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Abstract 

Volcanism and volcanic processes are important factors for ore formation. The 

environment of the volcanism plays an important role for which type of ore that will be 

formed. For instance, massive sulphide deposits are now being formed in mid-ocean 

ridges and submarine back-arc environments, whereas epithermal gold deposits are being 

formed in volcanic fumarole fields. The ultimate mechanism of formation for both these 

ore types is the thermal activity of the volcanism combined with circulation of water, in 

the first case seawater circulation and in the second case groundwater circulation. In 

areas with older bedrock, the tectonic environment that resulted in the formation of 

volcanism and ores can often be determined by the geochemical character of the volcanic 

rocks in combination with the distribution of associated rock types. 

During the c. 1.9 Ga old Svecofennian orogeny large amount of volcanic rocks 

were formed in Bergslagen, the Skellefte District and Norrbotten. Both the iron ores and 

the sulphide ores in the Precambrian of Sweden mainly occur in the volcanic areas. The 

genesis of the ores were closely associated to volcanic processes. Geochemical studies of 

the volcanic rocks and alterations related to the ores have been performed in Bergslagen 

and the Skellefte District, but in Norrbotten no major study has been carried out. Only 

minor studies in close connection to the ores in northern Norrbotten have previously been 

done. The purpose of this thesis is to make an overall characterization and classification 

of the volcanic rocks north of the Skellefte District. This improves the understanding of 

the tectonic setting prevailing when the volcanic rocks were formed, and provides a 

better basis for the exploration of ores in the area. 

The volcanic rocks north of the Skellefte District were previously considered to 

have been formed by processes related to a subduction zone directed to the north below 

the Skellefte District. The results of this thesis show that the volcanic rocks can be 

divided into several types with a geographical distribution. Calcalkaline volcanic rocks 

are found in the Luleå area, in the Arvidsjaur area and in parts of eastern and northern 

Norrbotten, while alkali-calcic and alkaline volcanic rocks are found in the westernmost 

parts of Norrbotten and in the Kiruna area. Some of the volcanic rocks have been formed 

in compressional environment similar to that found in the Andes, whereas others were 

formed in extensional environments. Stratigraphical evidence and isotopic age 

determinations indicate that the Svecofennian volcanic rocks in the areas north of the 

Skellefte District were emplaced during several periods. The results show that a more 

complex model is necessary to explain the formation of the volcanic rocks. Probably 

more than one subduction zone have been active, and extension has occurred in at least 

two events. 
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Svecofennian volcanism in northernmost Sweden 

Introduction and regional geology 

Sweden is a part of the Baltic Shield, a large area with Precambrian rocks in 
Sweden, Finland, northern Russia and Norway. The Baltic Shield consists of an 
Archaean craton (>2.6 Ga) to the north-east, and Proterozoic lithologies to the south-west 
(Fig.l). 

Extensive magmatism has occurred during several periods within the Baltic Shield. 
Prior to c. 2.0 Ga ago magmatism was mainly related to the rifting of the Archaean 
craton, which led to the formation of Archaean and Paleoproterozoic riftogenic basalts 
and sediments (Greenstone Group), followed by deposition of graywacke sediments. 
After 2.0 Ga there was a period of quiescence, which was followed by a period 
dominated by compressional tectonism that lasted until 1.75 Ga (Gaål & Gorbatschev 
1987). When the compressional regime started is poorly known. Age determinations 
indicate that it may have started between 1.97-1.93 Ga (Kontinen 1987, Vaasjoki and 
Sakko 1988; Skiöld et al. 1993; Wasström 1993). Major magma- and crustal-forming 
periods occurred at 1.9-1.87 Ga (Svecofennian orogeny) and at c. 1.8-1.75 Ga. The latter 
was mainly a period of crustal reworking and formation of granites (Gaål & Gorbatschev 
1987) . Reworking of Archaean crust is restricted to an area north of the Luleå-Jokkmokk 
zone (LJZ, Öhlander et al. 1993) and north of Ladoga-Raahe zone (Vaasjoki & Sakko 
1988) . 

The Svecofennian orogeny produced large amounts of intermediate to felsic 
magmatic rocks, where distribution and chemical composition of the magmatic rocks 
together with the occurrence of sedimentary rocks (i.e. in the Bothnian Basin), has been 
interpreted in different plate-tectonic models (Hietanen 1975; Adamek & Wilson 1979; 
Pharaoh & Pearce 1984; Rickard 1986; Wilson et al. 1987). For instance, the occurrence 
of subaerial volcanic rocks north of the Skellefte district with its marine volcanic rocks 
has been interpreted to indicate a north-dipping subduction zone below the Skellefte 
District (Adamek & Wilson 1979). Subaerial volcanic rocks have been considered to be a 
homogeneous group formed under similar conditions and tectonic environment. This 
group has commonly been called the Kiruna-Arvidsjaur Porphyry Group (Lundqvist 
1979; Witschard 1984). 

In order to study the subaerial volcanic rocks a project dealing with the volcanic 
rocks and mineralizations in southern Norrbotten was started in 1987. The aim of the 
project was to by penological and lithochemical studies characterize the volcanic rocks 
hosting Cu-Zn-Pb-sulphide ores and to compare these with the volcanic rocks in the 
Skellefte District. This study was expanded to include volcanic rocks farther to the north. 

Summary and comments 

This dissertation is a summary of 5 papers dealing with the geochemistry and 
petrology of the Svecofennian volcanic rocks north of the Bothnian Basin. In addition, 
there are 4 papers that are indirectly linked to the volcanism and the crustal evolution 
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Fig.l . Lithostratigraphic map of Baltic Shield modified after Gaäl and Gorbatschev 
(1987) and Loberg (1993). SD= Skellefte District BB= Bothnian Basin 
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during the Svecofennian orogeny. 
Papers I and I I deal with the chemical character of the Kiruna-Arvidsjaur Porphyry 

Group on a regional scale. The three following papers (I I I , IV and V) contain a more 
detailed description and discussion of volcanic rocks formed in different environments: 
arc environment in the Luleå area (III), a change from marine to subaerial conditions in 
an arc environment and tension within the arc in the Bure area (IV) and a rift generated 
flood basalt environment in an area SW of Kiruna (V). The following papers (VI , VI I , 
V I I I and IX) deal with various aspects on the volcanic rocks, mineralizations and 
character of ore fluids that have been active simultaneously with the volcanic rocks. 

Paper I 

Paper I (Petrochemical and petrological characteristics of 1.9 Ga old volcanics in 
northern Sweden) describes the chemical character of the Kiruna-Arvidsjaur Porphyry 
Group (KAPG). The KAPG is a heterogeneous group including several subgroups, that 
had formed under subaerial to shallow water conditions. 

The area immediately north of the Skellefte District is divided into three 
subprovinces (Perdahl and Frietsch 1993). Each subprovince contains its special type of 
volcanism. In the Luleå subprovince calc-alkaline volcanic rocks with a rather high 
proportion of andesites occur. These volcanic rocks are the most primitive ones in 
southern Norrbotten. They formed in an early stage in an arc environment. The volcanic 
rocks in the Arvidsjaur subprovince have a higher portion of dacites-rhyodacites than the 
volcanic rocks in the Luleå area, and they have a more alkali-calcic chemical character. 
Andesites are subordinate. The high proportion of felsic varities suggests that the 
volcanic rocks were formed in a mature volcanic arc, with a large crustal component. 
Nd-isotope investigations (Öhlander et al., 1993) show, however, that the crust only had 
a minor Archaean component. The chemically most evolved volcanic rocks are found in 
the westernmost parts, the Arjeplog subprovince, comprising bimodal basatts-andesites 
and rhyodacites-rhyolites. During late stages of the volcanism, volcanic rocks and high 
energy immature conglomerates were deposited in rift basins (Offerberg 1959). The most 
important differences among the volcanic rocks in the different subprovinces, except 
from the Si-distribution, are Ti-content in the basalts and andesites and Zr-content in the 
felsic volcanic rocks. 

In northernmost Norrbotten in the Kiruna subprovince, the volcanic rocks show a 
large spread in chemical composition. It is concluded that a further subdivision is 
appropriate. The trachytic chemical character of some of the intermediate volcanic rocks 
in Kiruna indicate that rifting was important. 

The zonation of the volcanic rocks immediately north of the Skellefte District, with 
the most primitive arc volcanic rocks to the east and the most evolved volcanic rocks to 
the west, is probably time-dependent, but the present geochronologic database is 
insufficient to prove this. The volcanic rocks were formed during a rather long time span, 
according to present age determinations (1.91-1.86 Ga, Skiöld 1987; Skiöld et al. 1993). 
The distribution of the subaerial volcanic rocks can not be used as evidence for the 
simple model with one single subduction zone. 
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Paper I I 

In paper I I (Paleoproterozoic extensional and compressional magmatism in northern 
Sweden), volcanic rocks in northern Norrbotten are discussed to demonstrate that the 
Svecofennian volcanic rocks can be divided two separate groups: the Porphyrite Group 
and the Kiruna Porphyries. 

The Porphyrite Group consists of intermediate volcanic rocks that occur 
stratigraphically lower than the Kiruna Porphyries, probably representing the oldest 
Svecofennian volcanic rocks (Offerberg 1967). But, volcanic rocks with similar chemical 
composition seem to have been deposited from the Archaean to the early Svecofennian as 
indicated by the stratigraphy in the Viscaria area (Martinsson 1991, 1992). The volcanic 
rocks of the Porphyrite group are dominated by andesites. They are typical arc andesites 
with relatively low Ti , Zr and high A l contents. They have high alkali contents that are 
not caused by differentiation, but probably reflect anomalous high contents of alkali in 
the crust. 

The Kiruna Porphyries have a bimodal mafic-felsic distribution with predominance 
of felsic volcanic rocks. The majority of the mafic volcanic rocks are found in the 
stratigraphically lowest part. The andesites of the Kiruna Porphyries are higher in Ti , P, 
V, Y, and Zr and lower in Cr than the andesites of the Porphyrite Group. 

These differences are mainly due to tectonic setting for the different types of 
volcanism. The older Porphyrite Group was emplaced during a compressional regime in 
the early stage of the Svecofennian orogeny, whereas the Kiruna Porphyries were formed 
as the result of a mantle plume or extensional tectonism at c. 1.90-1.88 Ga. The scarcity 
of felsic arc volcanic rocks within the Kiruna area implies that the arc volcanism north of 
the Archaean border was rather short lived and ceased around 1.89 Ga (Cliff et al. 1990, 
Romer et al. 1994). 

Paper I I I 

Paper I I I (Svecofennian volcanic arc rocks in the Luleå area, northern Sweden) 
describes the volcanic arc rocks on the Archaean side of the Archaean-Proterozoic 
boundary zone in the Luleå area. The Luleå Porphyries consist of andesites in the lower 
part and rhyodacites in the upper part. The latest event is represented by the fluorite-
bearing high-Si rhyolites. The andesites are mainly amphibole-porphyric, with a typical 
arc chemistry, the amphibole is secondary replacing pyroxene. However, they have 
relatively low Al-content (c. 14-16 % AI2O3) which suggests that the subducted material 
had a small component of sediments. The Luleå Porphyries have rather high Sr and Cr 
contents indicating that pyroxene was early and plagioclase was late in the 
differentiation. Amphibolites in the metasedimentary rocks surrounding the Luleå 
Porphyries are chemically different and resemble rift tholeiites. 

The Luleå Porphyries constitute early arc volcanism during the Svecofennian 
orogeny deposited on the Archaean continental crust. The age of the volcanic rocks is not 
known. Dating of a tonalite that was supposed to be a basement culmination gave c. 1.89 
Ga (Öhlander et al. 1987). However, i f the granitoid is intrusive into the volcanic rocks, 
the volcanic rocks must be older than 1.89 Ga. 
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Paper IV 

Paper IV (The marine-continental transition of the Early Proterozoic Skellefte-
Arvidsjaur volcanic arc in the Bure area, northern Sweden) describes the successive 
change from marine environment to terrestric environment in the Bure area, western 
Norrbotten. The supracrustal rocks are divided into three different formations: The 
marine Stalo Formation, the Bure Formation dominated by terrestric volcanic rocks, and 
the terrestric sedimentary Loito Formation. The Stalo Formation consists of greywackes 
with increasing contents of mafic-intermediate volcanogenic material in the upper part. 
The Bure Formation is characterized by alternating felsic and upward increasing amounts 
of mafic-intermediate volcanic rocks with intercalations of volcanogenic conglomerates. 
The mafic-intermediate volcanic rocks are porhyric tuffs and amygdalous lavas. The 
Loito Formation consists of polymict conglomerates with intercalations of arkosic and 
tuffitic sandstones. 

This change from marine to terrestric environment has been considered to constitute 
the contact between the uppermost part of the Skellefte Group and the lower part of the 
Arvidsjaur Porphyries. Our results show, however, that the terrestric volcanic rocks in 
the area studied are chemically different from the Arvidsjaur Porphyries and propably 
reflect a higher stratigraphical position. The volcanic rocks are chemically evolved and 
are similar to the extensional Arjeplog volcanic rocks. These could be slightly younger 
than the Arvidsjaur Porphyries (see also Paper I). 

Paper V 

Paper V (Early Proterozoic flood basalt magmatism in the Kiruna area, northern 
Sweden) gives a detailed stratigraphy of the lower part of the Kiruna Porphyries. It is 
shown that the Kiruna Porphyries started with a thick (>4 km) compositionally 
homogenous, often amygdalous, basaltic unit, followed by a mixed unit with basalts, 
andesites and dacites. Upon these a thick rhyodacitic tuff unit was deposited. The basalts 
in the lower part part form a c. 700 m thick cyclic units. Each unit shows a strong 
fractionation with increasing Ti, V and Zr towards the top of each cycle. The alkali 
contents in the basalts increases with increasing Ti and Zr contents, indicating that the 
alkali contents are primary and caused by fractionation. The chemistry of the basalts is 
similar to recent floodbasalts formed within continental and oceanic plates. The 
rhyodacites are unusually rich in Ti and Zr, indicating that they belong to an alkaline 
volcanic series. Plagioclase was an early crystallizing mineral indicating a low pressure 
regime for the magma chamber. 

The thick sequence of within-plate basalts suggests that the lower part of the Kiruna 
Porphyries were formed in a floodbasalt setting. The magma chamber must have been 
large since it could melt large volumes of the crust resulting in the formation of 
rhyodacites. 

Paper V I 

Paper V I (Sulphur isotopes in lower Proterozoic iron and sulphide ores in northern 
Sweden) presents the sulphur isotopic composition in sulphide minerals from various 
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ores and mineralizations of different ore types, occurring from the Skellefte district to 
northernmost Norrbotten. The data show that the sulphides formed in volcanogenic 
terrains in the southwestern part have a narrow spread around zero per mil 834S. These 
sulphides probably had formed from hydrothermal near-surface solutions carrying a 
magmatic sulphur component. Those in the westernmost part (Iekelvare, Askelluokta, 
Ballek Norra and Lullepotten) have more negative values, which may be attributed to a 
somewhat higher oxygen fugacity at the time of ore formation. The ores and 
mineralizations in northern Norrbotten show a large spread in sulphur isotopic 
composition which indicates that sulphate was the main sulfur-carrying complex in the 
fluids. 

This distribution of areas with different sulphur isotopic characteristics coincides 
with the Luleå-Jokkmokk Archaean-Proterozoic boundary zone. This indicates that the 
character of the crust partly have influenced the composition of the magmas and the 
fluids involved in ore formation. 

Paper V I I 

Paper V I I (Rare earth elements in apatite and magnetite in Kiruna-type iron ores 
and some other iron ore types) shows that the rare earth element contents in apatite and 
magnetite in Kiruna type iron ores varies in deposits from various parts of the world. The 
chondrite normalized patterns show that all ores have a magmatic origin, and that apatite, 
magnetite, and associated magmatic rocks in each ore have a common origin. This 
indicates that apatite iron ores of Kiruna type may be formed in most types of magmatic 
environments, including rocks that have alkaline to calc-alkaline character and range 
from andesitic to felsic composition. Common for all Kiruna type ores is that they were 
formed on a continental crust often proximal to large fault systems. 

The source for this ore type is to be found in magma chambers, with a relatively 
large crustal component. The process for the separation of the magnetite magma and 
iron-rich fluids from the related silicate magma is still unproved, liquid immiscibility 
between a silicate melt and iron-rich melt being the most favoured one. 

Paper V I I I 

Paper V I I I (The significance of lead isotopic compositions of galena in 
Paleoproterozoic mineralizations, northern Sweden) presents lead isotopic composition in 
galena from ores and mineralizations from the Skellefte District in the south to northern 
Norrbotten. Lead isotopes are useful in getting information of timing, genesis and crustal 
source of ores and rocks. However, the isotope system is easily disturbed i f lead is added 
during metamorphism or tectonization. The lead isotopic composition in galena in 
Norrbotten can be divided into two groups radiogenic (galena with disturbed system) and 
nonradiogenic. The radiogenic galena are found dominantly north of the Archaean-
Proterozoic boundary zone (LJZ), whereas nonradiogenic are found south of LJZ. Two 
deposits north of LJZ are nonradiogenic, both are galena-rich and have model ages 
around 2.0 Ga (Huornaisenvuoma and Askelluokta). One of the Huomaisenvouma 
galenas have lead isotopic composition similar to those of the Outokumpu ore. Most of 
the radiogenic galena occur where the supracrustals are dominated by sedimentary rocks, 
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whereas the nonradiogenic galena mainly occurs in areas dominated by volcanic rocks. 
The galena found in southern Norrbotten mineralizations have lead isotopic composition 
similar to those found in the Central Finnish Batholith. 

Paper IX 

Paper IX (Geochronology of the Kiruna Iron Ores and Hydrothermal Alterations) 
compiles and add chronostratigraphic data in the surroundings of the Kiirunavaara iron 
ore. The most important conclusion is that the 1500 Ga event (Cliff & Rickard 1992) is 
rejected as the data show evidence of multiple disturbance and are fully compatible with 
tectonic events at 1.9 Ga and 400 Ma. 

Magmatic titanite from a magnetite-titanite vein in the footwall of the Luossavaara 
iron ore gave a U-Pb age at 1888±6 Ma, whereas hydrothermal titanite from an amygdule 
in the Kiirunvaara footwall syenite porphyry gave an age at 1876±9 Ma, which indicates 
that hydrothermal processes were active after the ore formation. The syenite intrusion in 
the footwall may have caused hydrothermal Na-alterations that have overprinted 
alterations related to the formation of the iron ore. 

