-1969. In 1966, about 30 tonnes were quarried
for benefication tests. The deposit consists of an altered
peridotitic sill within mafic volcaniclastic rocks (Green-
stone group) in the Junosuando area. The intrusion has



a thickness of up to 40 metres and is known to exist for
a length of 1 200 metres. The mineralogical composition
is talc (36-56 %), chlorite (21-34 %), serpentine (0—
10 %), dolomite (1-20 %), magnesite (0—12 %), and
magnetite (9—15 %). To a depth of 50 metres, the de-
posit is calculated to contain 2 Mt (Shaikh 1972). After
milling and flotation it could give a 40 % yield of indus-
trial talc (Lundegirdh 1971).

Three ultramafic intrusions (c. 2.44 Ga old) exist
in the Archaean basement northwest of Soppero. The
Keukiskero intrusion is a metamorphosed enstatite
pyroxenite with a length of 4-5 kilometres and a width
of 1-2 kilometres. It consists of anthophyllite together
with small amounts of tremolite, chlorite, and talc and
some preserved enstatite. During the period 1969-1970
investigations (mapping, trenching, geophysical ground
measurements, and drilling) were made to determine its
potential for the production of anthophyllitic asbestos.
In laboratory tests a concentrate containing 95 % antho-
phyllite was possible to obtain, and the anthophyllite-
rich rock covers an area of at least 300 000 m? (Shaikh
1970, Lilljequist 1980).

Between 1978 and 1979 about 0.06 Mt of chlorite-
tremolite rock of komatiitic origin (Greenstone group),
containing c. 28 % MgO, was quarried by LKAB at
Adnamvare, W of Kiruna. However, the quality was
found to be unacceptable for use as an additive in pellet
production. A regional exploration campaign for magne-
sium silicates was carried out by LKAB in 1985-1987
(Martinsson 1986, Bergstrom 1988). Several potential
deposits were discovered and three of them were drilled
(Valkeasiipivaara in the Greenstone group and Tjuol-
tatjdkkah and Ruhkejuovva of the Perthite monzonite
suite). At Tjuoltatjidkkah the reserves are 10.1 Mt with
38 % MgO, and some thousand tonnes were quarried
for metallurgical tests in 1991 (Hansson 1991).

Apatite

Three types of apatite occurrences are known from the
map area: apatite veins, apatite in iron ores, and dissemi-
nated apatite in mafic intrusions. The existence of eco-
nomic vein-type apatite deposits in scapolite-altered gab-
broic intrusions in southern Norway made it interesting
to start off investigations for similar types of apatite oc-
currences in scapolite-rich gabbros in the northern part
of Norrbotten county in 1888 (Loéfstrand 1890, Lund-
bohm 1890, 1892). Some apatite veins were found in the
northern part of the Dundret gabbro and in some other
gabbro intrusions in the Gillivare area, but their small
size and mostly low content of apatite rendered them
economically unattractive.

Since many apatite iron ores contain on average

1-5 % D, interest was instead focused on the iron ores in
Malmberget and Kiruna. As early as 1889 small amounts
of apatite-rich rocks were quarried at Malmberget
(Lundbohm 1890, 1892). In 1918, 8 410 tonnes of apa-
tite concentrate, with 10.8 % B, were produced at Malm-
berget (Geijer 1919b), and during the period 1939-1946
about 0.223 Mt of apatite concentrates with 13 % P
were recovered. Small amounts of apatite were also pro-
duced in 1952-1953 in Malmberget (Grip 1978). At
Kiruna, apatite was produced from the Rektorn deposit
in 1942-1946 (Geijer 1950), and in 1985-1988 about
0.3 Mt apatite concentrates were produced by flotation
from the Kiirunavaara deposit.

Several gabbroic intrusions are rich in apatite and
have a phosphorous content in the range of 1-3 %. Most
of them occur in the eastern part of the map area (see the
chapter on ”Gabbro, metagabbro and diabase, <1.8 Ga”,
p- 37). However, gabbros rich in apatite are also known
from the Gillivare and Kiruna areas. None of these
occurrences has been investigated for apatite.

Mica

The host rock to the Aitik ore is rich in biotite and mus-
covite. These minerals occur in muscovite schist, biotite
schist, and biotite-amphibole gneiss. Extensive tests for
production of mica as a by-product from copper mining
at Aitik were performed in the 1980s (Petersson 1980).
However, the production of mica as a filler was not eco-

nomic.

Clay

Clay minerals formed by pre-Quaternary weathering of
the bedrock have been described from Levedniemi and
Gruvberget at Svappavaara (Frietsch 1960, 1966). In the
1970s and 1980s exploration for clay minerals was car-
ried out in the Kiruna and Svappavaara areas by LKAB
and SGU. LKAB investigated the Saivo area S of Kiruna
for bentonite using geophysical ground surveys and drill-
ing. The contents of montmorillonite and kaolinite in the
discovered deposit were 28-56 % and 8-25 % respec-
tively (Bida 1981, Hedin 1984). Near the Vathanvaara
iron mineralisation NE of Svappavaara, SGU investi-
gated another clay occurrence by means of seismic sur-
vey, trenching, and diamond drilling during the years
1977-1979. No kaolinite was found, but two of the drill
holes were shown to contain some smectite, pyrophyllite,
and chlorite (Persson & Lagerbick 1977).

Diatomite

Accumulation of diatomite occurs in many lakes and
bogs in the northern part of Norrbotten county. In
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1989-1990, some of the bog occurrences were inves-
tigated by drilling (Pissivuoma, north of Gillivare and
Kreuksenvuoma at Masugnsbyn). The estimated reserve
at Pissivuoma is 5 500 tonnes of diatomite occurring in
a 1-2 metres thick layer (Rénkdd 1990).

Barite

Several minor occurrences of barite are known from the
Ultevis area, W of Gillivare. Generally, barite is found in
association with iron-manganese mineralisations of stra-
tiform and epigenetic origin, but locally it occurs dis-
seminated in felsic metavolcanic rocks (Odman 1947).
Small amounts of barite are also found at the Sattavaara
manganiferous iron deposit S of Lannavaara (Ambros
1980) and at the Rektorn apatite iron deposit in Kiruna
(Geijer 1910). Furthermore, barite occurs as an accessory
disseminated mineral in a few stratiform sulphide ores
(Viscaria and Huornaisenvuoma) and as massive veins in
some epigenetic copper-gold deposits (Aitik, Liikavaara,
and Kovogruvan). Barite unrelated to other mineralisa-
tions is locally found as veins of up to a few decimetres
width in metasedimentary rocks in the Stora Sjéfallet
area (Shaikh et al. 1986).

The richest occurrence of barite is at the Aitik copper-
gold deposit, which contains an average of c. 1 % of this
mineral (Grip 1978). Most of the barite occurs in up to
several decimetres wide veins. Pyrite, chalcopyrite, mag-
netite, and actinolite may occur in varying amounts to-
gether with barite. Some tests have been made to recover
barite as a by-product from the copper flotation (Peters-
son 1980).

Aluminium silicates

Andalusite and sillimanite are common metamorphic
minerals in the metasedimentary rocks (mainly Svecofen-
nian rocks). Sillimanite is mainly found in the Pajala
area in biotite gneiss and mica schists, but is also locally
present at Pahakurkio (S of Masugnsbyn) and Vuotna-
vare (SSE of Kiruna). Andalusite is common in mica
schists from Pahakurkio, Vikkirijirvi (NE of Kiruna),
Vuotnavare, and east of Gillivare. Some of the occur-
rences have been mapped and sampled. The content of
andalusite and sillimanite is rarely more than 5-8 % for

larger areas (Shaikh et al. 1986).

REGIONAL AND STRUCTURALLY
CONTROLLED ALTERATIONS

Several types of alteration have affected the Precambrian
bedrock in the map area. Some of them are spatially re-
lated to ore deposits, while others are of a more regional
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character. The following description is mainly focused
on the latter types. The most characteristic alterations
in the area are scapolite and albite alteration (Frietsch et
al. 1997). Other types of alteration products are skarn,
albite-carbonate, K-feldspar, sericite, tourmaline, epi-
dote, and chlorite. Syn-depositional alterations are main-
ly restricted to the Greenstone group and are manifested
by spilitisation and epidotisation of basaltic lava, albiti-
sation related to subvolcanic intrusions, and alterations
connected to exhalative processes. The suggested occur-
rence of evaporites within certain units of the Green-
stone group is expressed by stratigraphically controlled
albitisation and/or scapolitisation as products of dia-
genetic or metamorphic reactions. Most other altera-
tions are post-depositional in character and related to
magmatic, metamorphic, and hydrothermal processes of
local or more regional extent.

A spatial relation to major shear zones has been no-
ticed for several alteration types (Frietsch 1966, Offer-
berg 1967, Eriksson & Hallgren 1975, Romer et al.
1996, Frietsch et al. 1997). These include albite-carbon-
ate alteration, scapolitisation and sericitisation. A simi-
lar structural control for alterations within greenstone
areas has been described from the northern parts of Fin-
land and Norway (Padget 1959, Eilu 1993, Ettner et al.
1993).

Scapolite

Scapolite is widely distributed and occurs in most intru-
sive and supracrustal rocks in the map area, except for the
Archaean domain, where it is very rare. Intense scapolite
alteration can mostly be spatially related to shear zones,
contacts of intrusive rocks, or mineral deposits. Howev-
er, at Kiruna a strong scapolitisation in the lowermost
part of the Greenstone group is suggested to represent the
metamorphic expression of former evaporite beds (Mar-
tinsson 1997). Banded scapolite-calcsilicate rocks within
tuffitic units in the upper part of the Greenstone group
in the Svappavaara—Vittangi area (Eriksson & Hallgren
1975, Frietsch 1966) may have a similar origin. Scapolite
is generally most common in amphibolite facies rocks,
where it forms porphyroblasts, veinlets, or massive scapo-
lite fels. Especially mafic metavolcanic rocks belonging
to the Greenstone group and the Svecofennian metavol-
canic rocks are affected, but felsic metavolcanic rocks
and metasedimentary rocks are also strongly altered in
some places. Regardless of host rock, character and style
of scapolite growth, the composition is mostly marialitic
(Frietsch et al. 1997).

Scapolite was early noticed as an alteration mineral in
gabbroic rocks in the northern part of Norrbotten coun-
ty (Lofstrand 1890). It replaces plagioclase and forms



veinlets or locally scapolite rocks lacking primary mag-
matic textures. Similar alterations are common in mafic
dykes of different generations. The early Svecokarelian
intrusions of intermediate to felsic composition are rare-
ly affected by intense alteration, but scapolite is noticed
as a minor constituent in many of them (Geijer 1931b,
Eriksson & Hallgren 1975, Skisld 1981b). In the Malm-
berget area, scapolite has been found in granites and
pegmatites belonging to the 1.81-1.78 Ga old Granite-
pegmatite association (Geijer 1918a, 1930a).

Scapolitisation along major shear zones occurred part-
ly in association with albitisation and carbonatisation.
Northwest of Kiruna, mylonitic scapolite rocks exist in
some narrow shear zones which cut monzonites of the
Perthite monzonite suite. Scapolite is also found in asso-
ciation with most epigenetic copper-gold deposits, while
it is less common in stratiform sulphide deposits and
apatite iron ores. The relation of copper mineralisations
to strong scapolite alteration of their host rocks was ear-
ly noticed at Gruvberget, Sirkivaara, and Nautanen (Ge-
ijer 1918a). At Pahtohavare a zone of scapolite-biotite
alteration forms an envelope around the ore-bearing albite
felsites (Martinsson et al. 1997b).

Albite

Many rocks of volcanic origin are affected by sodium
metasomatism. The rocks of the Greenstone group at
Kiruna are largely spilitic in character (Sundius 1915),
and the Porphyry group includes extremely albite-rich
rocks in the form of albitites and albite-magnetite rocks
(Geijer 1910, Offerberg 1967, Eriksson & Hallgren
1975). Within the Greenstone group, intense albitisa-
tion is mainly related to mafic sills and epigenetic cop-
per-gold mineralisations. Albitisation of tuffite along the
contacts of mafic sills is a widespread alteration type in
the Greenstone group in the Kiruna area. This albitisa-
tion occurred during the intrusion of hot basaltic magma
in unconsolidated volcaniclastic rocks containing saline
interstitial water. The albitisation gradually fades away
from the contacts over a distance of 2—-10 m, and prima-
ry features such as layering are generally well preserved
within the alteration zone (Martinsson 1997).