A U-Pb age determination of titanite from a syenite intrusion in Saarijärvi, SW of 
Kiruna gave an age at 1792±4 Ma. The chemistry and age of the syenite are similar to 
those of granitoids belonging to the Transscandinavian Igneous Belt. 

Mineralizations within the Svecofennian volcanic rocks 

The subaerial environment was not favourable for the formation of syngenetic 
mineralizations. However, magmatic and some shallow water syngenetic mineralizations 
are found. The Kiruna Porphyries host and are syngenetic with the magmatic Kiruna-type 
iron ores. Shallow water syngenetic mineralizations are found in the uppermost part of 
the Arjeplog Porphyries (Rappen-Ultevis) within rift basins, and a number of Pb-Zn-Cu 
mineralizations are found in the lower part of the Arvidsjaur Porphyries in the Moskosel 
area together with deposition of carbonate rocks and turbiditic volcanogenic sedimentary 
rocks. A large number of epigenetic mineralizations, especially Cu, are found within the 
volcanic rocks. 

Porphyry-Cu and epithermal mineralizations should be found within the subaerial 
volcanic rocks but hitherto only one porphyry-Cu mineraliztion has been recognized, the 
Tallberg deposit in the Skellefte District (Weihed 1992). 

Conclusions 

The evolution of c. 1.9 to 1.87 Ga old Svecofennian volcanism to the north of the 
Skellefte ore district started with andesitic arc volcanic rocks, found in northern and 
eastern part of Norrbotten. Archaean contintental crust were involved in the genesis of 
the Svecofennian volcanic rocks (Öhlander et al. 1993). The andesites are overlain by the 
anorogenic 1.91-1.88 Ga old Kiruna Porphyries (Skiöld & Cliff 1984; Cliff & Rickard 
1992; Romer et al. 1994), which is the result of an extensional event with deposition of 
flood basalts and melting of the lower crust giving voluminous felsic volcanism. 

The volcanic rocks in southern Norrbotten (i.e. Arvidsjaur and Arjeplog Porphyries) 
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are felsic dominated. Arvidsjaur Porphyries represents an arc volcanism that was formed 
in a mature arc deposited on a thick continental crust with reworking of Proterozoic 
crustal material, Archaean crustal material has not been involved or to a minor extent 
(Öhlander et al. 1993). The Arjeplog Porphyries are stratigraphically above the 
Arvidsjaur Porphyries and represents an extensional event in a continental back-arc 
environment. 

The c. 1.95-1.93 Ga old tonalitic magmatism found in Finland and Sweden 
(Vaasjoki and Sakko 1988; Skiöld et al. 1993; Wasström 1993) may have given 
intermediate volcanic rocks which might be found in northern Norrbotten. Andesites are 
found in several stratigraphic levels, as intercalations in the Greenstone Group and below 
the Pahakurkkio Group (Martinsson 1992; paper II). 

This thesis shows that the subaerial Svecofennian volcanic rocks north of the 
Skellefte District are heterogeneous and that the name Kiruna-Arvidsjaur Porphyry 
Group should be abandoned or used only without genetic implications. Common for the 
volcanic rocks is that they were formed in a continental environment during the 
Svecofennian orogeny. 
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ABSTRACT 

Palaeoproterozoic, ~ 1.9 Gaold, subaerial felsic to mafic volcanics of the Kiruna- Arvidsjaur Porphyry Group (KAPG) 
are abundant in northernmost Sweden. The felsic-dominated KAPG is situated north of a proposed north-dipping subduc
tion zone along the boundary between the Archaean craton in the northeastern part of the Baltic Shield and juvenile 
Proterozoic crust in the south. The geochemistry of the volcanics indicates that plate-tectonic and volcanic-arc processes 
similar to recent ones occurred in northern Sweden ~ 1.9 Ga ago. The volcanics were formed in extensional as well com
pressional environments. Calc-alkaline volcanics mark compression in the south and in the east. Mildly alkaline volcanics 
occurring in the west were formed in an extensional setting. The same rift zone gave rise to a basin filled with a thick 
sequence of younger sediments. On the basis of regional differences in geochemistry and petrology, the K A P G has been 
divided into the Kiruna, Arjeplog, Arvidsjaur and Luleå subprovinces. The volcanics in the Skellefte ore district south of 
the KAPG occurrence area have a volcanic-arc character and can be related to the volcanics of the Arvidsjaur subprovince 
immediately to the north; however, the latter are subaerial whereas the Skellefte volcanics represent a marine facies. The 
northerly Kiruna subprovince represents a different tectonic environment with a mafic to intermediate, trachytic volca
nism that indicates extensional environments. The pattern of the different geotectonic settings indicates that the develop
ment of the ~ 1.9 Ga old volcanics cannot be assigned solely to the action of a subduction zone dipping northwards beneath 
the Skellefte district. 

1. Introduction 

The tectonic evolution of the Baltic Shield 
during the Palaeoproterozoic before 2.0 Ga ago 
involved rifting of an Archaean craton in the 
northeast with attendant sedimentation and 
mafic volcanism, followed by the Svecofen
nian orogeny ~ 2.0-1.85 Ga ago (Gaål and 
Gorbatschev, 1987). During the Svecofen
nian, large amounts of ~ 1.9 Ga old felsic-
dominated volcanics were formed in south 
central and in northernmost Sweden (Fig. 1). 
In the latter region, the volcanics are collec
tively referred to as the Kiruna-Arvidsjaur 
Porphyry Group ( K A P G ; Lundqvist, 1979; 
Witschard, 1984). They constitute one of the 

Corresponding author. 

largest coherent areas of felsic to intermediate 
volcanism in the entire Baltic Shield. Basalts 
are subordinate. The K A P G also comprises 
small amounts of sediments deposited under 
terrestrial to shallow-water conditions. 

Towards the south, the K A P G is bordered 
by the submarine volcanics of the Skellefte ore 
district (Fig. 2), stratigraphically presumably 
situated below the K A P G (Lundberg, 1980). 
Towards the east, Svecofennian volcanics are 
found southwest of the Archaean craton in 
central Finland (Fig. 1) where mafic and mi
nor felsic volcanics occur in a sedimentary en
vironment (Salli, 1964). The K A P G and the 
Skellefte volcanics have both been intruded by 
two generations of plutonic rocks. These com
prise a ~ 1.9 Ga old, differentiated, generally 
foliated, gabbroic to granitic suite with a dom-

0301-9268/93/S06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved. 
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Fig. 1. Geological map of Baltic Shield simplified after 
Gaål and Gorbatschev (1987). 

inant granodioritic-tonalitic mode, and ~ 1.8 
Ga old massive granites (Ödman, 1957; 
Lundqvist, 1979; Skiöld, 1987). 

Several plate-tectonic models have been 
proposed for the geotectonic evolution of the 
northern part of the Baltic Shield (e.g. Hieta-
nen, 1975; Adamek and Wilson, 1979; Phar
aoh and Pearce, 1984; Wilson et al., 1987). 
Most of these suggest a subduction zone dip
ping to the north beneath the Skellefte district. 
The basis for these models is, essentially, the 
terrestrial provenance of the K A P G in the 
north and the marine environment of the Skel
lefte volcanics in the south (Adamek and Wil
son, 1979). Additional indications of a north-
dipping subduction zone have been provided 
by deep-seismic sounding of the BABEL 
Working Group (1990). 

The geochemical characteristics of the 
K A P G are important in the interpretation of 
the tectonic evolution of the Baltic Shield. To 

understand the geodynamic processes in
volved in the formation of the K A P G , a pet-
rological and petrochemical study of the vol
canics was carried out. The area studied is 
almost without exception metamorphosed un
der greenschist- to amphibolite-facies condi
tions. 

2. Methods 

Samples of K A P G volcanics were collected 
throughout the area north of the Skellefte ore 
district. A total of 290 volcanic rocks were an
alysed for major and trace elements. Amongst 
these, 43 were also analysed for rare-earth ele
ments ( R E E ) . Five volcanics from the Skel
lefte district were included in the analytical 
programme; however, none of these was ana
lysed for R E E . Previously published data for 
the Skellefte volcanics (Svensson, 1970; Öhl
ander, 1984; Vivallo and Claesson, 1987) were 
used as a complement. 

Major and trace elements were analysed by 
inductively coupled plasma ( I C P ) , while Rb 
was studied by atomic absorption at the labo
ratories of the Swedish Geological Company 
(SGAB) and Luleå University. Major element 
precision is better than 1.5% relative standard 
deviation (RSD). Trace element analyses have 
a precision of ~ 10% RSD at 5 times the detec
tion limit (5 ppm or lower). At detection limit 
the accuracy is 50% of RSD. The rare-earth 
elements were concentrated by an ion separa
tion technique and analysed by ICP in the same 
laboratories with similar accuracies as those for 
the trace elements but a much lower detection 
limit (<0.1 ppm). 

3. Geological setting 

The Proterozoic evolution of the Baltic 
Shield commenced with rifting of the Ar
chaean craton and deposition of intracratonic 
~ 2.5-2.0 Ga old sediments and volcanics be
longing to the Lapponian (Sumian-Sarolian) 
and Karelian Supergroups (Gaal and Gor-
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Fig. 2. Geological map of northern Sweden, covering the framed area in Fig. 1. Modified after the Geological Map of 
Northern Fennoscandia (1987), Sjöstrand et al. (1984), Rickard (1986), and unpublished map sheets of the Swedish 
Geological Company. The major fracture zones have been drawn after Öhlander and Nisca (1985). Insert map: subprov
inces of the Kiruna-Arvidsjaur Porphyry Group. 
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batschev, 1987). The rifting eventually led to 
the development of a passive continental mar
gin along which Kalevian turbidites were de
posited. The creation of new crust commenced 
between 2.1 and 1.9 Ga ago (cf. Claesson et 
al., 1993) and continued intensely during the 
Svecofennian orogeny, 1.9-1.87 Ga ago. This 
involved extensive granitoid magmatism. The 
Svecofennian area was then stabilized until 
~ 1.8 Ga ago, when anatectic, little differen
tiated granites were formed inside the shield, 
while accretion of new crust simultaneously 
occurred along its present southwestern 
margin. 

Archaean gneiss nuclei are found in the 
northernmost part of northern Sweden and 
farther east, close to the Finnish border (Fig. 
2). Lapponian and Karelian rocks rest atop the 
Archaean craton and cover large areas in the 
east and north. They comprise mafic volcan
ics, quartzites, black schists, carbonate rocks 
(mostly dolomites), and skarn iron ores (Wit-
schard, 1984). The Kalevian Group is made 
up of dominant turbiditic sequences interca
lated with graphite schists and carbonate rocks 

(Gaål and Gorbatschev, 1987). The sedi
ments associated with the northern Svecofen
nian volcanics comprise greywackes, arenites, 
argillites, graphite schists and carbonates 
(Lundqvist, 1979; Lundberg, 1980). These 
"Svecofennian" sediments have so far not been 
separated clearly from the Kalevian Group and 
both carry the same marking in Fig. 1. K A P G 
volcanics cover large areas in the western part 
of the area studied, with decreasing incidence 
towards the east where Svecofennian sedi
ments and older supracrustals of the Lappon-
ian and Karelian Groups are dominant (Fig. 
2). 

4. Results 

The K A P G volcanics comprise porphyritic 
mafic to felsic volcanics of calc-alkaline and 
mildly alkaline to alkaline character (Fig. 3). 
They are relatively alkali-rich, and mainly have 
andesitic and rhyodacitic-rhyolitic composi
tions (Table 1). Basalts and dacites occur lo
cally. The K A P G shows a wide range of chem-

R2=6Ca+2Mg+Al 

J I I L_ 
0 1000 2000 3000 

R l = 4 S i - l l ( N a + K ) - 2 ( F e + T i ) 

Fig. 3. Multication diagram for the volcanites belonging to the Kiruna-Arvidsjaur Porphyry Group. The diagram is sim
plified after de la Roche et al. (1980). The data for the Skellefte volcanites (shaded area) have been taken from Öhlander 
(1984), Vivallo and Claesson (1987), and this study. The cationic proportions were multiplied by 1000. »=Kiruna 
subprovince, + = Arvidsjaur, Luleå and Arjeplog subprovinces. 
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Fig. 4. Frequency distribution of the S i 0 2 contents (wt%) 
in the subprovinces of the Kiruna-Arvidsjaur Porphyry 
Group volcanics and the Skellefte volcanics. Included in 
the Kiruna subprovince data are analyses from Offerberg 
(1967) and Witschard (1975). The Skellefte volcanics 
include data from Svensson (1970), Öhlander (1984) and 
Vivallo and Claesson (1987). 

ically different volcanics. However, some re
gional features are recognized. Calc-alkaline 
volcanism is found in the east, whereas mildly 

alkaline to alkaline volcanics occur in the west 
and northwest. When plotted in discrimina
tion diagrams, these differences in chemistry 
result in substantial scatter. Thus the K A P G 
must be regarded as a heterogeneous group that 
is probably not the result of a single magmatic 
event. 

The petrochemical and lithological charac
teristics have been the basis for the presently 
used division of the K A P G volcanics into the 
Arvidsjaur, Luleå, Arjeplog and Kiruna sub-
provinces (insert map in Fig. 2). The strati-
graphical relationships between these sub-
provinces are unknown. Their borders often 
coincide with large tectonic lineaments. For 
comparison, the Skellefte volcanics south of the 
K A P G have also been considered. The follow
ing text therefore first describes the lithology 
and general characteristics of the subprovinces 
to provide a reference basis for the discussion 
of the relationship between geochemistry, for
mation environment and geodynamics. 

4.1. The Kiruna-Arvidsjaur Porphyry Group 

The Arvidsjaur subprovince. The volcanics in 
the Arvidsjaur subprovince, collectively named 
the Arvidsjaur porphyries (Grip, 1935), form 
a differentiated series ranging from basalts to 
rhyolites (Fig. 4). These volcanics are charac
terized by large volumes of subaerialfy erupted, 
greyish to reddish, crystal-rich dacitic to rhyol-
itic tuffs. Porphyritic, structureless volcanics 
with randomly oriented euhedral to subhedral 
feldspar and quartz phenocrysts are also com
mon. Locally there occur well-preserved ig-
nimbrites (Grip, 1935; Lilljequist and Sven
son, 1974). In addition there are andesites 
which carry zoned plagioclase phenocrysts with 
labradorite cores and andesine rims (Grip, 
1935). Sedimentary rocks are rare within the 
volcanic sequence. However, in the northern 
part of the subprovince, volcanogenic turbi-
dite intercalations are common (Ödman, 1943; 
Falk, 1973). Layers of skarn and marble, and 
the presence of carbonates in the matrix of tuffs 
and tuffites indicate deposition in a shallow-
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TABLE 1 

Representative analyses of volcanics belonging to the Kiruna-Arvidsjaur Porphyry Group 

Basalts Andesites 

Subprovinces: ARJ ARJ KIR ARV ARV LUL KIR ARJ KIR ARJ 
Samples: 22 276 166 316 315 205A 162 29 160 5 

Si0 2 46.0 48.4 50.2 52.0 54.3 54.7 54.8 55.1 56.4 58.6 
T i 0 2 0.39 1.88 1.16 0.81 0.79 0.80 1.04 1.63 1.56 1.14 
A1 20 3 8.65 15.5 17.7 15.6 16.6 14.4 19.1 17.4 16.1 14.1 

Fe 20 3 
10.3 14.2 14.0 8.82 7.04 10.2 9.42 9.65 11.2 7.91 

MnO 0.21 0.24 0.31 0.17 0.10 0.18 0.26 0.16 0.30 0.12 
MgO 20.1 6.42 5.12 7.76 4.96 6.19 1.60 2.32 2.25 2.53 
CaO 8.92 9.16 6.51 6.24 5.32 7.16 6.69 7.66 4.41 4.61 
Na 2 0 0.73 2.98 4.09 3.74 5.85 2.28 3.99 4.85 4.56 5.74 
K 2 0 0.65 0.80 1.29 2.19 1.11 2.98 2.18 1.02 2.58 2.41 

P2O5 0.14 0.23 0.20 0.26 0.25 0.31 0.30 0.37 0.30 0.27 
LOI 3.0 0.8 0.4 1.9 3.2 1.0 1.2 0.6 1.1 2.5 
Total 99.0 100.6 101.0 99.6 99.5 99.3 100.6 100.4 100.8 99.9 

Ba 216 206 703 841 242 855 1311 908 615 808 
Co 66 44 34 33 21 41 39 27 21 19 
Cr 2297 51 66 350 296 209 20 28 10 60 
Cu 20 47 61 12 148 65 125 117 44 66 
Nb <5 16 10 <6 <6 <5 14 12 13 9 
Ni 709 18 55 107 79 38 26 19 18 31 
Rb 11 26 35 - - 77 70 33 67 71 
Sc 25 41 37 22 15 30 12 19 24 11 
Sr 50 218 193 425 417 627 494 461 143 266 
V 137 305 290 181 76 215 150 218 217 166 
Y 11 47 29 17 17 21 30 36 33 28 
Zn 142 348 74 134 61 127 83 101 26 73 
Zr 28 197 77 109 136 115 236 175 194 215 
Coord E 161198 159257 169030 168650 168610 178413 167674 161070 165850 158696 
Coord N 733528 735958 754131 726535 726490 727416 752251 732567 753180 727256 

water marine environment in the northern
most part of the subprovince. 

The Luleå subprovince. In the Luleå sub-
province, the K A P G volcanics form small, 
segregated occurrences surrounded by grani
toids of different generations, sediments and 
migmatites. The area is bordered and inter
sected by large N-S and N W - S E trending fault 
zones (Fig. 2) . The intermediate and felsic 
volcanics are composed of porphyritic tuffs and 
lavas. Typical of the subprovince are uralite 
Porphyrie basaltic andesites and andesites. 
High-Si ignimbrites with pumice fragments and 
devitrified glass shards are found locally. 

The Arjeplog subprovince. The Arjeplog sub-
province, which is the westernmost area stud

ied, comprises volcanics and sediments in 
NNE-SSW trending belts. Rhyodacites and 
rhyolites are interbedded with basaltic and an-
desitic tuffs and lavas, the sequence being 
clearly bimodal (Fig. 4). The basalts and an
desites are dark-green to dark-grey with trach-
ytic, porphyritic (commonly unzoned albite-
oligoclase phenocrysts) and amygdaloidal tex
tures. Light-green Mg- and Cr-rich basalts form 
minor occurrences. The rhyodacites and rhyo
lites are mainly grey to greyish red, porphyritic 
ignimbrites. Locally, fairly strongly metamor
phosed granoblastic, banded and porphyritic 
rhyodacitic and rhyolitic tuffs and tuffites are 
found (Walser and Einarsson, 1982). Mafic 
volcanics, which locally developed as pillow-
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Dacites Rhyodacites Rhyolites 

ARV KIR ARV ARV KIR LUL ARJ KIR ARV ARJ LUL 
100 159B 254 9 169 224 183 267 10 235 105 

60.6 62.4 65.5 67.5 68.4 68.1 69.0 72.9 73.6 74.6 76.4 
0.88 1.19 0.52 0.47 0.70 0.51 0.47 0.29 0.19 0.36 0.12 

16.1 15.8 15.7 14.8 14.1 15.1 15.1 13.2 12.9 13.2 12.6 
7.02 7.02 4.76 4.73 3.91 4.64 3.63 2.28 2.36 3.03 1.95 
0.10 0.08 0.06 0.06 0.06 0.08 0.05 0.02 0.04 0.01 0.04 
2.69 0.94 2.32 0.74 0.28 0.75 0.50 0.39 0.24 0.09 0.15 
5.41 3.29 3.04 1.67 1.35 2.16 0.73 0.13 0.79 0.31 0.72 
3.37 5.50 5.82 3.54 3.80 4.37 4.92 4.27 3.96 4.83 3.21 
2.15 3.21 2.24 4.06 6.01 4.20 5.77 4.94 4.82 4.47 4.51 
0.31 0.51 0.19 0.21 0.04 0.14 0.11 0.05 0.09 0.04 <0.01 
1.3 1.1 1.0 2.5 1.1 0.4 0.4 0.4 0.6 0.2 1.0 

99.6 101.0 101.2 100.3 98.7 100.4 100.7 98.9 99.6 101.1 100.7 

1021 767 878 907 882 1149 1927 455 712 346 179 
16 10 12 <5 <5 4 10 5 <5 1 <5 
30 9 19 8 8 5 10 5 <5 1 <5 
27 42 9 17 47 26 48 20 14 20 22 

<5 11 <1 <5 12 1 6 5 <5 6 17 
10 11 22 8 8 2 <5 6 6 1 <5 
97 73 40 120 142 113 161 78 90 86 166 
13 5 8 4 <2 9 <2 2 <2 4 3 

330 112 409 94 48 263 216 14 96 35 79 
105 86 50 28 14 11 7 20 <5 7 <5 
19 40 12 31 48 23 40 19 34 49 35 

112 16 58 63 7 78 66 9 41 14 26 
140 309 149 220 381 242 618 467 240 438 224 

172392 165428 169038 164418 169723 178274 158750 168665 164865 162204 174491 
729250 753288 727810 731263 753624 731013 727762 753978 730504 748266 733367 

Sample numbers. 22: Mg-basalt; 276: basalt; 166: basalt; 316: amygdaloidal basalt; 315: Porphyrie andesite; 205A: uralite porphyrite; 162: 
mega-porphyritic andesite; 29: mega-porphyritic andesite; 160: amygdaloidal andesite; 5: amygdaloidal andesite; 100: andesite; 159B: 
trachyte; 254: porphyritic dacite; 9: rhyodacitic crystal-tuff; 169: rhyodacitic tuff; 224: rhyodacite; 224: grey rhyodacite; 183: reddish 
rhyodacite; 267: red rhyolite; 10: crystal-tuff; 235: ignimbrite; 105: ignimbrite. 
Subprovinces. ARV=Arvidsjaur, LUL=Luleå, ARJ=Arjeplog, KIR=Kiruna. 

lavas, preferably occur along the boundary be
tween the felsic volcanics and a younger sedi
mentary sequence with conglomerates, sand
stones and mudstones forming a more than 
6000 m thick pile which is related to major 
basinal subsidence (Ödman, 1957; Witschard, 
1984). To the east, the lowermost unit is a thick 
sequence of mafic volcanics with intercala
tions of felsic lithologies (Padget, 1966). 

The Kiruna subprovince. In the Kiruna sub-
province, the K A P G volcanics are composed 

of a bimodal series with mafic to Si-interme
diate and felsic rocks (Fig. 4). Albite-rich vol
canics of trachybasaltic and trachyandesitic 
compositions are typical (Frietsch and Per-
dahl, 1989). Magnetite locally occurs in sub
stantial amounts. The felsic volcanics are usu
ally red, greyish-red to greyish-blue rhyodacites 
(-rhyolites), which often carry red, perthitic 
phenocrysts. In the southern part of the sub-
province, the volcanics have been consider
ably metamorphosed to foliated and banded 
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Fig. 5. T i - Z r covariation diagram according to Pearce (1982) of the volcanics in northern Sweden. The contents are 
given in ppm. The data for the Skellefte volcanics (shaded area) have been taken from Öhlander (1984), Vivallo and 
Claesson (1987), and this study. MORB=mid-ocean ridge basalt; K4fi=volcanic arc basalt; lW5=within-plate basalt; 
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intermediate to felsic gneisses. Mafic and 
trachytic volcanics are common in the north
ern part of the subprovince. Sedimentary rocks 
are subordinate. Locally, intraformational vol
canogenic sediments occur (Offerberg, 1967). 
The intrusives in the subprovince are domi
nated by syenites, monzonites and quartz-

monzonites, dated at ~ 1.88 Ga (Skiöld and 
Öhlander, 1989). 

4.2. The volcanics of the Skellefte district 

The volcanics in the Skellefte district are 
composed of felsic to mafic, dominantly pyro-



Fig. 6. R E E patterns of the volcanics in the various subprovinces of the Kiruna-Arvidsjaur Porphyry Group and the Skellefte district (shaded). 
The latter are from Vivallo and Claesson (1987). Chondrite normalization after Boynton (1984); »=basal t ; o = andesite; x = dacite-rhyolite. 

- j 



248 J.-A. PERDAHL AND R. FRIETSCH 

clastic rocks, which are often coarsely agglom-
eratic. They are frequently intercalated with 
greywackes and pelitic sediments (Lundberg, 
1980). In the upper part of the volcanic se
quence, stratabound, massive sulphide ore de
posits occur (Rickard and Zweifel, 1975). In
tense hydrothermal alteration of the subjacent 
volcanics was associated with the formation of 
the ores (Claesson, 1985). The volcanics are 
overlain conformably by largely volcanogenic 
turbidites and (graphite )-phyllites with inter
calations of basalts and ultramafites (Lund-
berg, 1980). 

4.3. Geochemistry 

The K A P G is dominated by andesites and 
rhyodacites-rhyolites (Fig. 4). Generally, from 
the east to the west there is an increase of felsic 
rocks. The Kiruna and Luleå volcanics are 
mainly andesites, whereas the Arjeplog vol
canics are rhyolite-dominated. In contrast to 
the Arjeplog, Luleå and Kiruna subprovinces, 
which are bimodal, the Arvidsjaur subprov
ince displays a unimodal compositional distri
bution with a felsic dominance. The Skellefte 
volcanics have a bimodal distribution with fre
quency peaks of basaltic and rhyodacitic-
rhyolitic compositions. 

The K A P G features calc-alkaline to alkaline 
chemical characteristics, the latter occurring 
predominantly among the Kiruna volcanics 
(Fig. 3). In general, the K A P G is a high-K vol
canic sequence (Table 1). Volcanics rich in ti
tanium and alkalis, and low in Mg are found in 
the Arjeplog and Kiruna subprovinces. Felsic 
volcanics in the same regions have low Ca con
tents (Table 1). 

The T i - Z r diagram (Fig. 5) distinguishes 
between volcanic arc, ocean-ridge, and within-
plate origins of mafic volcanics (Pearce, 1982). 
The K A P G basalts overlap volcanic-arc and 
within-plate geodynamic characteristics. Their 
terrestrial environment excludes a mid-ocean-
ridge setting of the volcanism. The basalts from 
the Arvidsjaur and Luleå subprovinces and the 

Skellefte district plot in the field of arc volcan
ics. Intermediate to felsic volcanics from these 
subprovinces have decreasing Ti contents 
without notable Zr enrichment (Fig. 5), indi
cating amphibole and biotite as early crystal
lizing phases (Pearce and Norry, 1979). The 
Arjeplog and Kiruna basalts plot in the within-
plate and volcanic arc fields. The Kiruna and 
Arjeplog intermediate to felsic volcanics fea
ture enrichment of Zr with decreasing Ti con
tents. However, the Arjeplog rhyolites are an 
exception. 

The K A P G and Skellefte volcanics have 
LREE-enriched chemical patterns, whereas the 
H R E E are unfractionated (Fig. 6). The Arje
plog volcanics differ from the volcanics of the 
other subprovinces by their negative Eu-
anomalies. Andesites from the other subprov
inces have positive Eu-anomalies or no Eu-
anomalies at all. The negative Eu-anoroalies in 
the Arjeplog andesites suggest that plagioclase 
was an early major fractionating phase. This 
indicates formation under conditions of rela
tively low T and P and/or low water contents 
in the melt (Gill, 1981). 

5. Discussion: tectonic implications 

The abundance of intermediate to felsic vol
canics and similarly composed plutonic rocks 
suggests the activity of subduction processes in 
the Baltic Shield ~ 1.9 Ga ago. Volcanic rocks 
of K-high calc-alkaline to alkaline chemical 
characteristics were formed in the northern 
Baltic Shield during a relatively short time in
terval between 1.91 and 1.86 Ga ago (Skiöld, 
1987). The chemical heterogeneity of the 
K A P G volcanics indicates a complex pattern 
of geotectonic control. The division of the 
K A P G into subprovinces is based on specific 
lithological and geochemical traits of the vol
canics. The subprovinces are delineated by 
large tectonic lineaments and the age relation
ships between the subprovinces thus remain 
unknown. 

The calc-alkaline volcanics of the K A P G are 
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found in the Arvidsjaur and Luleå subprov
inces. The Arvidsjaur volcanics feature zoned 
plagioclase phenocrysts in their andesites, and 
a continuous transition from andesites to 
dominant rhyodacites-rhyolites. The Luleå 
volcanics are bimodal and have a higher pro
portion of andesites that are often uralite por
phyritic. This implies that the Arvidsjaur and 
Luleå volcanics belong to a calc-alkaline con
tinental volcanic arc similar to modern equiv
alents. The submarine Skellefte volcanics are 
also calc-alkaline and have characteristics sim
ilar to those of the Arvidsjaur volcanics. How
ever, the Skellefte volcanics are bimodal and 
basalts are relatively common (Fig. 4). This 
suggests that the Arvidsjaur, Luleå and Skel
lefte volcanics may have been formed in a con
tinental-margin volcanic-belt system, but rep
resent different facies as a function of their 
siting in relationship to the edge of the craton. 
The differences in chemistry between the Ar
vidsjaur and the Skellefte felsic rocks are re
stricted mainly to the relatively mobile ele
ments K , Na, Ca, Mg, Ba, Rb and Sr (Frietsch 
and Perdahl, 1989). The Skellefte volcanics 
have been subjected to albitization, carbona-
tization, chloritization and sericitization prob
ably due to hydrothermal activity in a marine 
environment (Claesson, 1985). Volcanics with 
chemical patterns similar to those of the Skel
lefte volcanics are encountered within the Ar
vidsjaur subprovince, but mainly in its north
ern part. This suggests that the Skellefte 
volcanics possibly extend farther north than 
previously known. 

The mildly alkaline volcanics in the Arje
plog subprovince comprise relatively Ti-rich 
basalts and andesites ( > 1.3% T i 0 2 ) and Zr-
rich (300-600 ppm) felsic rocks. Relatively 
high Y contents (20-60 ppm) are consistent 
throughout the sequence. Minor amounts of 
basalts of komatiitic character were also 
erupted (<21% MgO, cf. Table 1), probably 
originating at a deep crustal level. All these 
volcanics were formed in an extensional envi
ronment with the development of a subsidence 

basin during the waning stage of the volcanism. 
The Kiruna volcanics display a wide range 

of geochemically different types (Fig. 5), 
formed by a more complex volcanic activity 
than that in the other subprovinces. The K i 
runa mafic volcanics are partly tholeiitic and 
there is a general prevalence of alkaline rocks 
(Frietsch and Perdahl, 1989). However, calc-
alkaline volcanics are also present. The com
monly alkaline, Na-enriched, trachytic volca
nism indicates emplacement in an extensional 
setting. The associated syenitic and monzoni-
tic to quartz-monzonitic plutonism is consis
tent with such a tectonic regime (Wilson, 
1989). On the basis of low Nb and Ta con
tents, Korneliussen and Sawyer (1989) have 
interpreted volcanics similar to the Kiruna 
rocks as representing a mature magmatic arc. 

Skiöld and Öhlander (1989) divided the 
1.89-1.86 Ga old igneous activity in northern 
Sweden into two magmatic stages. The early 
stage comprises primitive granitoids with vol
canic-arc characteristics, whereas the later stage 
has a mature, within-plate signature. The calc-
alkaline Arvidsjaur, Luleå and Skellefte vol
canics could belong to the first stage, whereas 
the mildly alkaline Arjeplog volcanics belong 
to the later stage. The chemically complex K i 
runa volcanics cannot be fitted into such a 
subdivision. 

Sm-Nd isotope systematics show that the 
Luleå and Kiruna subprovinces have a sub
stantial component of Archaean Nd in their 
Proterozoic granitoids (Öhlander et al., 1993). 
This indicates the presence of an Archaean 
basement, whereas the Arjeplog and Arvids
jaur subprovinces probably lack such a base
ment (Wilson et al., 1985). The felsic-domi
nated volcanism in the Arjeplog, Arvidsjaur 
and Skellefte subprovinces suggests that these 
represent remnants of a mature volcanic arc. 
Felsic-dominated recent calc-alkaline volca
nism is commonly confined to epicontinental 
settings behind the arc or to the continental-
margin chain, or occurs in particularly wide 
continental margins (Hyndman, 1985). Such 
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volcanics are occasionally also formed atop an 
exceptionally thick continental crust (Wilson, 
1989). 

The regional geochemical variation of the 
Svecofennian volcanics in northern Sweden, 
comprising the K A P G and the Skellefte dis
tricts, cannot have resulted from the action of 
a single, E - W striking, north-dipping subduc
tion zone. The different subprovinces can, 
however, be related to a single subduction-
based orogeny with differently directed sub
duction during the different stages of the evo
lution of a mature volcanic arc. In the south
ernmost part of the Arjeplog subprovince, Zr-
rich felsic volcanics rest directly on mafic vol
canics and greywackes of the upper part of the 
Skellefte volcanics (Lundberg, 1980). This in
dicates that the Arvidsjaur and Arjeplog vol
canics are virtually coeval. It is therefore rea
sonable to conclude that in the Arvidsjaur and 
Arjeplog subprovinces there occurred coeval 
but chemically different volcanism with more 
primitive, calc-alkaline compositions in the 
east and chemically more evolved lithologies 
in the west. The Arjeplog volcanics were prob
ably formed in an extensional environment. 

The zonation of the K A P G with calc-alka
line, predominantly intermediate volcanism in 
the east, calc-alkaline felsic volcanism farther 
west, and mildly alkaline, bimodal mafic and 
high-Si felsic volcanism farthest in the west, 
could be explained by a N-S striking subduc
tion zone dipping to the west. Similar zonation 
of the volcanism has been reported from the 
South Svecofennian Subprovince in central 
Sweden (Lagerblad, 1988). Both volcanic re
gions were formed in a similar manner during 
a relatively short period 1.91-1.86 Ga ago. 

6. Conclusions 

The volcanics of the Kiruna-Arvidsjaur 
Porphyry Group ( K A P G ) comprise a wide 
range of chemical compositions, indicating 
differences of tectonic setting, magma source 
and probably also time of formation. Calc-al

kaline volcanism is found in the eastern and 
central parts, in contrast to bimodal, mildly al
kaline to alkaline volcanism in the west and 
northwest. The calc-alkaline and mildly alka
line volcanics represent different stages of the 
development of a mature continental volcanic 
arc. The different igneous rocks of the K A P G 
have been divided into the Arvidsjaur, Luleå, 
Arjeplog and Kiruna subprovinces. 

The Arvidsjaur and Arjeplog volcanics to
gether with the Skellefte volcanics originated 
from a subduction zone located outside a con
tinental margin. The Arvidsjaur and Skellefte 
volcanics represent the volcanic arc, whereas 
the Arjeplog volcanics were formed in an en-
sialic extensional environment within the arc 
or on its continental "back-arc" side. The fel
sic-dominated volcanism of the arc implies that 
the volcanics were formed on a thick Protero
zoic continental crust. The calc-alkaline ande-
site-dominated Luleå volcanics, however, were 
formed atop the Archaean craton. The volcan
ics of the Kiruna subprovince represent a tec
tonic setting different from that of the other 
subprovinces. This alkaline, trachytic volca
nism clearly relates to an extensional setting 
where rifting was important. 
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Abstract 

The Svecofennian region is characterized by extensive c. 1.9 Ga old felsic-dominated 
magmatism and accretion of juvenile crust to the Archaean craton in the northern part of 
the Baltic Shield. However, in northern Norrbotten Svecofennian porphyries and 
associated intrusive rocks had formed from magmas containing considerable amounts of 
Archaean crust. Chemically and stratigraphically the porphyries are divided into two 
groups, the Porphyrite Group and the Kiruna Porphyries. The former is found over a 
large area and is dominated by low-Ti calcalkaline andesites chemically similar to recent 
andesites formed in compressional environment. The Kiruna Porphyries, stratigraphically 
overlying the Porphyrite Group, consists of slightly alkaline bimodal mafic to felsic 
volcanic rocks, with a several km thick sequence of high-Ti and Zr tholeiites in the 
stratigraphically lower part. The tholeeiites resemble transitional floodbasalts related to 
mantle plume or extensional magmatism. These new data indicate a change from a 
compressional to an extensional regime at c. 1.89-1.88 Ga in the area. The subduction 
processes were to short-lived to evolve felsic arc volcanic by reworking of the arc and 
dilution of the Archaean crustal component as it did in other parts of Sweden. 