Extensive albitisation has affected rocks in the foot-
walls to the Kiirunavaara and Luossavaara apatite iron
ores. The alteration zone is symmetrically distributed
around a thick sill of mafic to intermediate composition.
It affects a c. 2 500 metres thick unit, including a Sve-
cofennian metaconglomerate (the Kurravaara conglom-
erate), the lower half of the Porphyry group, and the in-
trusion itself (Geijer 1910, Romer et al. 1994). Titanite
formed during the albitisation has an age of 1876 Ma
(Romer et al. 1994).

Some intrusive rock types occurring on a regional
scale exhibit a strong albitic character. Most common are
the albite-bearing metadiabases. They have mainly in-
truded as sills within the Kovo Group and the overlying
Greenstone group. The intrusions have a fine-grained
mafic outer rim, which gradually changes to a coarse-
grained albite-rich rock in its central part. Amphibole,
epidote, magnetite, pyrite, and locally carbonate are
minor constituents in the albitic part of the intrusions.
An albite-bearing metadiabase intruding the Kovo Group
north of Kiruna has a zircon age of c. 2.2 Ga (Skisld
1986, Table 1). Sills with similar ages and petrography
are common within Palacoproterozoic greenstones in
other parts of the Fennoscandian Shield (Vuollo 1994).
However, there probably exist several generations of
albite-bearing metadiabase, as indicated by an intrusion
dated to 1874 Ma west of Soppero (Skisld 1981b).
Other intrusions with an albitic character are some gran-
ites belonging to the Perthite monzonite suite. Gener-
ally only the outer rim of the intrusions is albitic (Geijer

1929, Offerberg 1967, Eriksson & Hallgren 1975).

Albite-carbonate metasomatites

Extensive albite-carbonate alteration is recognised at
many places along the Karesuando—Arjeplog deforma-
tion zone (Fig. 2). It affects the Greenstone group, Sve-
cofennian metavolcanic rocks and, in some cases in-
trusive rocks as well, and a number of sulphide min-
eralisations exist in close relation to the altered rocks
(Odman 1939, Eriksson & Hallgren 1975). Similar
alteration also affected rocks in other areas in the north-
ern part of Norrbotten county (Odman 1957). These
albite-carbonate rocks have been suggested to be of mag-
matic origin and they have been related to the albite-
bearing metadiabases. Both of these albitic rock types
were called leucodiabase (Odman 1939). Subsequently,
a metasomatic origin of the albite-carbonate rocks was
demonstrated by Padget (1959) and Frietsch (1966).
Unfortunately, the name leucodiabase was still in use
during field mapping in the 1970s, with no distinction
being made between metasomatic albite-carbonate rocks
and albite-bearing metadiabases, which has caused some
confusion about the nature of the rocks.

Intensely altered rocks are found in zones up to 200
metres wide along major deformation zones. In detail,
the albite-carbonate rocks mostly occur in structures that
deviate with an angle of c. 20-30° from the major de-
formation zone. They typically consist of undeformed or
brecciated albite-rocks with 5-20 % ankerite or ferro-
dolomite as disseminations and in veinlets (Eriksson &
Hallgren 1975). The texture is mostly intersertal with
carbonate occurring interstitial to albite laths (Odman
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1939), and the precursors to the strongly altered rocks
are usually not possible to identify. Some carbonate-
poor albite rocks (albitites) are slightly porphyritic and
probably represent albitised felsic intrusions. The less al-
tered rocks which surround the albite-carbonate rocks
are variably affected by biotite-scapolite alteration, chlo-
ritisation, carbonate veining, and deformation. Quartz-
carbonate veins, up to 1 metre wide, are locally present
and locally contain substantial amounts of pyrite and
chalcopyrite.

In some places, carbonate-poor albitites contain nar-
row fissure fillings or veinlets of actinolite, biotite, or
carbonate. These veinlets are locally more abundant and
pass into breccias on various scales. Massive actinolite
rocks, containing minor amounts of magnetite, carbon-
ate, and quartz, are locally encountered. Carbonate-rich
rocks often contain subangular to rounded fragments.
Generally the fragments consist of albite-rich rocks, but
fragments of actinolite skarn and quartz are abundant
in some places, suggesting brecciation of older alteration
assemblages.

K-feldspar

Extensive K-feldspar alteration is mainly described from
some epigenetic copper occurrences (e.g. Kiskamavaara,
Pikkujirvi, Nautanen, and Gruvberget) and some apa-
tite iron ores (e.g. Malmberget, Rektorn, and Ylipiis-
njaska). However, strongly potassic intermediate to felsic
metavolcanic rocks are also reported from areas lacking
known mineralisations (Offerberg 1967), which indi-
cates the existence of more regionally developed K-feld-
spar alteration in these rocks.

In field notes and sometimes also in drill core loggings
the term “red Oskar” has been used as a working name
for fine-grained feldspathic rocks with a reddish colour.
This feldspar alteration is most common in the Kiruna—
Vittangi area and it is usually developed within Svecofen-
nian metavolcanic rocks or, more rarely, in rocks of the

Greenstone group. In only a few cases has the composi-
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tion of the feldspar been determined, but it is probably
K-feldspar in most cases. The alteration is pervasive or
developed along fissures and veinlets of carbonate. Asso-
ciated minerals occurring in small to accessory amounts
are epidote, calcite, tourmaline, chlorite, zeolites, mag-
netite, hematite, pyrite, and bornite.

Sericite and tourmaline

Sericite alteration is most common in association with
K-feldspar alteration, which it usually overprints in late
shear zones (e.g. at the Rektorn, Gruvberget, Levedniemi,
Nautanen, and Kiskamavaara deposits). Sericite is also
reported as an alteration mineral occurring together with
quartz veins within Svecofennian metavolcanic rocks
ESE of Kiruna (Eriksson & Hallgren 1975). Here and
at some other occurrences, sericite is a product of hydro-
thermal alteration in shear zones.

Tourmaline is rarely a major constituent of altered
rocks but it occurs in accessory amounts in most sericite
rocks (Geijer 1910, Frietsch 1966, Eriksson & Hallgren
1975). It is common also in association with K-feldspar
alteration and more rarely with scapolitisation and
albite-carbonate alteration. More extensive tourmalinisa-
tion is mainly recorded at some epigenetic copper-gold
deposits (Aitik, Lieteksavo, Nautanen, Ferrum, and Frid-
hem) in association with quartz-tourmaline veins.

Epidote and chlorite

Epidote is mainly found in magmatic rocks of intrusive
and extrusive origin. It is less common in metasedimen-
tary rocks, with the exception of skarn. Epidote frequent-
ly occurs in amygdules and locally as a product of more
pervasive alteration in volcanic rocks. As fissure fillings
it is developed in all kinds of rocks. The occurrence of
chlorite is not systematically documented, but it may be
found in association with epidote and K-feldspar altera-

tion and in shear zones.



STRUCTURE

INTRODUCTION

The area has experienced several ductile and brittle de-
formation events, from the Archaean to late- to post-
glacial times in the Quaternary. General structural in-
formation can be found in the descriptions accompany-
ing SGU’s 1:50 000 bedrock maps. Detailed structural
studies are few and they mostly concern the Kiruna area
(Vollmer et al. 1984, Wright 1988, Bergman 1993). Re-
gional overviews of the structural development in north-
ern Finland can be found in Ward et al. (1989) and Kirki
etal. (1993). The structural trends from generalised form

lines of tectonic foliations and magnetic connexions are
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shown in Fig. 49. Lineaments interpreted from magnetic
field and altitude data are shown in Fig. 50.

DUCTILE DEFORMATION

Structural trends and fabric orientations

The main structural grain in the region is roughly NNE
to NNW but seen in detail, smaller areas (domains) have
their own structural patterns. In Fig. 49 the boundaries
of 13 domains are shown, together with locations of
structural measurements. When defining the location of
domain boundaries, a compromise between the number
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Fig. 49. Map with generalised structural trends from magnetic connexions and formlines of tectonic foliations. Red lines mark bounda-
ries between the structural domains A-M which are described in the text. Black dots show locations of structural measurements
in this study and from previous work in the area. KADZ = Karesuando—Arjeplog deformation zone, KNDZ = Kiruna—Naimakka
deformation zone, NDZ = Nautanen deformation zone, PSZ = Pajala shear zone.
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Fig. 50. Map showing lineaments interpreted from magnetic field (black lines) and altitude data (red lines). See also Fig. 57.The late- to
postglacial faults are from Lagerbdack & Witschard (1983). Hatched, blue zones are major discontinuities, i.e. surface traces of planar
features which have been followed to a depth of more than 5 kilometres in magnetic and gravity field data. Two zones which appear
to affect the Karesuando—Arjeplog deformation zone (KADZ) east of Kiruna are indicated by A.The gravity high in the eastern part
of the map (E in Fig. I1) is shown in yellow. In this area the lineaments indicate an arrangement which is conformable to the outlines

of the anomaly. KNDZ = Kiruna—Naimakka deformation zone, NDZ = Nautanen deformation zone, PSZ = Pajala shear zone.

of domains and the structural homogeneity of a particu-
lar domain was made. Stereograms showing fabric orien-
tations for each domain are presented in Fig. 51. Dif-
ferent generations of fabrics are not distinguished; the
diagrams illustrate the main trends and the amount of
variation in each domain. For some specific domains and
parts of them the magnetic structure index (see chapter
on "Methods”, p. 7) was calculated (Table 4). These in-
dices should be compared to those calculated for the rock
units discussed in previous chapters.

In Domain A, the bedding planes in the Svecofennian
supracrustal rocks in the Stora Sjofallet area are gently
to tightly folded in approximately N-S trending folds.
Lineations plunge moderately to the north or south.

Most readings in Domain B come from the northern
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part, where both bedding and foliation are folded. Line-
ations plunge moderately to the S or SW. Large fold-like
structures in intrusive rocks in the central part have been
interpreted from magnetic anomaly data.

In Domain C there is a large concentration of shear
zones. The dominant foliation orientation dips steeply
W to SW and many lineations are steep. In blocks adja-
cent to shear zones, and in the south, the structural ori-
entation is more N—S directed.

In the northwestern area, Domain D, many fabric ori-
entations are represented. On the stereogram, NE-SW-
oriented foliations are common, and lineations plunge
moderately to the southwest. In the northern part, folia-
tions generally strike E-W, subparallel to shear zones.

Domain E includes the Kiruna area with its strong
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Fig. 51. Equal area stereographic plots (lower hemisphere) of field measurements of planar and linear structures from the structural
domains A-M.The locations of the structural measurements are shown in Fig. 49.

N-S fabric orientation. In the western part, NNE-SSW-
oriented steeply dipping planar structures dominate.
Many linear structures plunge moderately to gently to
the SSW or more steeply to the SE. Wright (1988) gives
a detailed account of the structure of this area.

Domain F is mainly comprised of Archaean rocks
with swarms of mafic dykes. Steeply dipping foliations
oriented in a NNE-SSW direction parallel to major

shear zones dominate. In the north, the foliation swings
into a NW-SE direction. This trend may be Archaean
in age. A weak girdle of poles to foliations indicates the
presence of approximately N-S trending folds. Many
fold axes plunge to the south, and mineral lineations
plunge gently to the NNE or steeply to the SSW. The
magnetic structure index of 0.837 km! is probably partly
due to the presence of mafic dykes. This relatively high
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value in combination with a very low amplitude varia-
tion of the magnetic total field reflects structural homo-
geneity and a widespread and very consistent magnetic
banding.