Introduction 

The northern part of the Baltic Shield is dominated by an Archaean craton and 
lithologies linked to its breakup (Fig. 1), that started during the Late Archaean and 
continued with several periods of quiescence into the Palaeoproterozoic. Large amounts 
of riftogenic basalts and related sedimentary rocks, the Greenstone Group, were 
deposited. The tensional regime was followed by Svecofennian magmatism (1.93-1.87 
Ga), when intermediate to felsic magmatic rocks and large amounts of juvenile crust 
formed (Öhlander et al. 1993). The start of the Svecofennian magmatism is not well 
known, a few age determinations on granitoids give c. 1.97-1.93 Ga (Kontinen 1987, 
Vaasjoki and Sakko 1988; Skiöld et al. 1993; Wasström 1993). The Svecofennian 
orogeny was followed by formation of late Svecofennian minimum-melt granites (1.83-
1.79 Ga) and the 1.83-1.75 Ga old Transscandinavian Granite-Porphyry Belt (Gaål & 
Gorbatschev 1987). 

In northern Sweden, Svecofennian volcanic rocks are dominated by subaerial volcanic 
rocks (Arvidsjaur, Arjeplog, Luleå and Kiruna Porphyries; Perdahl and Frietsch 1993), 
bound to the south by the submarine Skellefte volcanic rocks (Lundberg 1980; Claesson 
1985). The Arvidsjaur Porphyries consist of felsic-dominated volcanic arc rocks and are 
stratigraphically higher than the Skellefte volcanic rocks (Lundberg 1980). The Luleå 
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Porphyries are volcanic arc rocks dominated by intermediate volcanic rocks. The 
bimodal felsic-mafic Arjeplog Porphyries were formed in a tensional tectonic setting 
(Perdahl and Frietsch 1993). Age determinations show that the Arjeplog Porphyries 
probably are 5-20 Ma younger than the Skellefte volcanic rocks and the Arvidsjaur 
Porphyries (Wilson et al. 1987; Skiöld et al. 1993). The Kiruna Porphyries to the north 
show both arc and within-plate characteristics (Perdahl and Frietsch 1993). Age 
determinations of the upper part of the within-plate volcanism give an age of 1888 ± 6 
(Romeretal. 1994). 

Geologic setting 

In northern Norrbotten a continuous sequence from the Archaean basement to the 
Svecofennian occurs (Witschard 1984). The general stratigraphy consists of an Archaean 
basement of gneisses and granitoids that is overlain by quartzites and conglomerates 
(Geijer 1931; Martinsson 1993). Upon these, in the Kiruna area (Fig.2), basalts, tuffites 
and chemical sediments of the Greenstone Group are separated from the overlying 
Svecofennian volcanic rocks by the Kurravaara Conglomerate (Frietsch 1979). In eastern 
Norrbotten the Greenstone Group is overlain by quartzites and mica schists belonging to 
the Pahakurkkio Group (Padget 1970) which are overlain by Svecofennian volcanic 
rocks. 

The Svecofennian volcanic rocks in northern Norrbotten can be divided into two units 
of different stratigraphic position and chemistry, the Porphyrite Group and the Kiruna 
Porphyries (Fig.3). We adopt here the terminology originally suggested by Offerberg 
(1967), although a large part of the volcanic rocks originally referred to the Porphyrite 
Group by Offerberg (1967) are mafic volcanic rocks of the lower part of the Kiruna 
Porphyries (Perdahl & Martinsson 1993). 

The stratigraphically lower Porphyrite Group consists of basalts, andesites and minor 
intercalations of felsic tuffs/tuffites and sedimentary rocks. The basalts and andesites of 
are often rich in plagioclase phenocrysts, up to 3 cm large, in a biotite-rich matrix. 

The Kiruna Porphyries consist of trachybasalts, trachyandesites and rhyodacites. 
Trachybasalts occur in the stratigraphically lowest part of the Kiruna Porphyry Group 
with a thickness of at least 4 km. They are porphyritic and amygdaloidal with epidote and 
quartz fillings and they are locally pillowed (Perdahl & Martinsson 1993). 
Trachyandesites have a restricted area of occurrence, mainly in the footwall to the 
Kiirunavaara iron ore. The rhyodacites(-rhyolites) are porphyritic with large 
glomeroporphyric, microperthite and albite, phenocrysts (Geijer 1910). In eastern 
Norrbotten the Kiruna Porphyries are practically missing, which may depend on that 
stratigraphical levels higher than the Porphyrite Group is not found. 

Sampling program and analytical techniques 

Since 1989 regional and detailed mapping and systematic sampling of volcanic rocks 
and related lithologies have been made by the authors in northernmost Norrbotten in the 
frame of Research Programme Ore Geology Related to Prospection (PIM). The aim of 
the project was to obtain detailed knowledge of the volcanism and the setting, and to 
study the relation between volcanic and ore-forming processes. Chemical analyses from 
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Fig.2. Stratigraphic columns for the area studied. Modified after Geological Map, 
Northern Fennoscandia (1987). 
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Fig.3. Geological map of northern Norrbotten. Modified after Geological Map, Northern 
Fennoscandia (1987). 
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the same region made by Perdahl and Frietsch (1993) are also included. 
The mineralogy, grain-size and alteration of each rock sample was studied under a 

binocular microscope before analysis. The samples (1-2 kg large) were treated in a jaw 
crusher, split down to c. 500 grammes and milled in a steelmill, and split once again to c. 
60 grammes. Major and trace elements have been analyzed by Activation Laboratories 
Ltd, Ontario, Canada using an Inductively Coupled Plasma technique (ICP) and a 
Neutron Activation technique (LNAA) and at the Svensk Grundämnes Analys AB 
(SGAB), Luleä, Sweden by ICP. 

Results 

j a 

Fig.4.Frequency distribution of the 

S i02 contents of the different 

volcanic groups. 

The difference between Porphyrite Group and 
Kiruna Porphyries is well seen in histograms of the 
silica content (Fig.4). The Porphyrite group comprise 
of an andesite-dominated unimodal sequence ranging 
from 50-66 % Si02, whereas the Kiruna Porphyries 
have a bimodal mode with two major peaks, at 48-52 
% and at 66-72 % Si0 2 , a minor peak is also present 
at 54-58 %. The latter is mainly confined to the 
footwall unit of the Kiirunavaara iron ore and 
stratigraphically above the stratigraphically lowest 
mafic part of the Kiruna Porphyries (Perdahl & 
Martinsson 1993). 

A common feature for the Porphyrite Group and the 
Kiruna Porphyries is the alkali-richness, a majority of 
the volcanic rocks plot in the alkaline field in a silica-
alkali diagram (Fig.5). The difference between the 
groups is most prominent in the Ti-Zr discrimination 
diagram (Fig.6). Most basalts of the Kiruna 
Porphyries plot in the within-plate field. Some of the 
most primitive basalts plot in the MORB/Arc field 
and which indicates that the magma was mantle-
derived. The Porphyrite Group basalts plot in the arc 
field with a relatively large scatter, which indicates 
that the magma was probably derived from a 
heterogeneous source. 
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Harker diagrams on selected elements (Fig.7) show that there is no obvious difference 
in major element contents between the groups, except for the Ti-content in mafic-
intermediate members: rocks with low-Ti (0.5-0.9 % TiC>2) belonging to the Porphyrite 
Group and rocks with high-Ti (> 1.2% TiC>2) belonging to the Kiruna Porphyries. The 
Porphyrite Group have somewhat higher AI2O3 contents and lower Fe2Ü3 contents than 
the Kiruna Porphyries. The volcanic rocks of the Porphyrite Group have higher Cr 
contents throughout the silica range, and are lower in Ti , P, Y and Zr compared to the 
volcanic rocks of the Kiruna Porphyries. V is higher for basalts of the Kiruna Porphyries 
and shows a stronger depletion pattern with increasing silica content than the Porphyrite 
Group. 

Interpretation 

The petrology and geochemistry of the Svecofennian volcanic rocks in the Kiruna area 
have been described in detail by Geijer (1910), Frietsch (1966, 1979, 1984), Offerberg 
(1967), Witschard (1984) and Perdahl and Frietsch (1993). But only Offerberg (1967) 
had separated the Svecofennian volcanic rocks into two groups on basis of the 
stratigraphical observations that mafic-intermediate volcanic rocks dominated the lower 
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Fig.7. Harker diagram on major elements for Svecofennian volcanic rocks in northern Norrbotten. 
Contents in wt %. 



Fig.8. Harker diagram on selected trace elements for Svecofennian volcanic rocks in northern 

Norrbotten. Contents in ppm. Black dots: Porphyrite Group, circles: Kiruna Porphyries. 
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part of the stratigraphy. Witschard (1984) suggested that these mafic-intermediate 
volcanic rocks constituted the lowest part of the "Porphyry Group". Our results show that 
there exist two different volcanic groups (Porphyrite Group and Kiruna Porphyries) that 
are separated by the Ti - and Zr contents in mafic-intermediate volcanic rocks and Zr-
contents in felsic members. 

The alkali-rich nature of the volcanic rocks has been demonstrated and discussed by 
several authors (e.g. Frietsch 1984, Witschard 1984, Perdahl and Frietsch 1993). 
Albitization is common within the volcanic rocks (Sundius 1915, Geijer 1916) and seems 
to be of regional importance (Ödman 1957). Plagioclase is nearly always composed of 
albite-oligoclase. High alkali contents are found in all volcanic rocks in northern 
Norrbotten, except for the basalts in the Greenstone Group (Witschard 1984), which are 
mantle-derived with a low crust-magma interaction. The intrusive rocks also have high 
alkali contents, the c. 1.9 Ga perthite-monzonite suite in particular (Witschard 1984). The 
high alkali contents can have two sources, metasomatic alteration or an anomalously 
alkali-rich lower crust. Northern Norrbotten is characterized by a geochemical heavy 
mineral Cl-anomaly in t i l l (Geochemical Atlas of Northern Fennoscandia 1986) and a 
regional abundant scapolitization occurring in most extrusive and intrusive rocks 
(Frietsch et al. 1994). Frietsch et al. (1994) suggested that evaporitic sequences in rift 
basins of the Greenstone Group have been the source for the Cl (and Na), which later was 
mobilized. 

We suggest that the Porphyrite Group is a calc-alkaline volcanic series formed in a 
compressional environment, as indicated by the andesite-dominated volcanism together 
with the high A l and low Ti and Zr contents (Figs. 6 and 7). The high contents of alkalies 
may be attributed to the anomalous crust and is not enriched through differentiation. The 
mildly alkaline Kiruna Porphyries was formed in extensional environment with a thick 
sequence of floodbasalts in the lower part, the rhyodacites and minor rhyolites in the 
upper part of the sequence was formed when the thermal activity from the mafic 
volcanics started to melt the lower crust. The difference in element distribution between 
the Porphyrite Group and the Kiruna Porphyries is probably related to differences in 
crystal fractionation in the early stage, difference in P-T conditions and difference in 
composition of the magmas. The Porphyrite Group have rather high Cr and Ni contents 
and decreasing Ca contents indicate that clinopyroxene was the dominating early 
crystallization mineral (Wilson 1989), whereas the Kiruna Porphyries with low-Cr and 
high-Ti basalts and andesites had olivine and plagioclase as early crystallizing minerals 
(Pearce and Norry 1979), following a tholeiitic differentiation trend. 

Olivine and plagioclase dominated early fractionation phases of Kiruna Porphyries, 
suggests low-P conditions for the magma source, i.e. the magma chamber at a shallow 
level. The trace element characteristics of the Kiruna Porphyries is similar to recent 
transitional basalts related to mantle plumes, i.e. high T i , P, Y and Zr, indicating that the 
Kiruna Porphyries was formed in an extensional environment. Recent Nd-isotope 
investigations show that the host rocks and the ore of the Kiirunavaara iron ore (Cliff and 
Rickard 1992) and a rhyodacite SW of Kiruna (Öhlander et al. 1993) have a large 

Archaean crustal component £ N d = -5.6 to -6.1. 

The absence of felsic volcanic arc rocks in northern Norrbotten, whereas they are 
abundant in southern Norrbotten (Perdahl and Frietsch 1993), implies that the subduction 
zone processes were to short lived to start melting the lower crust or remelt the 
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intermediate volcanism. Age determinations in the Kiruna area indicate that the arc 
volcanism ceased prior 1.88 Ga (Cliff et al 1990; Romer et al. 1994), whereas in southern 
Norrbotten the arc volcanism were active at 1876 ± 3 Ma (Skiöld et al. 1993). 

Conclusions 

Svecofennian volcanic rocks in northernmost Norrbotten can be divided into two 
major groups. The calc-alkaline volcanic phase, the Porphyrite Group, represents early 
stages of the Svecofennian magmatism on an Archaean continental margin with crustal 
reworking and intermediate dominated magmatism. A second volcanic phase includes the 
Kiruna Porphyries (1.89-1.88 Ga) that consist of a bimodal basaltic-rhyodacitic 
volcanism. The chemically evolved volcanism, together with the thick chemically 
uniform basaltic unit in the lowermost part, suggests that the Kiruna Porphyries is the 
result of a mande plume or extensional magmatism. The change from compressional 
environment giving low-Ti intermediate arc andesites to extensional environment with 
high-Ti basalts and rhyodacitic marks the end of crustal subduction in northern 
Norrbotten. Subduction was too short-lived to start melting in the lower crust to give 
felsic dominated arc volcanism that is present in southern Norrbotten. 

The alkali-rich nature of the arc volcanic rocks in the area studied is not a secondary 
overprinting. The alkalies are probably crustal derived and incorporated to the arc 
magma during melting of the crust. Mande derived rocks in the area have normal alkali 
contents. 
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Svecofennian volcanic arc rocks in the Luleå area, northern Sweden. 
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Abstract 

The intermediate to felsic volcanic rocks in the Luleå area (Luleå Porphyries) 
were deposited in an volcanic arc environment formed during the Svecofennian 
orogeny c. 1.9 Ga ago. The andesites were originally pyroxene andesites with a 
typical arc chemistry and high Sr contents (up to 800 ppm). The A l content is lower 
than that in typical arc andesites. The reason is probably a rather small sedimentary 
component in the subducted source material. Amphibolites within metasediments, 
occurring both east and west of the Luleå Porphyries, have within-plate basalt 
character, and are unrelated to the arc volcanic rocks. The amphibolites represent 
basalts that probably were deposited in a marine environment between 2.0-1.9 Ga 
ago, prior or coeval with the main Svecofennian magmatism. 

Introduction 

Northernmost Sweden is characterized by the abundant volcanic rocks formed 
during the Svecofennian orogeny, c. 2.0-1.87 Ga ago (Gaål and Gorbatschev, 1987). 
The volcanic rocks have been divided into the subaerial Kiruna-Arvidsjaur Porphyry 
Group (KAPG; Lundqvist, 1979; Witschard,1984) and the submarine Skellefte Group 
(Lundberg,1980). The volcanic rocks are to the south bounded by the marine 
Bothnian Basin which has led to models with a subduction zone directed to the north 
below the Skellefte District (Hietanen 1975; Adamek and Wilson 1979; Pharaoh and 
Pearce 1984; Wilson et al. 1987). A more complex model must, however, be applied 
to explain the compositional diversities found within the KAPG (Perdahl and Frietsch 
1993), and the term KAPG should be abandoned. The volcanic rocks north of the 
Skellefte District range from calc-alkaline to alkaline in composition, with the calc-
alkaline volcanic rocks in the eastern part and more alkaline rocks in the west 
(Perdahl and Frietsch, 1993). This feature is probably related to differences in 
tectonic environment, age and crustal source. 

The Luleå area is situated in northeastern Sweden (Fig. 1), in the easternmost part 
of the areas with c. 1.9 Ga subaerial intermediate to felsic volcanic rocks (Luleå 
Porphyries). The importance of the volcanic rocks in the Luleå area, in a plate-
tectonic context, increased with the Nd-isotopic work done by Öhlander et al. (1993) 
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where it was shown that the Luleå volcanic rocks have a large Archaean crustal 
component. The influence of the Archaean crustal component decreases rapidly 
southwest of Luleå. 

The arc character and the position of the Luleå Porphyries on the edge of the 
Archaean craton necessitates a more thorough geochemical study of the Luleå 
Porphyries. A study was also made on the amphibolites occurring within 
metasediments east and west of the Luleå Porphyries. 

Geological setting 

The Luleå area has a complex geology with volcanic rocks, metatuffites, 
metaconglomerates, granitoids, sedimentary rocks and migmatites intersected by 
large N-S and NW-SE striking fracture zones (Fig.l) . Stratigraphical determinations 
are few within the supracrustal rocks. Those existing points to upwards to the west 
(Ahman 1953; Charpantidis 1987). East and west of the area with Luleå Porphyries, 
metasedimentary rocks, migmatites and amphibolites of volcanogenic origin occur. 

In the archipelago SE of Luleå, basalts, dolomites and schists are found. These 
rocks are correlated with the Kalix Greenstone group (Ahman,1969), which probably 
is related to 2.45-2.05 Ga old volcanic and sedimentary rocks in the Peräpohja area 
in Finland (Härme,1949; Huhma et al. 1990; Öhlander et al., 1992). 

The volcanic and sedimentary rocks of the Luleå area have been intruded by two 
generations of granitoids. The older, the Haparanda suite c. 1.9 Ga old (Öhlander et 
al. 1987) ranges from gabbro to granodiorite, whereas the younger comprise c. 1.8 
Ga old potassic granitoids (Öhlander and Schöberg 1991; Öhlander and Skiöld 1994). 

Methods 

To study the composition of the volcanic rocks in the Luleå area, amphibolites 
from the sedimentary basins east and west of Luleå and Luleå Porphyries were 
sampled and chemically analysed on major and trace elements by Inductively 
Coupled Plasma at Sveriges Grundämnes Analys AB lab (SGAB) in Luleå. 

Petrology 

The amphibolites occur mainly east of Luleå and SW of Piteå, i.e. in areas situated 
on each side of the Archaean border (Fig.l) . SW of Piteå the amphibolites are 
pillowed (Carlson 1982). The Luleå Porphyries are found from Piteå up to NE of 
Harads, often with intermediate rocks occurring east of felsic ones. SW of Harads, 
strongly recrystallized volcanic rocks occur. These have not been treated in this paper 
due to the uncertain origin (some may be intrusive). 

The intermediate volcanic rocks are grey, grey-green to green consisting of 
Porphyrie tuffs, agglomerates and lavas. The phenocrysts consist of 
actinolite/hornblende, oligoclase-andesine and less frequently chlorite pseudomorphs. 
Amygdaloidal andesites occur locally, with clinozoisite amygdules and euhedral 
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hexagonal amphibole phenocrysts (Åhman,1953). The andesites have been termed 
uralite porphyries since the amphibole occurs as pseudomorphs after pyroxene 
(Ödman 1957). Poikiloblastic amphibole with small quartz inclusions are common, 
especially in foliated andesites. The matrix consists of amphibole, brown biotite, 
plagioclase and minor amounts of quartz, magnetite, hematite and accessory amounts 
of sphene and apatite. 

The felsic volcanic rocks are grey-red to red, porphyric rhyodacites-rhyolites, with 
K-feldspar and plagioclase phenocrysts in a matrix consisting of quartz, K-feldspar, 
mica, magnetite and hematite. Banding and layering are locally found (Åhman 
1953). In the Svarflå area (Fig.l), large volumes of high-Si rhyolites with pumice 
fragments and glass shards occur. 

The amphibolites in the metasediments are foliated, medium-grained and greyish 
black with recrystallized amphibole, plagioclase and minor amounts of quartz. 

Geochemistry 

The Luleå Porphyries and the amphibolites are subalkaline (Fig.2). The Luleå 
Porphyries range from andesite to rhyolite with a tendency for a silica gap between 
61 and 67 % Si02 (Fig.2). The few analyses within the silica gap represents 
tuffs/tuffites which may have a clastic component. The amphibolites have a basaltic 
composition with a narrow spread around 48-50 % Si02. In an AFM-diagram, the 
Luleå Porphyries are calc-alkaline (Fig.3), whereas the amphibolites are tholeiitic. 
The amphibolites have low contents of Sr (<250 ppm), whereas the Luleå Porphyries 
(andesites) have high Sr contents (< 900 ppm) at a lower content of CaO (Fig.4), 
which shows that the amphibolites and the Luleå Porphyries are not comagmatic. 

The amphibolites have high contents of Fe, V and Y and low contents of AI2O3, 

P2O5 and Cr (Fig.5). The basalts and andesites of the Luleå Porphyries are relatively 
low in A l with a tendency for increasing A l contents up to 60 % Si02, and have low 
contents of V and Y. The Luleå Porphyries have moderately decreasing contents of 
Fe2Ü3, MgO, P2O5, Cr and V when S1O2 increases, whereas Ni is strongly depleted 
(Fig.5). Y is almost constant up to 75 % S1O2 but is strongly enriched in the most 
silicic rocks. 

In a Ti-Zr diagram (Fig.6) the amphibolites plot in the within-plate field whereas 
basalts of the Luleå Porphyries plot in the arc field. The Luleå Porphyries have a 
typical arc differentiation with strong depletion of Ti and constant Zr content with 
increasing silica content (Pearce and Norry 1979), which indicates fractionation of 
amphibole and magnetite. 

Discussion 

The Luleå Porphyries have rather distinct differentiation trends without major 
scattering. This is especially well seen in Fig.5, for the Fe2Ü3, MgO and V contents 
and in Fig.6. However, Cr and Ni have a tendency for scattering. The phenocryst 
assemblage of the basalts and andesites suggests that pyroxene was the major 
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fractionation mineral, which also can be seen in the Harker diagram (Fig.5), where 
plagioclase (increasing A l contents) and olivine (high Ni and Cr contents) as major 
fractionation phases can be excluded. The REE pattern of the andesites of the Luleå 
Porphyries with no negative Eu anomaly (Perdahl and Frietsch 1993), excludes major 
plagioclase fractionation. The high Sr contents of the basalts and andesites cannot 
depend on late plagioclase fractionation. The source rocks must probably have been 
enriched in Sr. 

The andesites of the Luleå Porphyries are typical volcanic arc rocks, although the 
A l content is lower (average 15.9 % AI2O3) than that of most recent arc volcanic 
rocks (17.3 % AI2O3, Gi l l 1981). The sedimentary component in the source rocks is 
probably lower in the Luleå Porphyries, or these sediments where immature with low 
A l contents. Nd-isotopic composition indicate a substantial Archaean involvement in 
the felsic volcanic rocks (Öhlander et al. 1993). The REE pattern of andesites shows 
a LREE enrichment (Perdahl and Frietsch 1993), resembling that found in 
continental margin andesites (Dostal et al. 1977). The arc character is also seen in the 
Ti-Zr diagram (Fig.6) where the Luleå Porphyries basalts plot in the volcanic arc 
field (VAB). The high-Si volcanism in the Svartlå area have a chemistry typical 
(high Y, Si and presence of fluorite) of volcanic rocks erupted in the final stage of a 
prolonged intermediate volcanism (Wilson 1989). The silica gap within the Luleå 
Porphyries (Fig.2), and the stratigraphical change from mafic-intermediate to felsic 
volcanism, indicate that the magmas were increasingly contaminated by crustal 
material, resulting in increased silica content. 

The amphibolites occurring in the sedimentary basins east and west of the Luleå 
Porphyries are chemically different from the Luleå Porphyries, indicating that the 
material in the basins were not derived from the Luleå Porphyries. The sedimentary 
rocks are probably in a stratigraphically lower position formed on a thin oceanic crust 
between 2.0-1.9 Ga. The similar chemistry of the amphibolites from both sides of the 
Archaean border (Fig.l) may be explained with similar tectonic environments. 

The amphibolites are chemically similar to volcanic rocks found in Northern 
Ostrobothnia, Finland, close to the Archaean basement (Honkamo 1987). In the 
Knaften area south of the Skellefte District, pillow lavas have been intruded by a 1.95 
Ga old granitoid (U-Pb zircon; Wasström 1993). I f the amphibolites in the Luleå area 
are of the same age as those in the Knaften area, a large c. 2.0-1.9 Ga old 
sedimentary basin (or ocean) existed that subsequendy during the Svecofennian 
orogeny was technically reworked and broken up in several, now widely dispersed 
fragments, such as Knaften, Luleå and Northern Ostrobothnia. 

Conclusions 

The Luleå Porphyries represents a continental margin arc volcanism deposited 
during the Svecofennian orogeny c. 1.9 Ga ago. The chemistry of the volcanic rocks 
indicate that they were formed on an Archaean continental crust with a relatively low 
sedimentary component in the source rocks. The change from mafic-intermediate to 
felsic volcanism is probably caused by increased crustal contamination in the magma 
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with time. The phenocryst assemblage and fractionation trends indicate that pyroxene 
was the early dominating fractionation mineral. 

The amphibolites within the metasedimentary areas east and west of the Archaean 
border are r i f t tholeiites deposited in a marine environment. They were formed in a 
similar tectonic setting on both sides of the border. Similar basalts are found close to 
the Archaean craton in northern Ostrobothnia, Finland. 

Acknowledgements 

The present paper is a contribution to the International Lithosphere project and 
IGCP 275. The project was financed by the Swedish Natural Science Research 
Council (NFR). I am grateful to Professor Rudyard Frietsch who initiated the project 
and supervised the author. Professor Björn Öhlander provided additional analyses on 
the amphibolites and helped me during the years. Milan Vnuk made the maps and I 
also thank Rolf Romer, Olof Martinsson, Begashaw Wolde and Claes Mellqvist at the 
division of Applied Geology for the discussions about the chemistry of the Luleå 
Porphyries. 



6 

References 

Adamek, P.M. and Wilson, M.R., 1979. The evolution of a uranium province in 
northern Sweden. Philos. Trans. R. Soc. London, A, 291: 355-368. 

Åhman, E., 1953. Vallen-Alhamnområdet i Nederlulå s:n. Sver. Geol. Unders., 
C 529, 21 pp. 

Åhman, E., 1969. Den karbonatstensförande berggrunden på Hindersön i Luleå 
skärgård. Sver. Geol. Unders., C 637. 

Carlson, L. , 1982. Vitberget (23L, 9c-b). Resultat av utförda prospekteringsarbeten. 
Sver. Geol. Unders., Prospekteringsrapport BRAP 82020. 11 pp. 

Charpantidis, A., 1987. Geology and lithogeochemical ore prospecting methods in 
Stor Holberget, northern Sweden: a scheelite mineralisation. Master's thesis. 
Meddelanden från Stockholms Universitets Geologiska Institution, 271, 101 pp. 

Dostal, J., Dupuy, C , and Lefevre, C , 1977. Rare earth element distribution in Plio-
Quatemary volcanic rocks from southern Peru. Lithos, 10: 173-183. 

Gaål, G. and Gorbatschev, R., 1987. An outiine of the Precambrian evolution of the 
Baltic Shield. Precambrian Res., 35: 15-52. 

Geological Map, Northern Fennoscandia, 1987. 1:1 mil l . Geological Surveys of 
Finland, Norway and Sweden, Helsinki. 

Gil l , J.B., 1981. Orogenic andesites and plate tectonics. Springer-Verlag. Berlin. 358 
pp. 

Härme, M . , 1949. On the stratigraphical and structural geology of the Kemi area, 
northern Finland. Bull. Comm. Geol. Finlande., 147, 60 pp. 

Hietanen, A., 1975. Generation of potassium-poor magmas in the northern Sierra 
Nevada and the Svecofennian in Finland. J. Res. U. S. Geol. Surv., 3: 631-645. 

Honkamo, M . , 1987. Geochemistry and tectonic setting of early Proterozoic volcanic 
rocks in northern Ostrobothnia, Finland. In: T.C. Pharaoh and D. Rickard 
(Editors), Geochemistry and Mineralization of Proterozoic Volcanic Suites, 
Geological Society Special Publication No. 33: 59-68. 

Huhma, H , Cl i f f , A.R., Perttunen, V. and Sakko, M. , 1990. Sm-Nd and Pb isotopic 
study of mafic rocks associated with early Proterozoic continental rifting: the 
Peräpohja schist belt in northern Finland. Contrib. Mineral. Petrol., 104: 369-379. 

Lilljequist, R., 1979. Uppslagsgenererande kartering på kartbladet Luleå NV. Sver. 
Geol. Unders., Geologirapport BRAP 79013, 24 pp. 

Lundberg, B., 1980. Aspects of the geology of the Skellefte field, northern Sweden. 
Geol. Fören. Stockholm Förh., 102: 156-166. 

Lundqvist, T., 1979. The Precambrian of Sweden. Sver. Geol. Unders., C 768, 87 pp. 
Martinsson, O. & Perdahl, J-A. 1994: Different types of Paleoproterozoic mafic to 

felsic volcanism in northernmost Sweden: Products of underplating and 
subduction. Terra abstracts. Abstract supplement no.2 to Terra Nova, vol.6, p. 11. 

Ödman, O.H., 1957. Beskrivning t i l l berggrandskarta över urberget i Norrbottens län. 
Sver. Geol. Unders., Ca 41, 151 pp. (English summary). 

Öhlander, B., 1984. Geochemical analyses of rocks of the Haparanda suite, northern 
Sweden. Geol. Fören. Stockholm Förh., 106: 167-169. 



7 

Öhlander, B. and Schöberg, H. , 1991. Character and U-Pb zircon age of the 
Proterozoic Ale granite, northern Sweden. Geol. Fören. Stockholm Förh., 
113:105-112. 

Öhlander, B. and Skiöld, T., 1994. Diversity of 1.8 Ga potassic granitoids along the 
edge of the Archaean craton in northern Scandinavia: a result of melt formation at 
various depths and from various sources. Lithos, 33: 265-283. 

Öhlander, B., Lager, I . , Loberg, B.E.H. and Schöberg, PL, 1992. Stratigraphical 
position and Pb-Pb age of Lower Proterozoic carbonate rocks from the Kalix 
Greenstone Belt, northern Sweden. Geol. Fören. Stockholm Förh., 114: 317-322. 

Öhlander, B. , Skiöld, T., Elming, S-Å., BABEL Working Group, Claesson, S. and 
Nisca D.H., 1993. Delineation and character of the Archaean-Proterozoic 
boundary in northern Sweden. Precambrian Res., 64: 67-84. 

Pearce, J.A. and Norry, M.J., 1979. Petrogenetic implications of Ti , Zr, Y and Nb 
variations in volcanic rocks. Contrib. Mineral. Petrol., 69: 33-47. 

Perdahl, J.-A. and Frietsch, R., 1993. Petrochemical and petrological characteristics 
of 1.9 Ga old volcanics in northern Sweden. Precambrian Res., 64: 239-252. 

Rickard, D., 1986. The Skellefte Field. 7th IAGOD Symp. Excursion Guide No. 4, 
Sver. Geol. Unders., Ca 62, 54 pp. 

Wasström, A., 1993. The Knaften granitoids of Västerbotten County, northern 
Sweden. In: T. Lundqvist (ed.) Radiometric dating results. Sver. Geol. Unders., 
C 823, 60-64. 

Wilson, M . , 1989. Igneous Petrogenesis. Unwin and Hyman. London. 466 pp. 
Wilson, M . R., Öhlander, B., Cuney, M . and Hamilton, P. J., 1987. Geodynamic 

significance of contrasting granitoid types in northern Sweden. In: A. Kröner (ed) 
Proterozoic Lithospheric Evolution. Geodynamics Series vol. 17, Am. 
Geophysical Union, Washington, USA. 161-173. 

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



Fig. 1. Geological map of the Luleå area. Modified from Ödman (1957), Lilljequist 
(1979) and Geological Map, Northern Fennoskandia (1987). 
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Fig.2. Alkali-silica diagram of volcanic rocks in the Luleå area. Dividing line 
after Irvine and Baragar (1971). 



Fig.3. AFM-diagram of volcanic rocks in the Luleå area. Dividing line after 
Irvine and Baragar (1971). 
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Fig.5. Harker digram of selected elements of volcanic rocks from the Luleå area. 
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Abstract: It is generally assumed that c. 1.9 Ga ago the northern part of 
the Fennoscandian (Baltic) Shield comprised a continental margin along 
which plate tectonism and subduction took place. The main division of 
the region is a marine domain towards the south and a continental domain 
towards the north. At Bure in northern Sweden, the marine-continental 
transition is exposed and the lithologies and palaeotectonic environment 
of this area are investigated in the present paper. The results show that 
the former lithostratigraphic division has to be modified and a re
construction of the geological development is necessary. The Bure 
supracrustal sequence shows a successive change from a marine schist-
grey wacke-basaitic environment in the stratigraphically lowest part (Stalo 
Formation) to a continental volcanic environment in the upper part (Bure 
Formation). The continental volcanic rocks are intermediate-felsic and 
mildly alkaline. Minor intercalations of similar volcanic rocks occur 
within the marine sequence. The youngest event in the Bure area is the 
deposition of the Loito Formation which consists of a red conglomerate-
sandstone lying on top of the Bure and Stalo volcanic rocks. The chemical 
character and lithological associations infer that the Bure Formation 
volcanic rocks were deposited in an extensional environment and may 
constitute the late stage member of the calc-alkaline volcanism that occurs 
further east, the Arvidsjaur Porphyries. Continental bimodal and slightly 
alkaline volcanic rocks occur north and northwest of the Bure area and 
would, together with the continental Bure volcanic rocks, form a separate 
group, here collectively referred to as the Arjeplog Porphyries. 
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The Lower Proterozoic supracrustal rocks in northern Sweden 
are divided into a submarine-deposited environment in the south 
forming the Bothnian Basin, and a subaerial-deposited environ
ment in the north forming the Kiruna-Arvidsjaur province (inset 
in Fig. 1). Between these there is the Skellefte district which 
comprises submarine mafic to felsic volcanic rocks overlain by 
graphite schists, carbonate rocks and greywackes (Lundberg 
1980). The presence of subaerial volcanic rocks north of the 
Skellefte district has inspired plate-tectonic models with a north-
dipping subduction zone (e.g. Adamek & Wilson 1979; Wilson 
et al. 1987) for the region. Rickard & Zweifel (1975) have shown 
that massive sulphide ores in the Skellefte district have significant 
similarities with recent island arc mineralizations (i.e. the Kuroko 

type). It has also been demonstrated that the volcanic rocks of the 
Skellefte district have similarities with island arc volcanic rocks 
(Claesson 1985; Vivallo & Claesson 1987). Subaerial volcanic 
rocks, i.e. Arvidsjaur Porphyries (Grip 1935), north of the Skellefte 
district, are considered to overly the Skellefte supracrustal rocks 
(Lundberg 1980). The contact between submarine and subaerial 
supracrustal rocks is exposed in the Bure area, 10 km E of Sorsele 
(Fig. 1). Here, marine sedimentary and mafic volcanic rocks are 
overlain by mafic to felsic volcanic rocks and intraformational 
conglomerates (Högboml931,1937a; Lundberg 1980);byLund-

I j Granitoids ? Masave sulphide 

Fig. 1. Geological map of the Storuman-Sorsele-Arjeplog-Arvidsjaur 
area (after Wilson et al. 1985). Abbrevations in inset map: KAP= Kiruna-
Arvidsjaur province. SD= Skellefte district, BB= Bothnian Basin. 
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Fig. 2. Geological map of the Bure area. 

berg (1980) suggested to represent the 
transition between the Skellefte Group and 
the Arvidsjaur Porphyries. To clarify the 
internal relations, petrological and chemi
cal investigations of the transition has been 
carried out in the present work. It aims 
mainly to characterize the volcanic rocks 
and the depositional environment in the 
Bure area. The Bure area is metamor
phosed under greenschist- to amphibolite-
facies conditions and for this reason the 
prefix meta- has not been used. 

jfc Sample 

55 / Primary layering 

/ Primary layering (steep) 

Geological setting 

In the Skellefte district, massive sulphide 
ores were deposited between the strati
graphically lower Skellefte volcanic rocks 
and the upper Phyllite series. Together 
these rocks form the Skellefte Group 
(Gavelin 1955; Lundberg 1980). North of 
the Skellefte district, the subaerial felsic-
dominated Arvidsjaur Porphyries occur 
(Grip 1935). The stratigraphic relationships 
between the Skellefte Group and the 

Arvidsjaur Porphyries are unclear. To
wards the west, Arvidsjaur Porphyries are 
deposited on top of the Phyllite series, 
whereas towards the east the Phyllite series 
rests on top of the Arvidsjaur Porphyries 
(Högbom 19376; Gavelin 1955). The 
youngest supracrustal unit of the area is 
the Vargfors Group (Kautsky 1957). 