Strong ductile deformation in affiliation with the
Karesuando—Arjeplog deformation zone accounts for the
well-defined concentration of foliation orientations in
Domain G (Figs. 49, 51). Mineral lineations plunge
moderately to steeply, mostly in the southern quadrants.
The foliation controlled by the deformation zone is re-
flected in the magnetic field pattern in the northern part
of this domain and appears to continue in its southern
part. This pattern is disturbed by two major structural
discontinuities trending NW-SE and crossing the cen-
tral part of the Karesuando—Arjeplog deformation zone
(marked by A in Fig. 50). These discontinuities can be
followed to a depth of more than 5 kilometres in geo-
physical data. The characteristic NNE-SSW “escarp-
ment” line seen in magnetic data (indicated by yellow
arrows in Fig. 10) appears on the gravity map (Fig. 11)
as a boundary dividing the map area in a westerly and an
easterly block. It is also well indicated in gamma radia-
tion, electromagnetic, and topographic relief maps (see
the separate printed map SGU Ba 56:5).

East of the Karesuando-Arjeplog deformation zone,
in the southern part of the map area in Domain H, folia-
tions are mainly steep and strike NNW-SSE. This orien-
tation is partly controlled by the Nautanen deformation
zone. In the northern part, foliations bend into the Kare-
suando—Arjeplog deformation zone, indicating a compo-
nent of dextral movement. Linear structures have vari-
able attitudes, mainly with moderate plunges. In Fig. 52
the principal traces of magnetic connexions and mag-
netic lineaments in the southern part of the Karesuan-
do-Arjeplog deformation zone and the western part of
Domain H are shown. As mentioned above, the Lina
granite in this area has a high magnetic structure index
(>1.3 km™). The magnetic connexions rotate in a dex-
tral sense into the orientation of the Karesuando—
Arjeplog deformation zone. On the western side of
the G-domain, indicated in this figure roughly by the
north-trending major lineaments, the connexions in the
C-domain rotate into the deformation zone in the same
sense.

The orientations of foliations are very variable in
Domain I. In some parts of the domain, NNW-SSE-ori-
ented foliations predominate. In the northwestern part,
there is influence from the NNE-SSW-oriented Karesu-
ando-Arjeplog deformation zone. The area includes the
complexly folded rocks of the Greenstone group near
Vittangi. Gentle dips of bedding are found in the area
S of Masugnsbyn. Most linear structures plot with a mod-
erate to steep plunge in the southeastern quadrant.
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The shear zone through Lainio accounts for the weakly
defined NN'W-SSE fabric pattern in Domain J. Only a
few steeply plunging linear structures have been recorded.

Domain K is structurally heterogeneous, with bed-
ding and foliation planes showing a large scatter in the
stereogram. The lineations are fairly concentrated to
plunges moderately to the S or SE.

In Domain L, which is largely a high-grade terrain,
there is an area in the south with gently SE-dipping
foliations. Towards the northeast they rotate into a steep
NNW-SSE orientation with generally higher strain. The
strain is also high in NNE-SSW directions in the north-
east (Fig. 53a). The northern part of Domain L is char-
acterized by short wavelength/high amplitude magnetic
banding (E in Fig. 10) which to the south is less pro-
nounced, probably due to the change in dip of the fo-
liation. The mean magnetic structure index is 0.7 km!
but reaches a maximum of 1.4 km™. The overall struc-
tural pattern is conformable to the outlines of the as-
sumed deep-seated high-mass body (E in Fig. 11, see
pp- 33-34). This also applies to the brittle/semi-brittle
deformation zones interpreted from magnetic field and
altitude data (yellow area in Fig. 50).

The Pajala shear zone is the major structure in Do-
main M. The map (Fig. 49) and stereogram (Fig. 51)
illustrate steep foliation dips and the change in orienta-
tion of foliation surfaces from NNE-SSW in the south-
ern part to NE-SW in the northern part of the domain.
Lineations have variable plunges in an approximately
NNE-SSW plane. The magnetic field pattern in the
southern part occupied by Svecofennian metasedimen-
tary rocks is homogeneously banded with rather short
wavelengths. A high magnetic structure index of 1.32
km™ characterizes this area. The metasedimentary rocks
of the Greenstone group in the northeast are magneti-
cally structured whereas the mafic metavolcanic rocks are

heterogeneous.

Major fold structures

Major folds are present in most supracrustal belts in the
map area. The most common trends of axial surface trac-
es are NW-SE to N-S, and the plunges of fold axes are
quite variable. One example is found in the area south-
east of Masugnsbyn (Fig. 2, southeastern part of Domain
I in Fig. 49), where tuffitic greenstones of the Green-
stone group are overlain by Svecofennian metasedimen-
tary rocks. The main anticlinal fold, which folds the con-
tact between greenstones and metasedimentary rocks,
has a N-S axial surface trace orientation and a southerly
plunge (Padget 1970). To the west, in a well-exposed
section at Kalixilven River (Pahakurkio), there is a gen-
tly plunging anticline. In the northern part of the area,
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Fig. 52. Map showing magnetic connexions (blue lines), lineaments interpreted from magnetic field (black lines) and altitude data (red
lines), and major discontinuities interpreted from both magnetic and gravity field data (hatched blue zones) in the southern part
of structural domain G (Karesuando—Arjeplog deformation zone) and adjacent domains (see text). Red areas correspond to the
1.81-1.78 Ga old Granite-pegmatite association and white areas are older rocks.
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Fig. 53. a) Very strongly deformed metagranodiorite with attenuated and isoclinally folded quartzofeldspathic veins. More than four
generations of veins can be distinguished through low-angle crosscutting relationships. A granitic dyke is weakly discordant to the
veins (at the pen). Pingisvaara, 29 kilometres southeast of Karesuando (7589530-1794390). b) Metagranodiorite (Haparanda suite)
intruded by younger granite and pegmatite. The metagranodiorite has an older WNW-ESE foliation and all rocks in the outcrop have
a younger N-S foliation. Hotaakanperivaara, |0 kilometres NNW of Lainio (7542600-1774060).

minor structures show that the structural evolution is
complicated and involves several phases of deformation.

In the Kidymijirvi area, northwest of Pajala (Fig 2,
northeastern part of Domain K in Fig. 49), the core of
a SE-plunging anticline exposes rocks of the Greenstone
group. The anticline is overturned to the NE. To the SW
and NE the overlying Svecofennian supracrustal rocks
generally occupy synclines, but there are also minor syn-
clines and anticlines that plunge moderately to the S or
SSE. Observations of rootless isoclinal folds show that
the large-scale folding was preceded, at least locally, by
an earlier phase of deformation. The metamorphic grade
increases further towards the east and the structures
become more complicated. Two phases of folding have
affected the Greenstone group in the Vittangi area (Eriks-
son & Hallgren 1975, central part of Domain I in
Fig. 49). Weakly developed WNW-ESE-oriented axial
surface traces are probably older than strongly developed
N-S-directed axial surface traces. This relationship has
given rise to fold interference patterns, which are appar-
ent northwest of Vittangi. The relations between these
two structural orientations can also be seen in plutonic
rocks (Fig. 53b).

The supracrustal rocks north of Kiruna (Fig. 2)
contain a number of N-S-trending, gently S-plunging
synformal structures. The pattern is complicated by a
number of ductile to brittle deformation zones, many
of which are parallel to bedding (Martinsson 1999b).
Southwest of Kiruna (central part of Domain C in
Fig. 49) there is a large SE-plunging fold structure within
rocks belonging to the Porphyry group. Although Offer-
berg (1967) indicated an anticline near the core of the
structure, the major structure is probably a syncline, with
felsic metavolcanic rocks flanked by mafic rocks at lower
stratigraphic positions. Some fold structures in the area

are disrupted by deformation zones (Offerberg 1967).
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The close association of folds and deformation zones is
also evident in the south-central part of the map area,
e.g. S of Fjillasen (Fig. 52). East of Giillivare (Fig. 2),
there is an overturned syncline adjacent to the Nautanen
deformation zone (see p. 81). The axial plane dips to the
WSW and the fold axis plunges moderately to the SSE.
The well-preserved rocks in the Stora Sjofallet area
(Domain A in Fig. 49) are folded by open to tight
folds with NNE-SSW to NNW-SSE axial surface trac-
es. Major synclines and anticlines generally plunge gently

southward (e.g. Witschard & Zachrisson 1995b).

Ductile shear zones

The Karesuando—Arjeplog deformation zone (Fig. 1) is
one of the largest deformation zones in Sweden. The
zone was named the Porsangen lineament by Henkel
(1991), while Olesen & Sandstad (1993) called it the
Karesuando—Arjeplog Fault Zone, with a continuation
into the Mierujdvri-Sverholt Fault Zone.

The northern part of the Karesuando-Arjeplog defor-
mation zone is found in the area from west of Gillivare
in the south to Karesuando in the north (Fig. 2, Domain
G in Fig. 49). It is composed of several ductile or brittle-
ductile shear zones which combined build up an up to 8
kilometres wide zone of variable strain intensity. In many
places it is a retrograde zone with newly formed chlorite
and white mica. Higher metamorphic grades have also
been noted, e.g. in mafic rocks where hornblende is
stable and in felsic metavolcanic rocks that are thor-
oughly recrystallised and where magnetite porphyroblasts
are formed. The mylonitic foliation is steep, and stretch-
ing lineations vary from steep to gentle plunges, the lat-
ter less common (Fig. 51). Kinematic analysis, mainly
using s-c fabrics, indicates western-side-up movement and

local dextral movement.



The Pajala shear zone (Kirki et al. 1993, Fig. 1) was
first described by Berthelsen & Marker (1986), who
called it the Baltic-Bothnian megashear. The location
of the northern part was interpreted differently by Hen-
kel (1991) and called the Bothnian—Seiland shear zone,
while Olesen & Sandstad (1993) used the name ”"Both-
nian—Kvenangen Fault Complex”. Wikstrom (1995)
used the name “"Bothnian shear zone” in the southern
part (in the Kalix area).

In the present area, it is a belt at least 10 kilometres
wide (SE of Tirends, Fig. 2) which narrows to the north
and changes from a N-S orientation to a NE-SW orien-
tation before it crosses the border to Finland near Huuki.
Parallel zones exist to the east. Limited field data suggest
that most deformation occurred near the metamorphic
peak. Foliations are generally steeply dipping and line-
ations plunge either steeply or gently to moderately to
the south (Fig. 51). There is a tendency towards steeper
plunges closer to the Pajala shear zone and less steep
plunges outside the zone. This pattern is interpreted as
due to transpression, which is consistent with the results
of Tikoff & Teyssier (1994). Kinematic analysis at a lo-
cality E of Tirendd indicates eastern-side-up movement,
which is in agreement with observations of lower meta-
morphic grade to the west. The shear sense is the op-
posite of that in the Karesuando—Arjeplog deformation
zone, even though the zones are similar in orientation.

Eastern-side-up movement has also been recorded in
two other shear zones in the eastern part of the map
area. Mylonitic rocks in the village of Lainio belong to a
shear zone extending several tens of kilometres along the
western contact of a ¢. 1.85 Ga old intrusion (Jyryjoki
granite). A N-S-oriented shear zone with eastern-side-up
movement is also present in granite and pegmatite S of
Masugnsbyn.

Western-side-up movements characterize shear zones
in the western part of the map area; the most
important (the Karesuando—Arjeplog deformation zone)
was described above. The Nautanen deformation zone
(Witschard 1996, Fig. 2) in the Gillivare area is an up
to 3 kilometres wide zone with strong ductile deforma-
tion in a NNW-SSE direction. It also contains impor-
tant mineral deposits. Magnetic susceptibility anisotropy
measurements confirm the NNW directions of the folia-
tion (Pitkinen 1997), which seems to be tightly folded
around a horizontal axis. In a NW-striking branch of the
zone 25 kilometres E of Giillivare, s-c fabrics in a my-
lonitised granodiorite show southwestern-side-up move-
ment.