The Skellefte volcanic rocks are sub
marine, dominantly dacites to rhyolites, 
and occur as pyroclastic rocks, often 
coarsely agglomeratic, and minor lava 
domes (Lundberg 1980). However, Allen 
et al. (1994) show that lava domes are more 
frequent than previously suggested. The 
volcanic rocks have been subject to albiti-
zation, carbonatization, chloritization and 
sericitization, probably due to hydro-
thermal activity in a submarine environ
ment (Claesson 1985). 

The Phyllite series comprises phyllites, 
in part graphitic, sandstones including 
grey wackes and conglomerates with inter
calations of basaltic lava (Gavelin 1955). 

The Arvidsjaur Porphyries consist of 
subaerially erupted, crystal-rich dacitic to 
rhyolitic tuffs, with minor amounts of 
andesite and subordinate basalt and sedi
mentary rocks (Grip 1935; Frietsch & Per
dahl 1989). 

The Vargfors Group comprises andesites 
together with fluviodeltaic sandstones and 
polymict, locally monomict, conglomer
ates with pebbles of Skellefte volcanic 
rocks, Arvidsjaur Porphyries and granites. 
These rocks were formed as a result of 
continental uplift along a continental mar
gin (Kautsky 1957; Dumas 1986). 

The Bure area 
The supracrustal rocks in the Bure area 
comprise a NNE-SSW striking, 4-8 km 
wide synclinorium exposing a c. 4 km thick 
stratigraphic sequence of marine sedi
mentary and mafic volcanic rocks overlain 
by continental equivalents (Figs. 1 and 2). 
The supracrustal rocks, 186017 Ma old 
(Skiöld et al. 1993), are intruded to the west 
by the I-type Sorsele granite and to the east 
by the S-type Revsund granite (Wilson 
1980). Both granite types are c. 1.8 Ga old 
(Skiöld 1988). 

The geology of the Bure area was first 
described by Högbom (1931, 1937a) and 
the volcanic rocks there were assigned to 
the Arvidsjaur Porphyries. However, the 
mafic volcanic rocks at the bottom of the 
sequence were also correlated with spilitic 
basalts within the Phyllite series. The strati
graphically highest unit, composed of poly
mict conglomerates and reddish tuffitic 
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sandstones, has been assigned to the Vargfors Group (Gavelin 
1955). Lundberg (1980) inferred that the stratigraphy in the Bure 
area represents the transition from the Skellefte Group to the 
Arvidsjaur Porphyries. 

In this paper, the Bure supracrustal rocks are subdivided into 
three formations and the Bure area wi l l serve as type areas for 
these. The stratigraphically lower Stalo Formation comprises 
submarine supracrustal rocks, whereas the overlying Bure Forma
tion represents subaerial volcanic rocks and intraformational 
conglomerates. The Loito Formation comprises the uppermost 
polymict conglomerates and sandstones, lying concordantly on 
top of the Bure Formation. However, contact relationships be
tween the two formations have not been found in outcrop. This 
stratigraphy agrees with that previously suggested (Högbom 1931, 
1937a; Gavelin 1955; Lundberg 1980). 

The Stalo Formation 

The Stalo Formation has the key locality east and west of Gargån, 
2 km SW of Heden. It comprises greywackes, conglomerates, 
and mafic volcanic rocks. 

The lowermost unit of the Stalo Formation comprises grey, fine
grained greywackes. It is conformally overlain by a 400 m thick 
sequence with alternating layers of greywacke, mafic volcanic 
rocks, tuffite, volcanogenic conglomerate and subordinate felsic 
volcanic rocks. 

The conglomerates have small pebbles of dominantly grey
wacke material in the lower part, in contrast to coarse mafic to 
felsic volcanogenic material in the upper part. The mafic volcanic 
rocks comprise water-lain basaltic and minor andesitic lavas, well-
banded tuffs, agglomerates, and tuffites. Lava-beds are frequent 
in the lower part, whereas pyroclastic rocks predominate in the 
upper. There is also a thin intercalation of a dense, dark-grey to 
grey-red rhyolite with few and small microcline and quartz pheno
crysts. The rhyolite increases in thickness northwards (Fig. 2). 

The sequence ends with a some ten metres thick coarse con
glomerate with thin intercalations of fine-grained banded mafic 
tuff. The conglomerate contains equal amounts of felsic and mafic 
pebbles, set in a green, gravel-sized basaltic matrix with up to 3 
mm large hornblende crystals, epidote, calcite, and subhedral to 
euhedral magnetite. Subordinate greywacke pebbles are also 
found. The angular to rounded pebbles are commonly 10 cm large, 
but vary in size from 1 mm up to more than 1 m. The mafic pebbles 
are dominantly porphyritic with large dark pyroxene phenocrysts, 
whereas the felsic ones are dominated by grey-violet feldspar 
porphyritic ignimbrites with a magnetite-pigmented matrix. The 
matrix is composed of quartz, feldspar, and small amounts of 
biotite and/or muscovite and iron oxides as an even impregnation. 
Chlorite, epidote, and calcite occur as alteration products. 

The Bure Formation 

The Bure Formation has the key locality west and northwest of 
Heden and comprises alternating rhyodacitic-rhyolitic and basaltic 
to andesitic volcanic rocks with intercalations of volcanogenic 
conglomerates. The lowermost unit is a red to grey-red rhyolite 
which contains anhedral to subhedral antiperthite phenocrysts in 
a dense matrix of quartz, feldspar, hematite, and varying amounts 
of muscovite. The rhyolite is interlayered with felsic agglomerates 
containing felsic porphyritic pebbles. 

The rhyolite is overlain by phenocryst-rich andesitic tuffs. The 
tuffs have up to 5 mm large, white oligoclase phenocrysts, small 
amounts of potassium feldspar, and felsic rock fragments. The 

phenocrysts are broken and are impregnated by biotite. epidote, 
and magnetite. The grey to dark grey matrix consists of feldspar, 
quartz, biotite, chlorite, epidote, hornblende, magnetite, and leu-
coxene. Sericite, calcite. and epidote are usual secondary minerals. 
Close to the Sorsele granite towards the west, the andesites contain 
amphibole phenocrysts. 

The subsequent rock unit is composed of a dark, amygdaloidal 
andesitic lava with a dense matrix with microlites of plagioclase, 
amphibole, and magnetite, and with up to 5 mm large subhedral 
to euhedral oligoclase crystals and amygdules composed of calcite, 
biotite, and quartz. Frequently, the amygdules have a biotite 
nucleus and a rim with radiated quartz although varieties with 
calcite centres and biotite rims can be observed. Sericite and calcite 
occur in fissures and veins. 

Dark-grey rhyodacitic ignimbrites and agglomerates are inter
calated within the andesites. The ignimbrites have up to 4 mm 
large subhedral potassium feldspar, perthite, and plagioclase 
crystals in a matrix composed of quartz, feldspar, biotite, and 
magnetite. Sericitization is common, in some samples feldspar 
phenocrysts are completely sericitized. Secondary microcline is 
also present. 

Mg-rich green basalts rest upon the andesites and partly intrude 
them. In a matrix of light green amphibole, epidote, plagioclase, 
and chlorite there are millimetre-large phenocrysts of chlorite and 
amphibole pseudomorphs. Epidotization is common, and locally 
results in total replacement of the plagioclase. 

The Loito Formation 

The Loito Formation, which has been correlated with the Vargfors 
Group, comprises a red polymict conglomerate with thick inter
calations of reddish arkosic and tuff i t ic sandstones. The key 
locality is situated west of the Loitoträsk lakes. The conglomerate 
pebbles are dominated by sandstone, red rhyolite, subordinate 
amounts of schist, reddish quartz, jaspilite, and grey granite. 
Quartz and calcite are common in the matrix, whereas chlorite 
and epidote occur locally. The pebbles are often smaller than 10 
cm and well-rounded to angular. The sandstone is dominated by 
quartz and feldspar in varying amounts. Mica is found in the 
arkosic sandstones. 

Geochemistry 

Methods 

A total of 22 volcanic rocks from various lithologies of the Bure 
area have been analysed for major elements, in addition 5 of these 
were analysed for rare-earth elements. 

Major and trace elements were analysed by inductively coupled 
plasma (ICP), and Rb with flame atomic absorption at Luleå 
University and at the Swedish Geological Company. Major 
element precision is better than 1.5% relative standard deviation 
(RSD). Trace-element analyses have a precision of c. 10% RSD 
at 5 times the detection limit (5 ppm or lower). At the detection 
limit, the accuracy is 50% of RSD. Rare-earth elements were 
concentrated by an ion separation technique and analysed by ICP 
in the same laboratories. These analyses display the same accuracy 
as the trace elements but a much lower detection limit (<0.1 ppm). 

Chemistry of the volcanic rocks 

The volcanic rocks of the Stalo and Bure Formations comprise 
basalt, andesite and rhyodacite-rhyolite, with a silica gap between 
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Fig. 3. Alkali-silica diagram for volcanic rocks from the Bure area. 
Dividing line after Irvine & Baragar (1971). 

61 and 67% SiO, (Fig. 3). Some of the amygdaloidal andesites 
may have an enriched silica content due to quartz fillings in the 
vesicles. 

The basalts are calc-alkaline and have relatively low Ti and Zr 
contents and plot in the volcanic-arc field in a Ti-Zr diagram 
(Fig. 4), the terrestrial environment excludes a MORB inter
pretation. The basalts of the Bure Formation (Mg-basalts) have 
relatively high Mg and Cr contents (c. 9% and c. 500 ppm, 
respectively; Table 1). 

The andesites are low in CaO and A1 20 3, and high in Na,0 + 
K , 0 and TiO, (aver. 4.0, 15.3,7.1,1.31% resp., the andesite from 
the Stalo Formation included) in comparison with Recent orogenic 
andesites (aver. 7.2, 17.3,4.7, 0.77% resp.; Gill 1981). However, 
alteration processes may have affected the alkali, Ca and Mg. 
However, there are no obvious differences in chemistry between 
samples in which plagioclase has been totally replaced by sericite 
or epidote and samples in which plagioclase contain small inclu
sions of the same minerals. 

The andesites and rhyodacites-rhyolites have high Zr-contents, 
indicating that Zr was enriched at an early stage during differen
tiation, or came from an already enriched source (Fig. 4). The 
rhyolites from the Stalo Formation have a similar chemistry as 
rhyolites from the Bure Formation, except for low contents of Ba 
(Table 1, Figs. 3 and 4). The Bure Formation volcanic rocks have 
higher Zr-contents than the Arvidsjur Porphyries (Fig. 4). 

The volcanic rocks of the Bure Formation have moderate rare-
earth element contents with a LREE-enrichment relative to H R E E 
(Fig. 5). The andesites have similar R E E contents and show a 
similar pattern as the felsic volcanic rocks on a chondrite-nor-
malized diagram. However, the rhyolites have larger negative Eu-
anomalies than the andesites, implying an early plagioclase frac
tionation. The REE-pattern of the andesites shows similarities 
with calc-alkaline andesites in a mature active continental margin, 
derived from a source already enriched in L R E E (Dostal et al. 
1977). The Mg-basalt also have a LREE-enriched pattern but 
lower contents of R E E . 

Discussion 
The submarine Stalo Formation was probably formed in a basin 
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Fig. 5. REE patterns for volcanic rocks from the Bure area. Chondrite 
normalization after Boynton (1984). Symbols as in Fig. 3. 

in which sediments and volcanic material were deposited. The 
basin was situated in an arc environment within a continental 
margin as indicated by the presence of subaerial felsic volcanic 
rock pebbles within the conglomerates. The development of the 
conglomeratic intercalations, from greywacke material in the 
lower part and volcanogenic material in the upper, suggests a 
change in the erosional source with time. This, together with the 
change from submarine to subaerial conditions, may be explained 
by an uplift, and the growth of a volcanic arc. Probably a shift 
from a compressional to an extensional tectonic environment took 
place with the deposition of the chemically evolved Bure Forma-
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Table 1. Major and trace element analysis of volcanic rocks from the Bure area. 

Stalo Formation Bure Formation 

Sample 132 2 TJ9 U I 135 U63 5 U345 U227 U140 U268 

SiO, 48.7 59.5 75.0 77.6 54.8 55.1 58.6 58.9 59.5 61.0 67.7 
TiO, 0.97 1.23 0.19 0.21 1.36 1.59 1.14 1.35 0.98 1.55 0.55 
A1-Ä 14.8 15.6 12.6 11.5 14.9 16.5 14.1 15.2 16.1 14.4 15.4 
F e , 0 3 10.3 8.31 2.20 2.10 8.6 9.20 7.91 8.50 6.60 8.70 3.50 
MnO 0.21 0.12 0.03 0.05 0.14 0.13 0.12 0.14 0.11 0.07 0.04 
MsO 6.13 2.41 0.32 0.56 3.75 3.00 2.53 3.30 3.70 1.30 0.57 
CaO 12.7 5.11 0.40 1.40 4.43 3.00 4.61 5.00 3.70 2.30 0.70 
Na,0 3.41 3.08 3.90 3.90 4.14 5.10 5.74 3.50 4.60 2.40 4.60 
K , 0 0.88 3.65 4.90 1.60 3.29 2.00 2.41 2.80 1.60 5.50 5.80 
p,b3 0.36 - 0.01 0.01 0.27 0.35 0.27 0.30 0.23 0.39 0.60 
L O I 1.8 0.55 0.34 0.82 4.5 3.83 2.5 0.88 2.69 2.23 0.87 

Total 100.27 99.61 99.89 99.75 100.18 99.80 99.93 99.87 99.91 99.84 99.79 

Ba 257 890 151 161 806 513 808 854 599 1110 2250 
Co 38 20 34 28 23 38 19 43 28 30 19 
Cr 368 <21 <21 <21 91 51 60 74 127 <21 25 
Cu 87 36 2 11 63 82 66 38 13 10 8 
Nb 7 - - - 10 - 9 - - -
Ni 94 - - - 38 - 31 - - - -
Rb 15 147 187 145 82 108 71 145 108 321 308 
Sc 27 - - - 12 - 11 - - - -
Sr 634 387 39 152 272 231 266 351 527 185 208 
V 249 94 7 42 180 240 166 200 127 221 35 
Y 19 26 53 50 33 32 28 31 23 37 33 
Zn 101 124 26 98 107 126 73 126 93 103 89 
Zr 82 240 348 418 247 258 215 272 396 302 470 
La 19 32 53 48 26 27 27 27 36 39 25 
Yb 4.0 4.5 6.7 5.8 4.9 4.8 4.3 4.3 3.3 4.9 3.9 

Coord. N 727275 727255 727580 727370 726909 727440 727256 727728 727572 727884 727773 
Coord. E 159005 159010159140 159030 158459 158644 158696 158527 158976 158845 158733 

Table 1. Cont. 

Bure Formation (Mg-basalt) 

Sample U238 U317 183 U141 4 150 U14 U131 U186 184 U61 

SiO, 68.1 68.8 69.0 70.0 73.2 73.8 73.9 78.0 49.5 52.9 53.5 
TiO, 0.53 0.47 0.47 0.68 0.21 0.24 0.25 0.22 0.92 0.79 0.76 
A1,Ö 3 15.1 15.0 15.1 13.3 13.0 13.4 12.9 11.1 14.3 12.7 14.0 
F e , 0 3 3.60 3.10 3.63 4.10 3.20 2.30 2.40 2.10 9.90 9.78 8.30 
MnO 0.05 0.05 0.05 0.03 0.12 0.03 0.04 0.01 0.18 0.18 0.16 
MgO 0.61 0.43 0.50 0.46 0.86 0.19 0.14 0.11 8.50 9.23 8.30 
CaO 1.00 0.80 0.73 0.70 1.90 0.38 0.50 0.20 10.60 9.22 6.60 
Na,0 4.60 3.40 4.92 3.70 3.20 4.25 4.40 3.70 2.40 2.54 2.80 
K ,0 
P Ä 

4.90 6.70 5.77 5.80 3.80 5.52 4.40 4.00 0.60 0.64 0.90 K ,0 
P Ä 0.13 0.09 0.11 0.15 0.06 0.02 0.02 0.02 0.23 0.21 0.16 
L O I 1.23 0.99 0.4 0.88 0.2 0.4 0.84 0.37 2.72 3.4 4.32 

Total 99.85 99.83 100.69 99.80 99.20 100.55 99.79 99.83 99.85 101.4 99.80 

Ba 1010 1160 1927 652 775 786 729 592 266 277 307 
Co 20 21 10 22 <5 <5 32 21 46 45 43 
Cr 25 35 10 <21 <5 <5 <21 <21 521 495 623 
Cu 13 17 48 3 15 18 9 3 43 65 176 
Nb - - 6 - 9 8 - - <5 -

Ni - - <5 - <5 <5 - - 158 136 158 
Rb 255 418 161 242 145 181 224 209 <20 9 <20 
Sc _ - <2 - <2 <2 - - 31 -
Sr 107 128 216 131 50 56 52 40 581 388 498 
V 50 40 7 37 <5 <5 21 10 248 202 176 
Y 34 33 40 32 55 43 40 23 16 16 17 
Zn 61 77 66 47 33 27 36 31 91 82 100 
Zr 448 482 618 257 349 315 336 304 36 42 57 
La 41 43 50 33 51 52 41 19 3 9 8 
Yb 4.0 3.4 5.0 3.8 6.6 5.4 4.4 3.1 3.0 3.9 2.7 

Coord. N 727762 728010 727762 727878 727424 727251 727420 727570 727758 727290 727411 
Coord. E 158980 158870 158750 158862 158989 158795 158990159118 158946 158951 158659 

tion. This type of Recent extensional felsic 
volcanism is commonly erupted behind the 
volcanic arc in epicontinental settings 
(Hyndman 1985). The Mg-basalts were 
emplaced in the final stage of the volcanic 
activity, probably connected with deep 
fracturing that enabled eruption of primi
tive magma from an enriched source. In 
the northwest of the Bure area, the exten
sional environment led to the development 
of a subsidary basin of large dimensions 
(Witschard 1984), comprising a more than 
6000 m thick sequence of conglomerates, 
sandstones, and mudstones belonging to 
the Snavva-Sjöfall Group (Ödman 1957). 