A prominent belt of anastomosing shear zones, nearly
parallel to the Karesuando—Arjeplog deformation zone
and with the same shear sense, is found between Kiruna
and Naimakka. Here it is called the Kiruna—Naimakka

deformation zone (Fig. 2). The northerly continuation of
this zone has been identified in Finland (Idman 1988).
In Kiruna, there is strong ductile deformation along the
upper contact of the Porphyry group. S-c fabrics with
western-side-up movement have been recorded here. The
opposite shear sense in the same zone was indicated by
Wright (1988), using asymmetric tails of recrystallised
quartz around larger quartz clasts. Near Naimakka, sever-
al shear zones have been identified. At one locality, there
are plagioclase porphyroclasts in a fine-grained mylonitic
matrix (Fig. 54a). This rock has previously been identi-
fied as a metavolcanic rock (Hallgren 1982), but grad-
ual transition into less foliated metagranodiorite shows
that it must be interpreted as a mylonitic metagrano-
diorite. Stretching lineations are steep and the shear sense
is western-side-up. Phyllonitic rocks with well-developed
shear bands are present along the margins of some mafic
dykes in the area (Fig. 54b, ). Odman (1957) reported
chromium mica from this area. The host rock to the
chromium mica is interpreted here as mylonitised vein
quartz.

A regional shear zone with a NW-SE orientation,
which mainly deforms supracrustal rocks, is found south
and west of Kiruna (Fig. 2, Domain C in Fig. 49). Out-
crops within this zone have been studied west of Malm-
berget and west of Kiruna. At both localities, foliations
and stretching lineations are steep and the shear sense is
western-side-up. This zone is nearly parallel to the Nau-
tanen deformation zone and has the same shear sense.

Evidence for separate deformation events and
their age constraints

Archaean deformation

The structural trends in the Archaean bedrock (Domain
F in Fig. 49) are similar to those in the Proterozoic rocks.
It is therefore not possible to point out specific large do-
mains with only Archaean structures. The overall NNE
grain turns into a NN'W orientation in the northernmost
part of the map area. The former orientation could be
due to pervasive Svecokarelian overprinting, while the
NNW trend could be an Archaean structure. A study of
the relations between fabrics and mafic dykes in the dif-
ferent domains could test this speculation.

On outcrop scale there is locally evidence for pre-Sve-
cokarelian deformation. Some granite clasts in the basal
conglomerate (Kovo Group), overlying Archaean base-
ment, north of Kiruna, are foliated, and the foliation ori-
entations differ from clast to clast (Fig. 17a). This dem-
onstrates that a deformation phase preceded the deposi-
tion of the conglomerate.

In several exposures along the road c. 20 kilometres
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NW of Soppero, mafic dykes cut Archacan metagrani-

toid rocks. In some places the dykes clearly cut a N-S-
to NNW-SSE-striking gneissosity, which most likely is
Archaean in age. The dykes themselves have a NNE-
SSW-oriented cleavage (Svecokarelian), which locally
also overprints the gneissosity in the metagranitoids (Fig.
12a). The cleavage is subparallel to the Karesuando—
Arjeplog deformation zone to the east.

Early Svecokarelian deformation (c. 1.88 Ga)

Ambros (1970, 1980) suggested that the Greenstone
group (and the Pahakurkio group) in the Lannavaara
area (Fig. 2) had undergone folding, uplift, and erosion
prior to deposition of Svecofennian volcanic rocks. This
suggestion has not been generally accepted. In a detailed
study of drill cores from the area, Frietsch (1985) found
evidence for interlayering, and suggested that the Green-
stone group and the Porphyry group were deposited con-
temporaneously. The area is poorly exposed and primary
contact relations are disturbed by faulting. However, the
structures visible in outcrop do not rule out the possibil-
ity of the existence of an unconformity in the area. The
mafic tuffites of the Greenstone group display two phas-
es of deformation. A strong and steep NW-SE-oriented
foliation (§;) is asymmetrically folded, with a weak N—
S-striking axial planar cleavage (S,, Fig. 55a). An over-
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Fig. 54. a) Mylonitised Archaean metagranitoid in the Kiru-
na—Naimakka deformation zone. Kinematic indicators show
western-side-up movement. View looking north. Lappisoivi,
6 kilometres W of Naimakka (7631800-1726200). b) Strongly
sheared phyllonitic margin of a 50 metres wide mafic dyke in
Archaean metagranitoids.The shear zone is part of the NNE-ori-
ented Kiruna—Naimakka deformation zone.View looking west.
c) Close-up of sheared dyke margin in b). Shear bands indicate
western-side-up movement.View looking south. Lammasvaara,
4 kilometres NW of Naimakka (7639650-1725580).

lying Svecofennian metaconglomerate shows only one
weak foliation (Fig. 55b), which is subparallel to S, in
the tuffites. The possibility therefore exists that D, oc-
curred before deposition of the Svecofennian rocks and
that only D, affected both groups. Another possibility is
that competence contrasts led to strain partitioning and
that all deformation is post-Svecofennian. Detailed study
using other methods and in other areas is needed to con-
firm or refute this poorly known tectonic episode.

Cliff et al. (1990) noted that a granophyric dyke with
a U-Pb zircon age of 1880+3 Ma, which crosscuts the
main magnetite body at Kiirunavaara, appears to have
suffered limited deformation. The dyke is not conform-
able with the strong N-S grain in the region, which
probably formed during a major phase of deformation
before 1880+3 Ma. Using the age of the iron ore at Luos-
savaara, just north of Kiirunavaara (1888+6 Ma, Romer
et al. 1994), also for the Kiirunavaara ore, together with
the stated error limits, the deformation would have oc-
curred between 1894 and 1877 Ma ago (Fig. 3). Eriksson
& Hallgren (1975) describe an early phase of folding and
formation of diopside-tremolite skarn in the Sautusvaara
iron mineralisation (25 kilometres E of Kiruna) prior to
the intrusion of porphyritic dykes.

As stated previously, radiometric age determinations
have not proved significant age differences between the
Haparanda suite and the Perthite monzonite suite. How-



Fig. 55. a) Tuffitic, graphite-bearing mafic metavolcanic rock
(Greenstone group) with a strong steep fabric (S,). Both bed-
ding and this fabric are asymmetrically folded and a weak axial
planar cleavage (S,) is developed. Iso Sattavaara, 7 kilometres
S of Lannavaara (7556360-1758870). b) Svecofennian metacon-
glomerate with clasts of mainly felsic metavolcanic rocks. Note
imbrication of clasts. A weak fabric in this rock is subparallel to
the second foliation in a). The strong, steep fabric in the mafic
rock (S,) may have formed before deposition of the conglom-
erate.View to the east. Saarirovivaara, |0 kilometres S of Lan-
navaara (7553590-1759540).

ever, where rocks from the two suites can be observed
near cach other (e.g. near Stora Sjéfallet and NW of
Kiruna), rocks from the former suite are foliated and re-
crystallised whereas rocks from the Perthite monzonite
suite are apparently undeformed. Magmatism during a
deformation event that rapidly decreased in intensity
could explain these observations. It is not known wheth-
er the deformation was regionally synchronous or dia-
chronous. Using ages with error limits from the Ren-
sjon—Vittangi area, and assuming synchronous deforma-
tion in this area, deformation between 1888 and 1872
Ma ago is indicated (Fig. 3). The undeformed appear-
ance of rocks belonging to the Perthite monzonite suite
led Skisld & Ohlander (1989) to conclude that this suite

should be late- to postorogenic with respect to the Sve-

cofennian orogeny. While it appears to be valid that these
rocks are late- to post-tectonic in some areas, they are
clearly not late- to postorogenic since the bedrock in
other parts of the map area was strongly deformed and
metamorphosed at a later stage.

At Kursumaa, southwest of Muonionalusta, the in-
trusive contact between an undeformed granitoid of
Jyryjoki-type and a strongly deformed and recrystallised
granitoid is exposed. The deformation event recorded
in the metagranitoid must predate the intrusive age of
1853+21 Ma for the Jyryjoki granitoid. A deformed
quartz diorite (Haparanda suite) at Puristakero can be
used to give an upper age limit of 1873423 Ma for that
deformation. The event is thus poorly constrained to
have occurred in the time range 1896-1832 Ma ago
(Fig. 3).

Late Svecokarelian deformation (c. 1.8 Ga)

In the south-central part of the study area there is an ar-
cuate zone of high-grade metamorphic rocks, which is
spatially related to the margins of the large Lina granite
intrusion. This suggests that this metamorphism is re-
lated in time to the formation and/or emplacement of
the granite, i.e. around 1.8 Ga ago. Late Svecokarelian
deformation and metamorphism can be demonstrated
in some areas, but it can also be shown that other areas
(e.g. Kursumaa, see above) were unaffected by that event.
A common observation in plutonic rocks in the eastern
part of the area is that the rocks of the Haparanda suite
have a strong foliation, while granite dykes of the Gran-
ite-pegmatite association show a weak foliation which
is conformable with the strong foliation (Fig. 56). This
suggests that the Granite-pegmatite association intruded
during the late stages of regional deformation.

From migmatitic rocks in the area S of Pajala, meta-
morphic U-Pb ages in the range c. 1810-1774 Ma have

Fig. 56. Metadiorite intruded by red granite and pegmatite. The
latter contains a weak fabric which is conformable with the
strong fabric in the metadiorite. Muodosjoki, 10 kilometres
NW of Muonionalusta (7559940-1816260)
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been reported (Bergman & Skisld 1998). This implies
that the Pajala shear zone was also active at that time.
Titanite ages of 1797-1783 Ma have been reported by
Hiltunen (1982) from the Rautavaara area in Finland,
NE of Huuki. In the northeastern part of the map area,
the age of the late Svecokarelian deformation event is less
well constrained. It must have occurred after 1856+8 Ma
ago, which is the age of the deformed intrusion at Pingis-
vaara, SE of Karesuando. Possibly the deformation there
is coeval with the one in the Pajala area.

Foliated rocks are very common in the large intrusion
of Lina granite referred to above. The intensity of the
foliation increases towards the Karesuando—Arjeplog de-
formation zone in the west, where granite mylonites are
present. This deformation must be younger than 1778+7
Ma, the age of the Lina granite.

At the present state of knowledge, late Svecokarelian
deformation and metamorphism appears to have oc-
curred mainly in relation with shear zones and near c. 1.8
Ga old intrusions. Further study is needed to more pre-
cisely define the areal extent of this event, which is well

known from central and southern Sweden.

Models for deformation in the Kiruna area

The well-studied Kiruna area has been subject to several
different interpretations regarding stratigraphy and struc-
tural development. Vollmer et al. (1984) found evidence
for one major episode of compressional deformation
(compression direction 10° to the WNW). A strong ex-
tension direction plunges 60° to the SSE, parallel to fold
hinge lines. They suggested that the Kiruna area occupies
the eastern limb of a major antiform, cored by granitic
rocks to the west, and that the strain pattern was caused
by diapirism.

Detailed structural mapping and strain analysis was
done by Wright (1988), who distinguished four sepa-
rate deformation events. Early WNW-directed thrusting
(with formation of mineral lineation) was followed by
folding and subvertical cleavage development due to the
formation of thrust ramps. Later events caused the for-
mation of crenulation cleavage, open folds, kink bands,
and shear zones.

Talbot & Koyi (1995) suggested westward thrusting
and formation of an imbricate fold-thrust belt with si-
multaneous deposition of conglomerate and quartzite in
a foredeep in front of the thrusts. A foliation would then
have formed as the allochthonous rocks were intruded by
diapirs of remobilized basement. However, the deforma-
tion zones in the Kiruna area are steep and must have
rotated a significant amount if they originated as thrusts.
They are part of a regional pattern (Fig. 2) of steep de-
formation zones and it is highly unlikely that all these
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zones have rotated. The presence of thrusts in the Kiruna
area is therefore not favoured here. Furthermore, Wright
(1988) found that diapirism is inconsistent with e.g.
the following evidence: the cleavage does not mirror the
pluton contacts, minor structures indicate vergence to-
wards the plutons, strain intensity is not correlated with
distance from plutons, and intrusive contacts are unde-
formed. He regarded the plutons as having intruded via
dykes and as having been enlarged by stoping.

BRITTLE AND BRITTLE-DUCTILE
DEFORMATION ZONES (INCLUDING
LATE- TO POSTGLACIAL FAULTS)

Brittle and brittle-ductile deformation zones are rarely
exposed and have thus mainly been interpreted from
geophysical data. From filtered magnetic and gravity
field data, major discontinuities which can be traced sev-
eral kilometres downwards into the crust were extract-
ed. There are three different groups of discontinuitues
with the orientations NW-SE, NNW-SSE and NNE—~
SSW (which seems to turn into the NN'W-orientation to
the south, Fig. 50). All three groups are found through-
out the area, which underlines their regional significance.
The two latter trends coincide with the orientations of
several shear zones, e.g. the Karesuando-Arjeplog defor-
mation zone and the Nautanen deformation zone. Near-
surface lineaments (Fig. 50) follow the major trends
(Fig. 57) but also outline significant local features like
the circularly arranged structures more or less parallel to
the contour of the high regional gravity anomaly in the
northeast. It is important to note that in this special case
there is a clear distinction between the interpreted mag-
netic lineaments which are parallel to the ductile struc-
tural trend and those based on altitude data which cut
that trend at high angles. The latter lineaments show
no lateral displacement and no alteration of iron-bearing
minerals occurred.

Somewhat more than 10 percent of all magnetic
lineaments are recognised as faults with an apparent dex-
tral shear sense component. Their orientations are pref-
erably NW-SE and they are evenly distributed (Fig.
58). Another 5 percent have an apparent sinistral shear
sense component and they are almost exclusively orient-
ed NE-SW, i.e. perpendicular to the former. This indi-
cates faulting during N-S shortening. Unfortunately, the
observed number of sinistral faults is not high enough
to determine if there actually is a conjugate relationship
between these two sets of faults. This kinematic pattern
differs from that of the ductile deformation, which sug-
gests that all these deformation zones formed in differ-
ent stress regimes and are not the result of progressive de-



Fig. 57. Rose diagram showing the distribution of lineaments in-
terpreted from magnetic field data (blue, n = 667), altitude data
(red, n = 663), and the distribution of glacial striations (grey,
n =1 407).

formation of the crust during uplift and cooling. Faults
with a vertical displacement component can locally be
detected in magnetic total field data. Two examples from
the Vittangi-Lainio area where the northeastern blocks
are elevated relative to the southwestern blocks are shown
as dotted lines in Fig. 10.

Magnetic lineaments are often concentrated near or
within shear zones as in the southern part of the Karesu-
ando—Arjeplog deformation zone to the west of Gilli-
vare (see above). Brittle deformation zones which are
parallel to ductile shear zones are difficult to recognise
but can be detected locally where they are discordant
to the shear zones. A great number of lineaments in-
terpreted from magnetic and altitude data coincide in
position and length, but there are some crucial differ-
ences, as demonstrated in Fig. 57. Lineaments interpret-
ed from altitude data concentrate around two principal
directions (305° and 45°) significantly different from
those observed from magnetic field data (325° and 20°).
Orientations of glacial striae, which are also shown in
Fig. 57, coincide rather well with the first group. This
suggests that fracturing without alteration of magnetic
properties can only be recognised in altitude data, as
exemplified above. Another, more trivial, explanation is
that linear landscape relief features of Quaternary depos-
its with no correspondence to the bedrock beneath have
been included. However, glacial structures are generally
short in length. As only lineaments longer than 5 000
metres have been included, probably very few of the in-

Fig. 58. Rose diagram showing the orientation of faults inter-
preted from magnetic data along which there occurred an
apparent dextral (black, n = 85) and sinistral (red, n = 42) dis-
placement component.

terpreted lineaments have been mistaken as faults or frac-
ture zones.

Earlier geological and geophysical works have present-
ed analyses of lineaments in the sense described here
(Ambros 1980, Lindroos & Henkel 1981, Padget 1977,
Witschard 1970, 1975). In all of them, two or three
characteristic concentrations of orientations are indicat-
ed. The NW-SE direction is found in all of them, which
confirms the regional importance of that lineament di-
rection. The other maxima correspond to local patterns
that are hidden in the regional pattern.

Large parts of the Karesuando—Arjeplog deformation
zone and the Pajala shear zone have been reactivated
as brittle deformation zones. Zones with similar NNE~
SSW orientations are also common in the northwestern
part of the map area. Spectacular deep and narrow valleys
("kursu valleys”) are common features in the east-central
part of the map area. They usually have a NW-SE orien-
tation and have been formed by glacial erosion of brittle
deformation zones. Not only do they make a characteris-
tic break in the landscape topography but they also con-
spicuously cut the magnetic field pattern. The magnetic
depression they cause may be ascribed to the magne-
tite-consuming formation of chlorite during or after de-
formation. Other NW-SE-oriented brittle deformation
zones are common throughout the map area. Due
to the poor exposure little is known about the
nature of these zones and their fracture fillings. Some
alteration zones and mineralisations are controlled by
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Fig. 59. a) Gently dipping, characteristic fractures in the Lina granite. Liinajoki, 23 kilometres NW of Gillivare (7473760-1694400).
b) The late- to postglacial Parve fault at Rapokvare, |6 kilometres ESE of Stora Sjofallet (7484000- 1 624000).View looking east.

fracture zones (see the chapter on "Mineral occurrenc-
es”). Monazite and titanite from the fracture-filling
monazite+titanite+apatite+stilbite assemblage at Malm-
berget have yielded U-Pb ages of 1740-1735 Ma and
1620-1613 Ma, respectively (Romer 1996). Gently dip-
ping fractures are characteristic in many granitic intru-
sions in the area (Fig. 59a).

Faults that moved in late- to postglacial times have
been documented by Lagerbick & Witschard (1983).

Most of them are located in the western part of the map
area (Fig. 50) and show eastern-side-up movement.
These faults are very difficult to trace in magnetic
field data but are easily observed in electromagnetic VLF
data. The Pirve fault, a 155 kilometres long fault system
(Lundqvist & Lagerbick 1976, Fig. 59b), was interpret-
ed by Riad (1990) as the result of transpression with a

northwest—southeast oriented compression direction.

METAMORPHISM

The designation of metamorphic grade is based on the
classification by Winkler (1979) and is similar to that
used for the Nordkalott map (Krill et al. 1988). On
the map (Fig. 60), three different metamorphic grades
are distinguished. In areas marked as high-grade, the
rocks are generally migmatitic with some degree of par-
tial melting. They may contain sillimanite and K-feld-
spar, and they do not contain prograde muscovite. Some
garnet and cordierite may be present. In areas marked as
medium-grade andalusite, prograde muscovite, garnet,
cordierite, and staurolite may be present. Quartzofeld-
spathic veins are uncommon. In some areas where an-
dalusite is the dominating aluminum silicate, sillimanite
may locally be found. The areas marked as low-grade are
the Kiruna and Stora Sjéfallet areas. The rocks in these
areas may contain chlorite and zoisite/clinozoisite.

The information used to assign metamorphic grades
to the different areas has been taken from printed maps
and other publications and from field notebooks (stored
in the archives of SGU in Malg) from previous fieldwork
in the area. This information has been complemented
with new field data, and thin section observations ob-
tained in this project have also been used. The results
from nine new pressure-temperature determinations are

presented below.
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REGIONAL METAMORPHIC VARIATIONS

The distribution of areas with rocks of different meta-
morphic grade is shown in Fig. 60. The Archaean rocks
are generally high-grade, but medium-grade rocks also
exist, at least locally. However, available data is limited in
this area and no distinction between high- and medium-
grade has been made.

Proterozoic high-grade metamorphic rocks are found
in the eastern and south-central parts of the map area.
Thorough recrystallisation, quartzofeldspathic veining,
and various stages of migmatitisation are characteristic
features of these areas. Sillimanite and, in some places,
cordierite are present in favourable rock-types (Figs.
61a—c). In the northeastern area, metamorphic orthopy-
roxene is locally present in mafic rocks, indicating condi-
tions of granulite high-grade metamorphism.

Proterozoic medium-grade metamorphic rocks are
found throughout the map area. In aluminous rocks, an-
dalusite (Fig. 61d), cordierite, and muscovite are com-
mon. The major metamorphic minerals in mafic rocks
are hornblende and plagioclase.

The metamorphic grade is lowest in the Kiruna and
Stora Sjofallet areas, where excellent primary structures
are present (Fig. 23a, b). The rocks are normally true



PAC950581

Allochthonous rocks

Proterozoic metamorphic
(Caledonian orogen)

supracrustal and intrusive
rocks:

|:| Low-grade
|:| Medium-grade

Sedimentary cover
(Vendian—Cambrian)

Ductile shear zone

JUNEN

|:| High-grade
2 \ Proterozoic intrusive rocks,
; . Sample number unmetamorphosed or only
50 km Jalie Naimakka ®  PIT determination (kbar/'C) locally metamorphosed
/ (<1.88 Ga)
Archaean rocks
(> c.2.68 Ga)
g
g
Karesuando
/ PAC961021A
/ STB971001 & 2.6/615 ®
°
3.5/665 R\
Ovre ® | annavaara
Soppero Muonionaltsta
o
Kebnekaise / /
Y L]
gg%%oozw Lainio
STB971108® 3 Vittangi
4.0/630 Svappavaara STB951052
6.2/690
o K&98:4-2 Il '/
Masugnsbyn 2.6/510 ®
St k- Sjofallet
ora Sjofallef
j
sTB951021C /]
4.1/515 Pajala
/ N N
Tarendd L{{J
o
Gallivare

Fig. 60. Metamorphic map of the northern part of Norrbotten county. High-grade rocks are found in the eastern and south-central
parts of the area and low-grade rocks are found in the Kiruna and Stora Sjofallet areas in the west. Sample locations and results of
pressure-temperature determinations are shown. Examples of localities where boundaries between medium- and high-grade meta-
morphism are controlled by deformation zones are marked by A. KADZ = Karesuando—Arjeplog deformation zone, KNDZ = Kiru-
na—Naimakka deformation zone, NDZ = Nautanen deformation zone, PSZ = Pajala shear zone.

low-grade but transitions to medium-grade locally occur.
The mineralogy of the mafic metavolcanic rocks (horn-
blende, actinolite, chlorite, plagioclase, albite, epidote) in
the Kiruna area indicates that they were metamorphosed
in upper greenschist to lower amphibolite facies. In the
Stora Sjofallet area, the characteristic low-grade paragen-
esis chlorite+actinolite+epidote exists in mafic rocks (e.g.
Zachrisson & Witschard 1995b). Secondary white mica
has been observed in shear zones in both areas.

Some of the boundaries between metamorphic zones
are controlled by deformation zones. This is particularly
evident across the Pajala shear zone, the Nautanen de-
formation zone, and a deformation zone S of Fjillasen
(A in Fig. 60). In other places, metamorphic isograds
appear to cross lithological units without obvious struc-
tural control, e.g. NW of Pajala.

METAMORPHIC TEMPERATURE AND
PRESSURE DETERMINATIONS

A complete set of analyses for making quantitative de-
terminations of metamorphic temperature and pressure
was carried out for nine samples. The minerals present in
these samples are given in Table 6. Seven samples were
collected from metasedimentary rocks, mainly metaargil-
lites, and two from tuffitic mafic metavolcanic rocks
(K498:4-2 and STB951052). For each sample, a repre-
sentative analysis of garnet, biotite, and plagioclase is
given in Tables 7-9. The garnet zoning profiles are flat
or show a weak retrograde zoning with slightly increas-
ing contents of MnO from core to rim. Core analyses
have been used in this case for thermobarometric calcu-
lations. Only one sample (K498:4-2) has a bell-shaped
MnO-profile, indicating growth zoning. For this sample,
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Fig. 61. a) Metaargillite with up to 4-centimetres-large por-
phyroblasts of sillimanite. Vuotnavare. 20 kilometres SSE
of Kiruna (7517000-1694530). b) Veined and folded meta-
sedimentary gneiss. Light grey aggregates along the folded
foliation consist of sillimanite. Tiankijoki, 22 kilometres NW of
Térend6 (7478720-1776540). c) Cordierite-bearing mesosome
in migmatitic metaarenite. This rock has given a U-Pb zircon and
monazite age of c. I1810 Ma (Bergman & Skidld 1998). Pen points
at purple cordierite crystals. Karivaara, |0 kilometres S of Pa-
jala (7466570-1826940). d) Andalusite porphyroblasts in meta-
sedimentary rock. Pahakurkio, 14 kilometres SSE of Masugnsbyn
(7484840-1770100).

rim analyses were used. The results of the thermometric
and barometric calculations are presented in Fig. 62 and
Table 10. The polygons in Fig. 62 indicate the spread of
analytical values from several measurements in each thin
section.