The deposition of the Loito Formation 
is the latest supracrustal event in the Bure 
area, and represents a terrestrial phase 
without volcanic activity. The Loito For
mation is similar to sedimentary rocks of 
the Vargfors Group and the Snavva-Sjöfall 
Group both of which are formed in tectonic 
environments with high-relief faulting 
(Kautsky 1957; Witschard 1984; Dumas 
1986). 

The existence of a slightly younger phase 
of volcanic activity may explain some of 
the ambiguity existing in the stratigraphical 
relations between the Arvidsjaur Porphy
ries and the sediments (Högbom 1937a, 
1937»; Grip 1946; Gavelin 1955). Högbom 
(1937a, 1937») explained the differences 
in west and east, by suggesting that, in the 
east there was a landmass during deposi
tion of the Phyllite series. Thus, the Arvids
jaur Porphyries would be contempora
neous with and partly older than sediments 
lying upon the Skellefte volcanic rocks, 
whereas the Bure (Arjeplog) volcanic 
rocks are clearly younger than the sedi
ments (Fig. 6). The source of the Bure 
volcanism is probably derived f rom a 
slightly older Proterozoic crust, with only 
a small Archaean component (Wilson et 
al. 1985). 

The subaerial volcanic rocks of the Bure 
Formation together with the Arvidsjaur 
Porphyries have been considered to rep
resent a calc-alkaline volcanic sequence 
deposited in response to subduction along 
a north-dipping subduction zone situated 
south of the Skellefte district. However, the 
more evolved chemical character of the 
Bure volcanic rocks differs from that of 
the calc-alkaline Arvidsjaur Porphyries. 
The Bure volcanic rocks belong to the 
Arjeplog volcanic rocks, as delineated by 
Perdahl & Frietsch (1993), which comprise 
chemically evolved and often bimodal 
volcanic rocks in the western part of the 
Kiruna-Arvidsjaur Province. They contrast 
with the eastern part which comprises calc-
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Fig. 6. Stratigraphic columns for the Bure and Skellefte-Arvidsjaur areas. 
Stratigraphy of the Skellefte-Arvidsjaur area after Kautsky (1957). 

alkaline basaltic to rhyolitic volcanic rocks (Arvidsjaur Porphy
ries). 

A U-Pb zircon age determination of a rhyodacite in the lower 
part of the Bure Formation give 1860±7 Ma (Skiöld et al. 1993). 
They consider this to be a minimum age due to a negative lower 
intercept and in turn coeval with the 1878±2 Ma old Arvidsjaur 
Porphyry (Skiöld et al. 1993). However, this difference in age 
may indicate that the Bure Formation is younger than the Arvids
jaur Porphyries. 

Conclusions 
The change from a marine to a continental environment exposed 
in the Bure area does not represent the transition from the Skellefte 
Group to the lowermost part of the Arvidsjaur Porphyries. This 
environmental change is probably connected with an uplift in a 
compressional regime which subsequently, when subaerial con
ditions were reached, changed to extensional with the deposition 
of the Bure Formation. The chemically evolved subaerial volcan
ism of the Bure Formation constitutes a late-stage member of the 
Arvidsjaur Porphyries or a separate volcanic event. By contrast, 
the calc-alkaline Arvidsjaur Porphyries were probably formed 
closer to a subduction zone and represent an earlier phase in the 
development of the volcanic arc. 

The volcanic rocks of the Bure Formation should not be assigned 
to the Arvidsjaur Porphyries, due to the differences in chemistry 
and timing. Arjeplog Porphyries should be a proper name for the 
chemically evolved volcanic rocks in the western part of southern 
Norrbotten. 
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Abstract 

New stratigraphic and geochemical data of the apatite iron ore bearing c. 1.9 Ga 
old Kiruna Porphyries show that the Kiruna Porphyries constitute a bimodal alkaline 
basalt-rhyodacite volcanic series with minor trachyandesites. The lower part consists of a 
several kilometres thick unit of floodbasalts with intercalations of felsic tuffs and tuffites. 
The basalts show an alkaline and tholeiitic differentiation trend with increasing Ti , V, Zr 
and alkali contents with increased fractionation. The basalts are overlain by a several km 
thick sequence of rhyodacites containing apatite iron ores and intercalations of 
trachybasalts. In the type locality the Kiruna Porphyries, the wall-rocks to the 
Kiirunavaara iron ore formed a stratovolcano, which explains the absence of basaltic 
intercalations within the rhyodacites. We suggest that the Kiruna Porphyries were 
generated in a r i f t setting probably generated by a mantle plume. The mafic magmas 
melted large volumes of the lower crust generating the rhyodacites and the comagmatic 
iron ores. 

Introduction 

Paleoproterozoic subduction processes formed large amounts of c. 1.9 Ga old 
felsic dominated volcanic rocks in northernmost Sweden. The volcanic rocks, which 
belong to the c. 2.0-1.85 Ga Svecofennian orogeny (Gaål and Gorbatschev 1987), consist 
of the marine Skellefte volcanic rocks in the Skellefte District and the subaerial Kiruna-
Arvidsjaur Porphyry Group (KAPG) north of the Skellefte District (Fig.l). The volcanic 
rocks are to the south bounded by the marine Bothnian Basin and were interpreted to be 
related to a north-dipping below the Skellefte District (Hietanen 1975; Adamek and 
Wilson 1979; Pharaoh and Pearce 1984; Wilson et al. 1987). A more complex model 
must, however, be applied to explain the compositional diversities of rocks found within 
the KAPG (Perdahl and Frietsch 1993). The volcanic rocks north of the Skellefte District 
range from calc-alkaline to alkaline in composition, with the calc-alkaline volcanic rocks 
in the eastern part and more alkaline rocks in the west. This feature is probably related to 
differences in tectonic environment, age and crustal source. 

The Svecofennian volcanic rocks are dominated by felsic volcanic rocks, but 
mafic to intermediate volcanic rocks are more common in the eastern and northern part 
of northernmost Sweden (Perdahl and Frietsch 1993). Southwest of Kiruna, large 
amounts of mafic volcanic rocks occur that were placed in a stratigraphical position 
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below the felsic dominated Kiruna Porphyries, and were referred to as the Porphyrite 
Group (Offerberg 1967). A U-Pb zircon-dating of a rhyodacitic intercalation within the 
mafic volcanic rocks yield an age of c. 1.9 Ga (Skiöld and Cl i f f 1984) 

In this paper we present results of a geochemical and stratigraphical investigation 
of the mafic and the overlying felsic volcanic rocks. The aim of the study was to get 
more information of the lower part of the Kiruna Porphyries, in the type locality the 
lower part is not exposed. 

Geological setting 

The geology of the Kiruna area has been described in detail by Lundbohm and 
Bäckström (1898), Lundbohm (1910), Geijer (1910,1931), Sundius (1915), Offerberg 
(1967), Paräk (1975) and Frietsch (1979). In the area, an Archaean basement is overlain 
by the Kiruna greenstones which are >2.2-1.93 Ga old (Skiöld 1987), and by the Kiruna 
Porphyries, 1.91-1.86 Ga old (Skiöld 1987; Cl i f f et al. 1990; Romer et al. 1994). 

Within the Kiruna Greenstones occur basalts, extrusive and intrusive ultramafic 
rocks, tuffites, mafic sills, and sedimentary rocks (Martinsson 1991,1992). The tuffites 
are derived from greenstones and intermediate calcalkaline volcanic rocks (Martinsson 
1992). The Kiruna Greenstones had formed in an extensional setting, that changed from 
subaerial conditions to marine, as is indicated by the presence of amygdaloidal basalts in 
the bottom of the stratigraphy and pillow lavas at the top (Martinsson 1991). 

The overlying unit is the Kurravaara conglomerate that carries dominantly 
pebbles of felsic porphyries. The felsic pebbles caused stratigraphical problems since 
felsic volcanic rocks were known only from positions stratigraphically above the 
conglomerate (Lundbohm 1910; Ödman 1957; Paräk 1975; Frietsch 1979). Recent 
studies show, however, that the felsic porphyry pebbles are calcalkaline and chemically 
different from the stratigraphically overlying Kiruna Porphyries (Martinsson et al. 1993). 
The calcalkaline Svecofennian volcanic rocks covering large parts of northern Norrbotten 
have been termed the Porphyrite Group (Martinsson & Perdahl, in prep) according to the 
stratigraphy of Offerberg (1967). 

The Kiruna Porphyries comprise a bimodal volcanic suite with trachybasalts, 
trachyandesites and rhyodacites-rhyolites formed in an extensional environment (Perdahl 
and Frietsch 1993). Associated with the Kiruna Porphyries are the Kiruna type apatite-
iron ores, of which the Kiirunavaara iron ore is the largest (Paräk 1975; Frietsch 1978). 
The iron ores are magmatic except for banded exhalative apatite-rich iron ores in the 
uppermost part in some of the Per Geijer ores (Martinsson et al. 1993). 

Methods 

To study the lower part of the Kiruna Porphyries, a more than 10 km thick 
sequence comprising mafic to felsic volcanic rocks was studied in three profiles (Fig.2) 
with respect to field characteristics, stratigraphy and geochemistry. The studied area is 
more suitable than the type locality for the Kiruna Porphyries close to the Kiirunavaara 
iron ore (Geijer 1910), due to better outcrop exposures, especially in the stratigraphically 
lower parts. 

A total of 49 samples were analysed by Inductively Coupled Plasma (ICP) and 
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Neutron Activation (INAA) techniques in the laboratories of SGAB, Luleå, Sweden and 
Actlabs, Ont., Canada. 

Results 

Field characteristics and petrology 

Three profiles cover together a stratigraphical sequence of c. 7 km of the Kiruna 
Porphyries. However, the upper contact of the stratigraphically lower Porphyrite Group 
is only found in drillcore in the western part of profile Saggekirka. 

The stratigraphically lowest unit of the Kiruna Porphyries, c. 4 km thick, consists 
of greyish green to greenish black basaltic lavas with intercalations of felsic tuffs/tuffites. 
At the bottom, two thick rhyodacitic intercalations occur (Fig.3). Within the unit a 
cyclicity is found with c. 700 m thick basalts followed by tuffs/tuffites. The basalt form 
lava flows that are 5-10 meters thick, and they are commonly porphyritic and 
amygdaloidal with scoriaceous tops. The vesicles are filled with epidote or quartz and the 
scoriaceous parts are often rich in epidote. Massive lavas with pillowed tops are also 
found within the sequence. In the centre of thicker lava flows the basalt is medium-
grained with an almost gabbroic character. The felsic tuffites locally display 
crossbedding of heavy minerals, with stratigraphical up to the west and a transport 
direction from N-NE. Locally conglomeratic parts occur. 

Upon the basaltic unit, a c l km thick unit with alternating basalts, andesites, 
dacites and banded tuffites occur. The basalts and andesites are porphyritic and often 
amygdalous, with dominantly quartz amygdules. 

The following unit comprises of at least 2 km thick reddish rhyodacitic to 
rhyolitic volcanic rocks, locally ignimbritic, with minor intercalations of basaltic lavas. 
The sequence starts with a conglomerate with up to 4 cm large porphyry pebbles in a 
gravel matrix. Ignimbrites are found within the sequence (Fig.3). 

Geochemistry 

The Kiruna Porphyries in the area studied are alkali-rich (Fig.4), most of the 
basalts are alkaline. There is a large variation in alkali content for the basalts, from 3 % 
up to 8 % Na20+K20, whereas the intermediate and felsic rocks have a alkali content 
around 8 % Na20+K20. With increased Ti and Zr content in the basalts, alkali contents 
increases (Fig.5), which suggests that there is an alkaline differentiation and the high 
alkali contents are not the result of secondary alterations. Secondary alterations have 
locally resulted in extreme Na- or K-enrichment (Frietsch 1984). The Kiruna Porphyries 
also have a tholeiitic differentiation trend (Fig.6). There is an enrichment of Ti and V 
with increasing silica content up to c. 50 % Si02 (Fig.7), V decreases strongly with 
higher contents of Si02, whereas T i decreases moderately. The rhyodacites and rhyolites 
are unusually high in T i 0 2 (0.36-0.87 % ) . 

In a Ti-Zr diagram (Fig.8), the basalts plot in the within-plate basalt field (WPB). 
The most primitive basalts plot in the fields of mid-ocean ridge basalt (MORB) and 
volcanic arc basalt (VAB). Increased plagioclase fractionation resulted in higher contents 
Ti and Zr contents (Pearce and Norry 1979), and the more evolved basalts plotting in the 
WPB field. 
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Geochemistry of basalts from different tectonic environments 

In Fig.9, the chemistry of the basalts of the Kiruna Porphyries is compared with 
basalts from known tectonic environments. The advantage of using this diagram is that 
element distribution in different basalt types is easily recognized. We do not consider this 
to be a complete set of data but it gets a fair picture of the characteristics for each 
environment. Rocks have not been included from areas that have a complicated tectonic 
environment or anomalous magma source. Also rocks with unusual chemistry like 
boninites and kimberlites have been avoided, whereas Mg-rich basalts have been 
included. Part of the large spread of elements in the ocean island basalts is explained by 
the presence of tholeiitic and alkalic basalts. 

Chemical patterns 

Two groups of basalts may be discerned from the chemistry (Fig.9). One group is 
mid-ocean ridge basalts (MORB) and basalts formed by subduction zone processes: 
island arc basalts (IAB), continental arc basalts (CAB) and back-arc basalts (BAB). The 
other group is r i f t associated: oceanic island basalt (OIB), continental flood basalt (CFB) 
and continental rift basalt (CRB). High contents of Ba, Hf, REE, Nb, P, Ta, T i and Zr are 
typical of the r i f t associated basalts. However, there is an overlap between the lowest 
contents of the elements in this group and the highest contents of the subduction group. 
The contents of Na, K, Mg, Rb and Sr are also commonly higher in the rift associated 
group, but the tendency is not so obvious as for the above mentioned elements. 

Characteristic for the IAB and CAB are the high Al-contents, whereas BAB does 
not have this feature. The contents of Ti , Ta and Nb are low in arc basalts compared with 
MORB, probably due to interaction between arc magmas and depleted mantle peridotite 
during the ascent (Kelemen et al. 1990). 

The basalts of the Kiruna Porphyries have rather similar pattern as the rif t type, 
i.e. high contents of Ba, Hf, REE, P, Ti and Zr. However, the contents of Nb and Ta are 
low. In a spider diagram (Fig. 10), a small depletion in Ta and Nb is seen relative to other 
elements, but not so marked as for arc volcanic rocks and the lower continental crust 
(Wilson 1989). A small depletion in Ta and Nb is not uncommon for flood basalts 
(Piccirillo et al. 1988 ) 

Discussion 

The thickness (> 4km) and chemical character of the basalts of the Kiruna 
Porphyries infer that the basalts may be Proterozoic equivalents to modern flood basalts. 
Within each basaltic cycle there is a distinct chemical zonation from the bottom to the 
top. T i , Zr, alkalies and REE may increase with a factor two (Fig. 11). This strong 
enrichment in Ti and Zr contents indicates that the magma chamber was strongly 
plagioclase differentiated (Pearce and Norry 1979) and the magma had crystallized with 
up to 50 %. The minimum size of the magma chamber is given by the thickness of each 
cycle (6-700 m), which can be traced along strike for at least 10 km. I f we assume that 
the basalts have a lateral extension with a minimum of 10 km, we get a minimum volume 
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of 60-70 km3 for the magma chamber. The cyclicity of the basalts infers that the magma 
chamber was repeatedly filled with magma from deeper levels. After c. six basaltic 
cycles the volcanism changed from mafic to felsic with a short period of mixed mafic 
and intermediate volcanism. This shift is probably related to melting of the lower crust 
caused by the heat from the mafic magmatism. The high-Ti contents of the rhyodacites 
may reflect mixing of high-Ti magmas and melts from the felsic crust. High-Ti felsic 
rocks are found in the southern Parana basin where the crust is thicker than in other parts 
of the Parana basin (Piccirillo et al. 1988). 

The bimodal character of the Kiruna Porphyries found in the studied area, with 
basaltic intercalations within the rhyodacites, differ from that of the type locality of the 
Kiruna Porphyries around the Kiirunavaara iron ore. There, the trachyandesites are 
unusually thick with minor intercalations of trachybasalts, whereas the rhyodacites lack 
intercalations. In other areas with Kiruna Porphyries bimodality is obvious. The 
trachyandesites of the Kiruna Porphyries are thought to have formed stratovolcanoes 
whose higher parts were not covered by floodbasalts. Therefore, the central parts of the 
Kiruna Porphyries (around Kiirunavaara) form a unimodal series whereas the external 
parts of the former stratovolcano show increasingly more distinct bimodality. Remnants 
of a stratovolcano has been found north of Kiruna (Martinsson et al 1993). 

The chemistry of the Kiruna Porphyry basalts is similar to that of basalts of the 
lowermost Kiruna Greenstones, i.e. high T i , P and alkalies (Martinsson 1992). This 
indicates that the first stages of volcanism of these two groups were similar, whereas later 
stages differ. The Kiruna Greenstones represents a successful continental rift with 
opening of sedimentary basin, whereas the Kiruna Porphyries failed to rif t . Instead 
extensive flood basalts and felsic volcanism were formed. 

In the final stages of magmatism, apatite iron ores formed. The apatite iron ores 
have a large crustal component, similar Nd-isotopic composition and REE patterns as the 
wall-rocks (Cliff and Rickard 1992; Frietsch and Perdahl 1994) indicating that the ores 
are comagmatic with the trachyandesites and rhyolites. The origin of the apatite iron ores 
are still in debate, but the magmatic model is the most plausible as most of the ores are 
intrusive (Frietsch 1978). The process of the iron oxide magma formation is still 
uncertain, but liquid immiscibility is one of the proposed models. The high Fe and P 
contents of the mafic magma together with high oxygen fugacity may have played an 
important role in the ore formation (Frietsch 1984; Vicenzi et al. 1994). 