The pressure-temperature results show that the north-
ern part of Norrbotten county is a low to intermediate
pressure province, metamorphosed under variable tem-
perature conditions. Seven samples have pressures of 2—4
kbar, whereas the other two samples yield 6-7.5 kbar. As
there are different episodes of metamorphism in the area,

S. BERGMAN, L. KUBLER & O. MARTINSSON

the age of metamorphism is probably not the same for
all samples. It is therefore unclear if the higher pressures
record a separate event or if higher and lower pressures
are recorded from the same event. Temperature values
in medium-grade areas are in the range of 510-570°C.
In high-grade areas, the values range between 615 and
805°C. It cannot be ruled out that some samples were
affected by some retrograde reactions, which would
affect the results. The studied Archaean rocks are also
high-grade and yield temperatures of 665 and 715°C.
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Fig. 62. Diagram of pressure-temperature determinations.
Sample locations are shown in Fig. 60. Stability fields for the
aluminosilicates are from Holdaway (1971).

TABLE 10. Results of thermobarometry. Method numbers
refer to the following methods: |I. Garnet-biotite thermom-
etry (Hodges & Spear 1982) and garnet-biotite-plagiocla-
se-quartz barometry (Hoisch 1989), 2. Garnet-biotite ther-
mometry and garnet-plagioclase-sillimanite-quartz barome-
try (Hodges & Spear 1982). Sample locations are shown in
Fig. 60 and the results are plotted in Fig 62.

Sample P (kbar) T (°C) Method
Ka98:4-2 2.6 510 |
STB951021C 4.1 515 |
PAC940026D 36 570 |
PAC961021A 2.6 615 2
STB971108 4.0 630 2
STB971001 35 665 2
STB951052 6.2 690 |
PAC95058I 38 715 2
STB94005| 7.5 805 |

TECTONIC EVOLUTION OF THE NORTHERN PART
OF NORRBOTTEN COUNTY

The nature and timing of Archaean events of defor-
mation and metamorphism are poorly constrained, but
one event occurred less than 2679+12 Ma ago, which is
the age of the youngest deformed Archaean rocks. The
northwest—southeast-oriented foliation in the northern-
most part of the map area was possibly formed at this
time.

In the earliest Proterozoic, a continental rifting event
started with the intrusion of ultramafic-mafic rocks at c.
2.44 Ga ago. The deposition of the Karelian supracrustal
rocks and intrusions of extensive swarms of mafic dykes
and sills, up to c. 2 Ga ago, reflect deposition in a rift-
ing-related tectonic setting. The stratigraphical record
of the well preserved rocks of the Greenstone group
in the Kiruna area demonstrates a change from initial
clastic sedimentation, evaporite deposition, and WPB-
type (within-plate basalt) volcanism to later eruptions
of MORB-type (mid-ocean ridge basalt) magmas in
an extensive subaqueous basin (Martinsson 1997). Sev-
eral types of stratiform-stratabound mineralisations were
formed at this time. Shoaling of the basin and sub-
sequent uplift and erosion mark the end of the rifting
event and possibly an event of ductile deformation.

The Svecokarelian orogeny (c. 1.96-1.75 Ga ago) in-
cludes at least two major stages of rock formation, re-
gional deformation, and low to intermediate pressure
metamorphism in the map area. During the early stage
(c. 1.96-1.86 Ga ago) there was an important change of
magmatism and intensity of deformation at c. 1.88 Ga
ago, possibly related to a shift from a subduction-related
tectonic setting to an extensional environment (Martins-

son & Perdahl 1995). Within a very short time interval,
the magmas changed from calc-alkaline or alkali-calcic
(Porphyrite group and Haparanda suite) to more alkaline
compositions (Porphyry group and Perthite monzonite
suite). This change was accompanied by rapid cessation
of regional ductile deformation and metamorphism. The
rocks of the Perthite monzonite suite, together with simi-
lar rocks south of the map area, form an approximately
north—south trending belt, which may indicate an east—
west extensional direction at that time. The younger Sve-
cofennian metasedimentary rocks (e.g. at Stora Sjofallet)
were probably deposited in a continental environment
after the main orogenic event. In the eastern part of the
map area, the Jyryjoki granite (Granitoids, c. 1.86-1.84
Ga) is post-tectonic relative to a phase of regional defor-
mation and high-grade metamorphism. This phase may
be a late expression of the early stage of the Svecokarelian
orogeny or a separate local event.

During the late stage (c. 1.86-1.75 Ga ago) of the
Svecokarelian orogeny, the pre-existing rocks were re-
worked and three generations of new magmas were
formed (Granite-pegmatite association, Granite-syeni-
toid-gabbroid association, and <1.8 Ga old gabbro, me-
tagabbro and diabase). The regional deformation was in-
homogeneous and largely confined to deformation zones
(e.g. the Karesuando—Arjeplog deformation zone and the
Pajala shear zone). The kinematic data collected in these
zones show dominantly steep movement directions with
western-side-up kinematics in the west and eastern-
side-up kinematics in the east. Local observations of dex-
tral movement, together with interpretations of impor-
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tant dextral components from form lines and magnetic
data, suggest that the deformation occurred in a dextral
transpressive regime. Some of the large fold structures
which are located near regional deformation zones may
have formed earlier but attained their present shapes at
this time. An east—west- to northeast—southwest-orient-
ed shortening component of the regional deformation
is consistent with available data. High-grade, low to in-
termediate pressure metamorphism was confined to the
eastern and south-central parts of the map area, associat-
ed with deformation zones and intrusions of the Granite-
pegmatite association at mid-crustal depths. These rocks
were probably formed from melts that were generated
during the high-grade metamorphism. The intrusions of
the Granite-syenitoid-gabbroid association were formed
deeper in the crust in connection with the input of
mantle-derived magmas. These intrusions may have been
important agents for heat transport from deep- to mid-
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crustal levels. A large mafic intrusion below the present
ground surface in the eastern part of the map area
also caused extensive high-grade metamorphism and fed
mafic intrusions at higher crustal levels. The magmatic
and tectonic activity during the Svecokarelian orogeny
promoted locally extensive hydrothermal alteration and
formation of mineral deposits.

Faults and fracture zones were formed during several
deformation events, at times associated with the forma-
tion of epigenetic mineral deposits. If the apparent fault
displacements interpreted from magnetic data occurred
during the same event, two conjugate fault systems in-
dicate an approximately north-south shortening direc-
tion. Most late- to postglacial faults show eastern-side-up
movement, and the Pirve fault was interpreted as hav-
ing formed as a result of transpression with a northwest—
southeast oriented compression direction (Riad 1990).



EXCURSION GUIDE

The five-day excursion provides an overview of the gen-
eral geology of the northern part of Norrbotten county.
The major aims of the excursion are to show examples
of rock types from most of the major rock units and
their geophysical properties, to show examples of differ-
ent types of mineral deposits, and to demonstrate vari-
ations in structural style and metamorphic grade. Sever-
al key localities for the interpretation of the stratigraph-
ic relationships and the structural development in the
area are included. The excursion is designed to start and
end in Kiruna, and to make overnight stops in Vittangi,
Karesuando (alternatively, Karesuvanto in Finland), and
Pajala.

units) that have been measured with portable equipment
on outcrop. “Susc x10-°” are magnetic susceptibility val-
ues measured on samples in the laboratory. “Suredata”
refers to earlier collected petrophysical data and "NRM”
stands for natural remanent magnetisation. The contents
of the three elements potassium, uranium (in equivalents
U), and thorium (in equivalents Th) were measured in
situ by means of gamma ray spectometry. The informa-
tion in parentheses after the locality name (e.g. 29] 5f,
7526400-1675775) refers to the topographic map sheet,
the square within the map sheet and the map coordi-
nates (northing-easting) in the Swedish National Grid
(RT 90).

Density values are given in kg/m?. The abbreviation
”SUS” means magnetic susceptibility values (10 SI-

Day | (half day)

1:1 Saarijirvi (29] 5f, 7526400-1675775)

Archaean granite and overlying sequence of Karelian supracrustal rocks:

a. Archaean light red, medium-grained granite with an age of 2710+4 Ma (ion-probe, Skisld & Page 1998). Spaced
low-grade foliation. SUS=20-400.

LUK949025 Density: 2608 Susc x10°: 436 NRM (mA/m): 50 Q-value: 0.28

b. Increasing degree of alteration in weathering zone in the granite (7526510-1675875). Decreasing quartz content
and growth of actinolite and scapolite.

c. Basal clastic breccia overlying the Archaean granite (7526500-1675950). Fragments of fine-grained and medium-
grained granite (+metavolcanic rock?) in amphibole-rich matrix. The chemical composition of the matrix is different
from that of the greenstones, and shows addition of Ca, Fe, Mg, and CL

d. Arenitic unit overlying the breccia (7526525-1675955). SUS=500-3 000. Strong scapolitisation. There are a few
round, undeformed quartz pebbles in the arenite.

e. Volcaniclastic unit (50 m thick, 7526585-1675920) with green cm-thick beds alternating with strongly scapolitised
beds. A 15-cm-wide metadiabase dyke cuts the bedding at a high angle. The scapolite content is 70-80 % in both the

volcaniclastic rock and the metadiabase.

f. Metabasalt (7526610-1675930) in the lowest stratigraphical unit of the Greenstone group in the Kiruna area.
Quartz-filled amygdules are 1-2 c¢m in size. The composition is tholeiitic WPB with a TiO, content of 1.6 %. Strong
scapolitisation. SUS=2 000—7 000. Zircons from this locality have been dated to c. 2.7 Ga (ion probe, Skisld & Page
1998).

If time permits, these localities can also be visited:

g. Fine-grained red dyke, possibly associated with the Porphyry group, in contact with the basal breccia (7526710-
1675785). The dyke rock is similar to clasts in the breccia.

h. Massive scapolitised metadiabase, several generations of scapolite veins (7526795-1675790). SUS=20 000.

i. Facies variation of the basal breccia: polymict conglomerate with pebbles of granite, felsic volcanic rock and vein
quartz (7526950-1675800). The conglomerate is overlain by bedded coarse sandstone and siltstone with dm-thick
beds.
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1:2 Koivu-Kuosanen (29K 4b, 7523700-1706050)
Weakly porphyritic quartz monzonite belonging to the Perthite monzonite suite. Dark grey plagioclase phenocrysts, in
many cases with a thin light plagioclase rim. Enclaves can be observed. In biotite-rich parts a foliation and a lineation

can be observed. The rock has a U-Pb zircon age of 1879+7 Ma (Skisld & Ohlander 1989).

1:3 Mertainen (29K 4c, 7521000-1710870)

Iron mine from the 1950s, total production c. 0.4 Mt. Apatite iron ore of breccia-type in metatrachyandesite (Porphyry
group). In the waste dump, boulders with e.g. magnetite-cemented breccia, magnetite veins and disseminated magnet-
ite can be found. Among the alteration minerals amphibole and scapolite are noted.

Previous petrophysical sampling has been made in the host rock. It is highly magnetic and is clearly discerned on the
magnetic anomaly map.

Suredata (6 samples) Density: 2807 Susc x10°: 11223 NRM (mA/m): 7310 Q-value: 1.90

1:4 Ryyppo-Talli (29K 3h, 7519150-1737250)
"Booze pine” natural memorial. Red porphyritic granite (Perthite monzonite suite). There are several indications of
magma mingling/mixing: Rapakivi texture, hybrid enclaves, skeletal plagioclase and dark anorthite-rich plagioclase.

U-Pb zircon dating has yielded an age of 1863 or 1826 Ma (Skisld 1981b).

Petrophysical values from samples collected from a similar granite c¢. 600 m to the NE.

LUK970070 Density: 2610 Susc x10°: 1067 NRM (mA/m): 140 Q-value: 0.32
LUK970070 K (%): 3.9 U (ppm): 1.8 Th (ppm): 21.5
Day 2

2:1 Mikkelirova (29K 5j, 7526100-1747050)

Road-cut in the northern part of the Vittangi gabbro (Perthite monzonite suite) which shows medium-grained,
isotropic gabbro. Fine-grained parts exist. There are biotite-rich aggregates and pockets with blue quartz, plagioclase,
biotite and pyrite.

Suredata Density: 2936 Susc x10%: 7734 NRM (mA/m): 2178 Q-value: 0.80

Average of 8 samples within an area 3 000 m south of stop 2:1.

2:2 Jarkastakka (30K 7g, 7586730-1733600)
a. Archaean metagranitoids with metadiabase dykes. The dykes cut an Archacan N-S gneissic foliation, and they them-
selves have a NNE-oriented Svecokarelian foliation. Locally both foliations can be observed in the metagranitoids.

U-Pb zircon dating from this locality has yielded ages of 2834+40 Ma (protolith age) and c. 2.7 Ga (metamorphic age,
Skisld 1979b).

LUK960750 Density: 2627 Susc x10°: 233 NRM (mA/m): 15 Q-value: 0.22

LUK980022: K (%): 2.8 U (ppm): <0.5 Th (ppm): 1.5

The uranium contents are usually close to zero in the Archaean metagranitoids in this area. Thorium values vary from
zero to maximum 10 ppm.

b. A few hundred metres to the east (7586540-1734040): Shear zone in metadiabase with folded foliation. The strain is
heterogeneous and there are transitions from metadiabase to amphibolite mylonite. The shear sense is western-side-up.

LUK960760 Density: 3076 Susc x10°: 115 NRM (mA/m): 0 Q-value: 0
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2:3 NW of hill 451 (30K 6i, 7582440-1745000)
Folded, intermediate metavolcanic rock (SUS=25-40) of possible Archaean age is intruded by pegmatite (SUS=0) and
grey metagranite. All rocks are foliated.

Total radiation: 7-8 uR/h in intermediate metavolcanic rock, 9 WR/h in pegmatite. At other places in this area 23-27
UR/h has been measured in pegmatite.

To the east there is a tectonic contact (western-side-up) towards strongly foliated to mylonitic feldspathic quartzite

(Tjdrro quartzite). Pale green mica and quartz veins are concentrated in a 50-cm-wide zone.

LUK961180 Granite? Density: 2606 Susc x10%: 5 NRM (mA/m): 0 Q-value: 0
LUK961180 Granite? K(%): 5.9 U (ppm): 30.5 Th (ppm): 51
LUK961160 Quartzite K(%): 1.5 U (ppm): 0.1 Th (ppm): 4.2
LUK961170 Pegmatite K(%): 5.3 U (ppm): 71 Th (ppm): 66.2
LUK961190 Interm.metavolc. K(%): 3.2 U (ppm): 5 Th (ppm): 20.2

2:4 SE of hill 451 (30K 6j, 7581620-1745800)

Albite-bearing metadiabase dyke (U-Pb zircon age 1874+10 Ma, Skicld 1981b) in greenstones of the Greenstone
group. An older generation of albite-bearing metadiabase, with ages of c. 2.2 Ga, is common in the greenstone areas
in Sweden and Finland.

LUK960640 Density: 2809 Susc x10®°: 3605 NRM (mA/m): 180 Q-value: 0.12 Decl/incl: 225/60

2:5 WSW Teukkavaara (30K 6j, 7580950-1746800)

Albite-carbonate alteration of greenstone and metadiabase. The degree of alteration varies within a >50 m wide
zone. Albite-carbonate alteration is common in a belt between Karesuando and Svappavaara, partly affiliated with
Cu-mineralisation.

The area has previously been extensively sampled for petrophysics. Within a 250 m radius 4 samples are registered.

Suredata (3 samples) Density: 2642-2955 Susc x10°: 5667-15846 Q-value: 0.09-0.84

TIP960090 Density: 2911 Susc x10%: 27286 NRM (mA/m): 7690 Q-value: 0.69 Decl/incl: 246/86

2:6 Teukkajirvi (30K 5-6j, 7580000-1749400)

Dark green Jatulian metabasalt and metadiabase (Greenstone group). Some zones in the metabasalt contain amygd-
ules filled with quartz, carbonate or chalcopyrite. Heterogeneous deformation is indicated by both undeformed and
strongly deformed amygdules. SUS=70-100. Total radiation: 1-1.5 uR/h.

2:7 S Luspavaara (30L 6a, 7580240-1750880)
Greenstone with variable degree of scapolitisation. Scapolite is partly found throughout the rock or concentrated in
fractures or faults. Epidote alteration is also seen.

Suredata Density: 2993-3167 Susc x10%: 74-95 Q-value: 0.08-0.16

2:8 Mertajirvi (30L 9¢, 7598730-1762710)
Pegmatite cut by a few metres wide ductile shear zone. The stretching lineation plunges gently to the south. Inclusions

of older rocks are common.

LUK960220 Density: 2575 Susc x10%: 2 NRM (mA/m): 10
If there is time the historical monument at Jirimi, 15 km W of Karesuvanto in Finland, may be included in the

visit. On the hillside to the monument there is an excellent exposure of a weathered Archaean metagranite overlain by
Palacoproterozoic conglomerate and quartzite.
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Day 3

3:1 Paittasjirvi (30L 8i, 7590560-1791170)

Gneissose granodiorite and subordinate granite of the Haparanda suite. U-Pb zircon dating has yielded an age of
1880+28 Ma (Skisld 1979a). Small mafic inclusions exist. Pegmatite dykes and veins with varying degrees of deforma-
tion indicate that the pegmatite was formed during the deformation. SUS=2 000.

LUK960250 Density: 2747 Susc x105; 1259 NRM (mA/m): 100 Q-value: 0.2
LUK960250 K (%): 2.6 U (ppm): 0.1 Th (ppm): 5

Compare spectrometric data with chemical analysis.

3:2 Pingisvaara (30L 8i, 7593650-1794290)

"The table-tennis mountain”. Grey, fine-grained, very strongly deformed granodioritic gneiss (Intrusive rocks,
1.86-1.84 Ga). Veins of at least four generations can be distinguished; some are isoclinally folded. Dating sample taken
a few km to the north, in an area with the same rock, containing only few veins. The age, 18568 Ma (magmatic
zircons), indicates that this massif belongs to an intrusive suite with a less common age in northern Norrbotten county.
It also indicates that the high-grade metamorphism is neither Archaean nor early Svecokarelian.

LUK960800 Density: 2656 Susc x10%: 603 NRM (mA/m) 40 Q-value: 0.16

The following data come from a similar rock type from two localities, one 1 000 m to the south, one 4 km to the north.

TIP960220 Density: 2720 Susc x10-5: 5152 NRM (mA/m) 190 Q-value: 0.16
TIP960260 Density: 3057 Susc x10°: 86 NRM (mA/m): 10 Q-value: 0.29
TIP960220 K (%): 1.8 U (ppm): 0.9 Th (ppm): 7.6
TIP960260 K (%): 3.8 U (ppm): <0.5 Th (ppm): 20.6

3:3 W Haikamavaara (30L 7j, 7585340-1796540)

Fine-grained banded gneiss, similar to the rock at stop 3:2 but much less deformed. In an outcrop 50 m from the road,
a banded veined gneiss is crosscut by at least six generations of granite and pegmatite veins. Some bands are rich in
pyroxene and amphibole. Average orientation of banding is NE-SW.

LUK960261 (Gneiss) Density: 2615 Susc x10%: 768 NRM (mA/m): 30 Q-value: 0.1
LUK960261 K(%): 2.7 U (ppm): 1.5 Th (ppm): 14.4

LUK960260 (Pegmatite) Density: 2616 Susc x10%: 3225 NRM (mA/m): 310 Q-value: 0.24
LUK960260 K (%): 3.4 U (ppm): 0.9 Th (ppm): 22.4

3:4 Palovaara (30M 4a, 7574760-1803540)
Finely banded metaarenite (interpreted as Svecofennian in age) with pegmatite veins. Banding and veins are folded, and
there are small-scale shear zones.

LUK960270 Density: 2629 Susc x10%: 4 NRM (mA/m): 0 Q-value: 0
LUK960270 K (%): 3.8 U (ppm): <0.5 Th (ppm): 1.5

3:5 Kivilaki (30M 4a, 7573700-1803280)

Fine-grained, vaguely banded amphibolite with conformable leucocratic veins. The amphibolite is locally
pyroxene-bearing. SUS=800-7 000. Granite is subordinate. Similar amphibolites in Finland have been interpreted as
Jatulian in age.

LUK960290 Density: 2907 Susc x10°: 6240 NRM (mA/m): 520 Q-value: 0.2
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3:6 Rukojoki (30M 2b, 7560700-1807680)
Reddish grey, K-feldspar porphyritic, strongly foliated granitoid (Haparanda suite). Inclusions of fine-grained amphi-
bolite similar to that at stop 3:5. At least five generations of dykes or veins. At one pegmatite dyke an apparent "sini-

dextral” deformation zone can be observed.

LUK961040 Density: 2667 Susc x10%: 1689 NRM (mA/m): 640 Q-value: 0.93

3:7 Kursumaa (29M 8c, 7541100-1811830)

Reddish grey, fine grained granitic gneiss (Haparanda suite) crosscut by a weakly porphyritic, weakly foliated granite
of Jyryjoki-type (Intrusive rocks, 1.86—1.84 Ga). The gneiss-forming event must have occurred before 1853 Ma ago,
and late-Svecokarelian deformation and metamorphism is weak in this area. Pegmatite has partly intruded along the
contact.

STB971085 Density: 2653 Susc x10%: 2602 NRM (mA/m): 100

3:8 Puristakero (29M 8d, 7542480-1817540)

Metaquartzdiorite (Haparanda suite), thoroughly recrystallised but still showing a recognisable magmatic texture.
There are two U-Pb zircon ages: 1880 Ma (Lindroos & Henkel 1981) and 1873+23 Ma (Skisld 1981a). Veins and
dykes of red granite and pegmatite.

BOM950215 Density: 2839 Susc x10°: 1209 NRM (mA/m): 140 Q-value: 0.28

3:9 Naakajirvi (29M 5b, 7526000-1807620)
Deeply weathered gabbro dyke (<1.8 Ga old) intruded by granite and pegmatite. Ring-shaped gabbro intrusions of this
type are found in several places in the eastern parts of the map area.

Rock type Density: Susc x10°:  NRM (mA/m): Q-value:
BOM950104 Gabbro 3000 19061 920 0.12 Gabbro at stop 3:9
LUK950036 Gabbro 2860 9796 700 0.18 Gabbro slightly east of stop 3:9

Values below come from a granite south of the ring-structure (c. 1 000 m south of stop 3:9). Values are similar to Lina

granite.

LUK950037A Granite 2637 1598 247 0.374
LUK950037B Granite 2595 933 67 0.173
LUK950037A Granite K (%):49 U(ppm):2.3  Th (ppm): 24.6

3:10 Aareajoki (29M 2c, 7512100-1813300)

The last stop of the day is at the kursu” at Aareajoki, a deep valley caused by the glacial erosion of a NW-SE brittle
deformation zone. Rock types are red granite (Granite-pegmatite association) and gneissose monzonite (Haparanda
suite) in the bottom of the valley. The deformation zone can be traced a long distance on the magnetic anomaly map,
and it is part of an extensive system of brittle NW-SE deformation zones, which is characteristic for the eastern parts
of the map area. These zones are also visible on VLF-maps, where available.

Granite:
LUK950052: Density: 2606 Susc x10%: 37 NRM (mA/m): 10 Q-value: 0.66

Gneissose monzonite:
LUK950056: Density: 2787 Susc x10%: 781 NRM (mA/m): 67 Q-value: 0.22
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Day 4

4:1 Karivaara (28M 3f, 7466570-1826940)

Banded Svecofennian metaarenite, locally with purple cordierite, which is representative for the metaarenitic gneisses
that occupy large areas of S of Pajala. This locality lies within a low-strain zone in the Pajala shear zone. Metamorphic
zircon and monazite from the metaarenite have yielded an age of c. 1810 Ma (Bergman & Skisld 1998).

Suredata: Density: 2770 Susc x10%: 728 NRM (mA/m): 554 Q-value: 1.83

Average of 5 metaarenite samples collected within a radius of 5 km from stop 4:1.

Suredata Density: 2783 Susc x10®°: 1703 NRM (mA/m): 3248 Q-value: 1.42
LUK980013 K (%): 1.6 U (ppm): 1.5 Th (ppm): 8
LUK980014 K (%): 1.8 U (ppm): 1.4 Th (ppm): 8.9

(c. 80 metres distance between these two measurements)

Stratigraphic profile in the Ludikovian rocks in the upper part of the Greenstone group:

a. Picritic lapilli tuff with 44 % SiO,, 19.2 % MgO, 1300 ppm Cr. It occupies the core of an anticline, flanked by
tuff-tuffice, BIE graphite schist and dolomite. The zircon age of the picrite is 2055+146/-117 Ma (SGU, unpublished

results)

STB951023 Density: 3087 Susc x10%: 2286 NRM (mA/m): 4990 Q-value: 5.36

b. Tuff to tuffite (7495830-1805400), partly graphitic and impregnated by sulphide, and locally rich in garnet.

c. Silicate-facies BIF (7495740-1805420), subordinate oxide-facies. Banding in dm—mm scale, with chert, silicates and
magnetite. The total thickness of the banded sequence is ¢. 200 m. Metre-sections in drill cores contain 14-25 % Fe
and 0.7-2.6 % Mn.

d. Dolomite (7494650-1805790), mostly of high purity with c. 22 % MgO and 29 % CaO. Small amounts of amphi-
bole and locally chondrodite. In the lower part the dolomite is interlayered with tuffite. Total thickness 150-200 m.

On top of the dolomite there are Svecofennian intermediate metavolcanic rocks (1880+3 Ma, SGU, unpublished re-
sults) and clastic metasedimentary rocks, which may be correlated with the Pahakurkio group.

4:3 Loukkumaa (28M 9c¢, 7495820-1811050)

Pale red, isotropic, weakly porphyritic granite of the Granite-pegmatite association. In the northern part there is a
c. 20-m-wide xenolith of cross-bedded metasedimentary rock with porphyroblasts of cordierite (?).

The density of the granite is 2 630 kg/m? (average of 11 samples)

LUK980007 K (%): 3.9 U (ppm): 2.6 Th (ppm): 20.1

4:4 Viiksvaara (29L Oh, 7500020-1786280)

Weakly foliated, weakly porphyritic, locally banded monzonite (Granite-syenitoid-gabbroid association, 1797+15 Ma,
SGU, unpublished results). Centimetre-sized aggregates of biotite exist.

BOM950180 Density: 2809 Susc x10: 6321 NRM (mA/m): 780 Q-value: 0.3
LUK980029 K (%): 3.3 U (ppm): 5.3 Th (ppm): 15.2

Both spectrometric and petrophysical properties (susceptibility between 3 000 x10- and 7 000 x10~ SI) are typical for
monzonites in the map area.
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4:5 Masugnsbyn (28L 9d, 7497480-1767130)

Skarn-rich iron formation and dolomite in the upper part of the Greenstone group:

a. Magnetgruvan, skarn iron ore, discovered in 1642, mine production until the early 19th century. Later investigations
have shown a total tonnage of 60 Mt ore containing 30 % Fe. Magnetite affiliated with amphibole-pyroxene-serpentine
skarn and some Fe-sulphide. Locally relatively large amounts of chondrodite. Uranium-mineralised fractures have been
discovered.

b. Dolomite quarry (7497380-1766900) run by Norrbottens Jirnverk AB from 1952 to 1972, now run by LKAB.
Dolomite is used as additive in pellets. The SiO, content is as low as 1.5 %, which is essential for industrial purposes.
Olivine, amphibole, chlorite, pyrite and calcite exist in low amounts. The normally 100-200 m thick dolomite is the
uppermost unit in the Greenstone group, and occurs between the greenstones and the Svecofennian supracrustal rocks.
At the quarry the dolomite is thickened, and the thickness exceeds 300 m.

4:6 Pahakurkio (28L 6d, 7484800-1770220)

Svecofennian metasedimentary rocks:

a. Gently dipping, andalusite porphyroblastic mica schists. They are intruded by tourmaline-bearing pegmatite.
Minor folds are consistently north-vergent. Towards the south the metamorphic grade increases and the aluminum sili-
cate is sillimanite. Intercalations with intermediate metavolcanic rocks suggest that the metasedimentary rocks of the
Pahakurkio group are of Svecofennian age.

Suredata Mica schist Density: 2804 Susc x10%: 2285 NRM (mA/m): 283 Q-value: 0.91

Suredata represents the average of 5 samples of mica schist. The average of magnetisation is high, but there are large
variations, probably due to magnetic banding.

Spectrometric measurements have been made on an outcrop with similar rocks 800 m W of 4:6:

LUK950022 K (%): 4.2 U (ppm): 16.3 Th (ppm): 5.3

b. Quartzite with layers rich in heavy minerals, cross bedding and ripple marks (7484800-1769100).

LUK950024 Density: 2649 Susc x10%: 10 NRM (mA/m): 0 Q-value: 0
LUK950024 K (%): 2.5 U (ppm): 1.1 Th (ppm): 9.8
Day 5

5:1 Lehtovaara (29K 3j, 7515500-1745890)

In the south there is an outcrop by the road with a grey, foliated, enclave-bearing metamorphosed quartz monzo-
diorite (Haparanda suite). To the north and in the forest (7515620-1745900) there is a red enclave-bearing metamor-
phosed quartz monzonite with aplite dykes. This rock probably also belongs to the Haparanda suite. One sample from
Lehtovaara is among a suite of samples that taken together have yielded a U-Pb zircon age of 1886+14 Ma (Skisld
1988).

Suredata Density: 2633 Susc x10°: 1293 NRM (mA/m): 147.8 Q_ value: 0.28
LUK980021 Quartz monzonite K (%): 4.1 U (ppm): 1.3 Th (ppm): 7.5

5:2 Jalketkurkkio (29K 4h, 7522440-1737500)

Epigenetic copper mineralisation discovered in the beginning of the last century and which has been investigated by
excavation. The mineralisation consists of breccia fillings and veins of pyrite-magnetite-chalcopyrite-calcite in albitised
rocks (Greenstone group) associated with graphite schist and metadiabase. Biotite alteration, scapolitisation and pyrite
impregnation can be seen in the wall rocks.

Suredata Density: 2899 Susc x10%: 697 NRM (mA/m):645 Q-value: 1.99
Petrophysical data from 4 samples of metadiabase within 200 m of stop 5:2.
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5:3 Nunasvaara (29K 4h, 7523390-1736280)

The graphite schists in the Greenstone group at Nunasvaara were discovered in 1910 and have been investigated several
times. The latest investigation, made in the 1980s, concerned use as a fuel for heating in Kiruna. The graphite content
varies between 20 and 37 % in a 15-30 m wide section. Iron sulphides are found as fracture mineralisation, and the
sulphur content is commonly a few percent. Galena and sphalerite are locally found as late fracture mineralisations.
A metadiabase sill has intruded in the lower part of the schists, and near the contact they are strongly albitised. The
graphite schists are overlain by partly scapolitised mafic tuffs.

Petrophysical data from 2 samples of metadiabase near stop 5:3:

Suredata Density: 2948 Susc x10°: 2800 NRM (mA/m): 653 Q-value: 1.11

5:4 Gruvberget (29K 2-3d, 7515000-1719950)

a. Apatite iron ore in intermediate to mafic metavolcanic rocks (Porphyrite group). The deposit consists of 74 Mt ore
containing 50-60 % Fe and 1 % P. The main part of the ore consists of hematite which is locally weathered to sand.
The well-exposed northern part, however, is dominated by magnetite. Calcite and apatite are subordinate, and titanite
is locally found. Scapolitised metadiabase dykes crosscut the ore.

b. An epigenetic copper mineralisation (7515115- 1719915) is found in the strongly altered wall rocks to the iron ore,
mainly in the footwall. The copper mineralisation was discovered in 1654, and during the latter part of the 17th cen-
tury nearly 1 000 tonnes of raw copper were produced in Svappavaara. The copper mineralisations with chalcopyrite
and bornite are in the contact zone between the iron ore and its wall rocks, parallel to NE-SW metadiabase dykes. The
host rocks to the mineralisations are associated with K-feldspar alteration, scapolitisation, garnet-pyroxene-amphibole
skarn, scapolite and zeolites.

5:5 Valkeasiipivaara (29] 7g, 7539900-1684800)
Profile stratigraphically upwards in the upper part of the Greenstone group and the lower part of the Svecofennian
supracrustal rocks.

a. Pillow lava with mid-ocean ridge basalt composition. Pillows with dark margins of devitrified glass. Amygdules,
filled with chlorite and magnetite, occur along the margins. The space between pillows is filled by quartz. SUS=1 000-
10 000.

b. Tuffite intercalation (7539800-1684850). Variably developed NN'W-SSE foliation overprints N-S banding. A local

jaspilite boulder is found near the outcrop.

c. Fine-grained serpentinite (7539800-1684900) with c. 5 mm pseudomorphs after pyroxene (?). The rock contains
27-28 % MgO and 1 500-2 000 ppm Cr. Fractures filled with chrysotile. The serpentinite can be followed 2—-3 km on
the magnetic anomaly map. SUS=20 000-30 000.

d. A c. 1 m wide dyke of quartz with carbonate in patches (7539740-1684900).

e. A thick flow of massive metabasalt which grades into pillow lava in the upper part (7539670-1684940). The compo-
sition is similar to low-K tholeiites. Actinolite porphyroblasts in plagioclase-actinolite matrix. SUS=100-200. Epidote
veins strike NW-SE.

f. Primary contact between pillow lava of the Greenstone group and the Svecofennian Kurravaara conglomerate
(7539700-1685000). The pebbles in the lower part of the conglomerate consist of greenstones and subordinate inter-
mediate metavolcanic rocks. In the upper part the pebble material is dominated by intermediate metavolcanic rocks,
with minor amounts of jasper, magnetite ore and carbonate rocks. SUS=10 000-15 000.

g. Kurravaara metaconglomerate and metasandstone (7539740-1685095). The conglomerate pebbles mainly consist of
intermediate metavolcanic rocks.

h. Fine-grained, grey metadacite-metaandesite (7539440-1685200). SUS=3 000—4 000. Intermediate metavolcanic
rocks are found both as layers and pebbles in the metaconglomerate.

LUK941006 Metabasalt Density: 3027 Susc x10%: 23206 (mA/m): 5150 Q-value: 0.55 Decl/incl: 108/86
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5:6 Luossavaara (29] 7h, 7538350-1685800)

Profile stratigraphically upwards through the Svecofennian rocks in the Kiruna area.

a. Trachyandesitic lava of the Porphyry group, so-called syenite porphyry, with magnetite- and titanite amygdules.
Strong albitisation. Dating of titanite has yielded an age of 1876+6 Ma (Romer et al. 1994).

b. Feldspar-porphyritic metarhyodacite, so-called quartz-bearing porphyry (7538620-1686180), of the Porphyry

group.

LUK980032 K(%): 3.3 U (ppm): 1.7 Th (ppm): 18.7

The petrophysical data represents an average of 11 metarhyodacite samples from the centre of Kiruna town. This
metavolcanic rock always has high magnetic susceptibility. High Q-values are common. Compare with values from
Mertainen (stop 1:4)

Suredata Density: 2680 Susc x10°: 5452 NRM (mA/m): 3850 Q-value: 2.06

c. Trench through the unit called Lower Hauki (7538790-1686440) with strongly deformed and altered metavolcanic
rocks (with the local names "Rektor porphyry” and "Hauki syenite porphyry”), iron ore and fragment-bearing rocks.

d. Metasedimentary rocks, mainly conglomeratic with pebbles of iron ore and porphyritic rocks (7538720-1686540).
The local name for this unit is Middle Hauki.

e. Feldspathic quartzite with cross bedding and some conglomeratic layers (7538500-1686750). This unit belongs to
the Younger Svecofennian supracrustal rocks and has the local name ”"Upper Hauki”.
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