Conclusions 

The lower part of the Kiruna Porphyries consists of mafic volcanic rocks, whereas 
rhyodacites with minor basaltic intercalations dominate the upper part. The type locality 
of the Kiruna Porphyries around the Kiirunavaara iron ore differs from the rest of the 
area by the lack of mafic intercalations within the rhyodacite, the lower parts of the 
sequence is not exposed. 

The Kiruna Porphyries had formed by extensional magmatism, probably initiated 
by a mantle plume and deposited in the waning stage of an overall compressional regime 
at c. 1.9 Ga. Thick sequences with high-Ti floodbasalts were deposited in the early 
stages, followed by high-Ti and Zr felsic volcanics when the crust started to melt. In the 
final stages of volcanism comagmatic, iron oxide magma had intruded within the 
volcanic pile and extruded upon the Kiruna Porphyries. 
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Captions 

Fig. 1. Geological map of northern Sweden. After Perdahl and Frietsch (1993). 
BB=Bofhnian Basin. 

Fig.2. Geological map of the area studied area. Modified from Offerberg (1967). 

Fig.3. Stratigraphic columns of the studied profiles. 

Fig.4. Alkali-silica diagram of the Kiruna Porphyries. Dividing line after Irvine and 
Baragar (1971). 

Fig.5. Total alkali contents versus Ti02 and Zr for basalts of the Kiruna Porphyries. 

Fig.6. AFM diagram of the Kiruna Porphyries. Dividing line after Irvine and Baragar 
(1971). 

Fig.7. Harker diagram for Kiruna Porphyries. Major element contents in wt %, trace 
element contents in ppm. 

Fig.8. Ti-Zr covariation diagram for Kiruna Porphyries. Discrimination fields for basalts 
after Pearce (1982). MORB= Mid-ocean ridge basalt VAB= Volcanic arc basalt 
WPB= Within-plate basalt. 

Fig.9. Major and trace element contents of basalts from different tectonic environments 
and basalts of the Kiruna Porphyries. Unbroken line denote normal values, dashed 
lines are with extreme values. Major elements contents in wt%, trace element 
contents in ppm. MORB=Mid-ocean ridge basalts IAB=Island arc basalt 
CAB=Continental arc basalt BAB=Back-arc basalt OIB=Oceanic island basalt 
CFBContinental flood basalt CRBContinental r i f t basalt KPB=Kiruna 
Porphyries basalt. Analyses of MORB from Sun & McDonough (1989) and 
Walker (1991), analyses of IAB from White & Dupré (1986) and McCulloch & 
Gamble (1991), analyses of CAB from Rose (1972), Dostal et al. (1977), Frey et 
al. (1984), Hickey et al. (1986) and Mahlburg Kay et al. (1988), analyses of BAB 
from Saunders & Tarney (1991), Cameron (1989), Hawkins et al. (1990) and 
Ewart et al. (1994), analyses of OIB from Sun & McDonough (1989), Davis et al. 
(1989), Chaffey et al. (1989), Storey et al. (1989), Gautier et al. (1990) and 
Middlemost (1991), analyses of CFB from Marsh (1987), Cox (1988), Piccirillo 
et al. (1988), Mahoney (1988), Hooper (1988), Carlson & Heart (1988) and 
Hooper & Hawkesworth (1993), analyses of CRB from Davies & MacDonald 
(1987) and Hart et al. (1989). Analyses of basalts from all tectonic environments 
are taken from Wilson (1989). 

Fig. 10. Spider diagram on basalts of the Kiruna Porphyries, highest and lowest values. 
The normalizing values are those of Pearce at al. (1981). 

Fig. 11 Ti , Zr and V contents in basaltic cycle in the lower part of the Kiruna Porphyries. 
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Abstract. The present investigation deals with sulphur 
isotope distribution in Lower Proterozoic iron and sul
phide mineralizations in northern Sweden. The contrast
ing sulphur isotope patterns are indicative of different 
genesis. Some 267 sulphur isotope analyses of pyrite, pyr
rhotite, chalcopyrite, sphalerite, galena and bomite from 
23 occurrences have been performed. Some deposits ex
hibit uniform compositions, although the mean (53*S 
values are clearly different, while other mineralizations 
have widely fluctuating values. 

The <534S values in syngenetic, exhalative sedimentary 
skarn iron ores, quartz-banded iron ores and sulphide 
mineralizations of the 2.0-2.5 G a old (Lapponian) Green
stone group show a large spread, supporting the existence 
of bacteriogenic sulphate reduction processes. The spread 
of the sulphur isotope values (<534S = - 8 to + 25%,), 
and the non-equilibrium conditions, point to a biogenic 
rather than to an inorganic reduction of seawater sul
phate. 

The isotopic composition of the sulphides in the epi-
genetic Lannavaara iron ores which were formed by a hy
drothermal scapolite-tourmaline-related process, indi
cates a sulphur source similar to that of the Greenstone 
group. The <534S values of Cu-(Au) sulphide mineraliz
ations in the Malmberget region (e.g. Aitik), which were 
formed by a similar process and hosted by the volcanics-
volcanoclastics of the 1.9 G a old Porphyry group, 
are slightly below zero %„, indicating a magmatic 
origin. The existence of different sulphur compositions 
for these mineralization types formed by a similar 
hydrothermal process, probably reflects the influence of 
the host rock, the solutions leaching pre-existing sul
phides. 

In southern Norrbotten, epigenetic, Cu-Zn-Pb vein-
type mineralizations in metavolcanics and metasediments 
have (5 3 4S values close to zero %<, indicating a magmatic 
origin. The sulphur isotope data of the volcanogenic, 
massive sulphide ores of the Skellefte district, in particular 
the ores of the Adak dome, are close to zero %„. 

The lead and sulphur isotopic features of the sulphides 
in northern Sweden show that the ore-forming processes 
were of a different nature on both sides of the Archean-

Proterozoic border, implying differences in the crustal 
development. Lead isotopes show that lead was mobilized 
from specific sources on each side of the border. The 
sulphur of the sulphides in the Greenstone group in N E 
Sweden and Finland was introduced by sedimentary pro
cesses, whereas the sulphur of the sulphide occurrences 
towards the SW, mainly in the Porphyry group, is domin
ated by a magmatic sulphur component. 

Geological setting of the Lower Proterozoic 
sulphide-bearing ores in northern Sweden 

This paper deals with the sulphur isotope distribution in Lower 
Proterozoic iron and sulphide ores in northern Sweden. 

The investigated mineralizations occur in 1.9-2.5 G a old, meta
volcanites and metasediments of the Greenstone and Porphyry 
groups. They have been affected by the Svecokarelian orogeny, with 
its peak around 1.8-1.9 G a ago. Plutonic rocks cover large areas 
surrounding the volcanites and sediments, which form irregular, 
elongated belts, mostly with a N N E or a NW extension (Fig. 1). The 
grade of metamorphism is intermediate, being almost exclusively 
within the lower amphibolite facies, occasionally within the green-
schist facies. 

Oldest among the supracrustal rocks is the Lapponian Green
stone group with mafic volcanic and sedimentary rocks. They rest 
on an Archean granite-gneiss basement ca 2.8 Ga old (Welin et al. 
1971; Skiöld 1979). The volcanics consist of basalts, subordinate 
andesites and quite minor ultramafites, and at a high stratigraphic 
level, metasedimenlary intercalations. Based on radiometric dating 
of greenstones in northern Sweden, Finland and Norway, ages 
between 2.0 and 15 G a have been obtained (Silvennoinen et al. 
1980; Skiöld and Cliff 1984; KriU et al. 1985; Skiöld 1986; Romer 
1989). 

The Svecofennian Porphyry group comprises terrestrial and mar
ine metavolcanites which mainly consist of Na-rich to Na-K-inter-
mediate rhyodacites-trachytes and subordinate daciles-andesites 
(Frietsch 1984; Frietsch and Perdahl 1989; Perdahl and Frietsch 
1993). U/Pb determinations have given ages of 1.88-1.91 Ga 
(Skiöld and Cliff 1984; Skiöld 1987; Welin 1987). The volcanism was 
connected with a differentiated plutonism, 1.86-1.89 G a old, and 
later affected by a granitic plutonism, 1.77-1.80 Ga old (Skiöld 
1987). 
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Fig. 1. Geological map of northern Sweden after Perdahl and 
Frietsch (1993). The major fracture lines after öhlander and Nisca 
(1985) 

Investigated ore types 

Iron ores 

The mafic volcanites of the Greenstone group contain, in sedimen
tary intercalations at high stratigraphic levels, both skarn iron ores 
and quartz-banded iron ores (Fig. 2). The host rocks are limestones-
dolomites, marls and cherts associated with tuffs-tufntes, phylhtes 
and graphite-bearing schists. 

The skam iron ores are composed of magnetite (often Mg-bear-
ing, Frietsch 1985b), Ca-Mg-silicates and Mg-silicates. The skam 
silicates are either evenly distributed in the ore or form independent 
masses or layers. Typically, small amounts of pyrite and pyrrhotite 
occur in the ore. Occasionally accessory amounts of chalcopyrite are 
found. The skam iron ores are considered to be of volcano-sedimen
tary origin, as shown by their stratabound appearance and the 
banded character (Frietsch 1977). The skam sihcates were formed 
during regional metamorphism by internal reactions between chem
ical precipitates of iron, calcium, magnesium and silica. 

Stora Sahavaara is the largest skam iron ore of the Kaunisvaara 
ore belt N N W of Pajala. The host rocks are graphite-bearing schist, 
marl and quartzite (Lundberg 1967; Lindroos 1974). The ore con
tains 0.6-0.8% graphite as a fine dusting in serpentine, which is often 
connected with sulphide-bearing parts. The Junosuando skam iron 
ore belongs to the Masugnsbyn ore belt, which consists dominantly 
of quartz-banded iron ores. The host rocks are mica schists, quartz-

Fig. 2. Map showing the site of the mineral occurrences investigated 

feldspar gneisses and graphite-bearing schist. The Tervaskoski min
eralization contains, in contrast to most of the other skam iron ores, 
locally small amounts of copper (0.1% Cu). The ore minerals are 
magnetite, subordinate pyrite, chalcopyrite and pyrrhotite. The cop
per-rich part is related to fracturing-tectonization of the wall rock. 
A secondary "enrichment" of the sulphides must thus at least partly 
be anticipated. 

The quartz-banded iron ores, which occur in a rock association 
similar in composition and stratigraphic position to the one carrying 
the skam iron ores, consist of quartzites with Fe 2'*-Mg-(Mn) sili
cates mostly forming distinct layers. They contain small amounts of 
pyrite, pyrrhotite and accessory chalcopyrite. The Isovaara deposit 
is situated in the northern part of the Masugnsbyn iron ore field. The 
Marjajärvi (Marjarova) magnetite-skam layered quartzite is hosted 
by a garnet-bearing phyllite with quartzitic layers, graphite-phyllite 
and limestone-dolomite. 

The Lannavaara iron ore deposits, Kevus and Teltaja, E N E of 
Kiruna, are epigenetic, forming massive bodies, veins or impregna
tions of magnetite-hematite in trachyandesites and trachytes (Frietsch 
1985a). Associated with the ore is a hydrothermal alteration forming 
scapolite, tourmaline, fluorite, analcime and small amounts of pyrite 
and pyrrhotite. The host rocks are of uncertain lithostratigraphic 
position, but probably belong to the Greenstone group. 

Sulphide ores 

Relatively common in the metasediments of the Greenstone 
group are minor amounts of pyrrhotite and pyrite as veinlets, 



disseminations or fine laverings. Occasionally chalcopyrite enters the 
association and is found in economic or sub-economic amounts in 
deposits such as Viscaria, Kopparåsen and Östra Äijäjärvi. At Kiruna 
the syngenetic Viscaria Cu (magnclite-chalcopyritc-pyrrholite-
sphalerite) mineralization was deposited by exhalative activity in 
metasediments, mainly limestone and graphite schist (Godin 1986a. 
1986b; Martinsson 1991,1992a, 1992b). The presence of magnetite in 
this type of deposit means a paragenetic connection between sulphide 
and iron mineralizations of the Greenstone group. The Huornaisen-
vuoma Zn-Pb deposit is hosted by a skarn-bearing dolomite in mafic 
metatuffites and metasediments of the Greenstone Group. The ore 
minerals are sphalerite, chalcopyrite, magnetite and galena (Frietsch 
1985a). The ore-bearing sequence is enriched in Mn and Ba and 
represents a volcano-sedimentary formation. 

The Gruvberget iron ore at Svappavaara is of the Kiruna (apatite-
bearing) ore type and is hosted by trachytes with basaltic intercala
tions of the Porphyry group. The ore and the volcanites are cut by 
NW-SE-trending dykes of metabasite composed of scapolite, biotite 
and hornblende. The trachyte adjacent to the iron ore is locally 
hydrothermally altered with the formation of scapolite, tremo-
lite-actinolite, stilbite, chabazite and calcite (Frietsch 1966; 
Frietsch 1985a). Associated with the scapolite alteration is 
chalcopyrite-bomite mineralization in schlieren and joints. 
Occasionally pyrite, arsenopyrite, erythrite, molybdenite, gold 
and native copper are encountered. The metabasite is affected by the 
same alteration. 

In the Porphyry group S E of Malmberget there are several C u -
(Au) mineralizations of which Aitik, Nautanen and Liikavaara ös tra 
are the most important. They occur in a NNW-extended, about 
40-km-long and 5-km-wide belt, built up of metamorphosed 
volcanic, pyroclastic and minor epiclastic rocks (Danielsson and 
Lindroos 1986; Danielsson 1987). Most of the Nautanen rocks are 
lithogeochemically alkali basalts and to a less extent trachybasalts. 
A N W fault zone of large extension is a prominent feature of the 
area. In the Aitik and Nautanen minerlizations, chalcopyrite, 
bomite, chalcocite, magnetite and pyrite occur as disseminations 
and stringers, partly in skam schlieren and veinlets, partly in 
quartz-(tourmaline) veins. The host rocks are hydrothermally 
altered with serialization, scapolitization and tourmalinization 
(Zweifel 1976; Frietsch 1985a; Drake 1992). 

In the southwestern part of Norrbotten County, between Malm
berget and Arvidsjaur, there is a metallogenetic province with about 
40 minor Cu-Zn-Pb-(Ag) deposits (Frietsch 1989, 1991). The 
mineralizations have an epigenetic mode of occurrence, and appear 
as breccias and vein fillings mainly in the Porphyry group compris
ing felsic, partly tuffitic volcanites, less commonly in intermediate-
mafic volcanites and metasedimentary rocks. At Iekelvare the 
minerlization ües in different rocks (granite, diorite and volcanite), 
clearly indicating the epigenetic nature of the ore. Many mineraliz
ations are related to fault lines. Some deposits are metasomatically 
altered, e.g. with sericitization. The copper minerals are chalcopyrite, 
bomite, covellite and chalcocite. Commonly present are sphalerite, 
galena, pyrrhotite, pyrite and magnetite. Less common are fahlerz, 
molybdenite and arsenopyrite. The gangue is made up of quartz, 
chlorite, calcite, biotite and feldspar. Locally fluorite, garnet, tour
maline, scapolite and gahnite belong to the association. 

In the Skellefte district, volcanogenic, massive pyrite ores with 
copper, zinc and some lead occur in a supracrustal sequence 
composed of 1.9 G a old felsic-intermediate volcanites, overlain 
by sediments and mafic volcanites. The ores are made up of massive 
pyrite bodies with varying amounts of pyrrhotite, sphalerite, 
chalcopyrite, arsenopyrite, and, less commonly, galena and 
sulphominerals. References to the geology and the ore deposits are 
given by Rickard (1986). There is no sharp border towards the 
sulphide ores of southern Norrbotten. A more marine environment 
characterizes the Skellefte ores, while the ores of southern Norrbot
ten were formed in a terrestic milieu. 

The Långdal ore, the only deposit investigated here for sulphur 
isotopes, is a zinc ore with some copper and lead (Martinsson 1987). 
The central part is a pyrite body which grades into a semi-massive 
ore partly impregnated with sphalerite and galena. 

In the Adak area, about 35 km N of the western end of the 
Skellefte district, there are a number of sulphide mineralizations al 
the outer border of a cupola structure which is composed of 
a layered sequence of mica-schists, a "banded series" of volcanites-
sedimcnls, andesites-dacites and mafic tuffs with graphite-schists 
(Gavelin 1948). These ores differ in some respects from the ores of (he 
Skellefte district. The Adak (Abraham and Långreven) and Karlsson 
mineralizations form breccias and impregnations without connec
tion to massive pyrite ore bodies (Frietsch 1975). The altered wall 
rocks comprise "ore quartzites" rich in cordierile, antophyllite and 
cummingtonite (Ljung 1974). The Lindsköld, Brännmyran and 
Rudtjebäcken deposits form lens-formed bodies. The Rudtjebäcken 
ore is pyritic and thus more similar to the Skellefte ore type proper. 

Material analysed and analytical techniques 

The analysed samples were taken from drill-cores, which were 
crushed and screened to a 0.15-0.56 mm fraction. The separation of 
the sulphides was carried out by conventional techniques (combined 
use of magnetic separator and water pan) and paramagnetic fluid 
separation. Sulphides from coarse-grained and more pure assem
blages were directly picked under a binocular microscope. 

The chemical preparation and mass spectrometry analyses, car
ried out at the Laboratory for Isotope Geology at the Swedish 
Museum of Natural History in Stockholm, followed the description 
by Nord and Billström (1982). The precision of the analytical results 
is generally better than ± 0.3%„. Isotopic compositions are conven
tionally given as i 3 * S values relative to C D T . Samples from 23 
localities (Fig. 2) have been handled and out of these 267 sulphur 
isotope analyses were performed (111 pyrites, 67 pyrrhotites, 63 
chalcopyrites, 15 sphalerites, 7 galenas, 3 arsenopyrites and 1 bor-
nite). The data are graphically presented in Figs. 3-6 and sum
marized for two of the mineralizations in Table 1. A complete list of 
data can be obtained on request from the authors. 

Sulphur isotope characteristics of tbe different ore types 

Iron ores 

The 5 3 4 S values of the sulphides in the skarn iron ores and 
quartz-banded iron ores of the Greenstone group show 
great variations (Fig. 3). The greatest range is found in the 
Stora Sahavaara skarn iron ore, where the 5 3 4S values in 
the ore proper and skarn vary from — 6.8 to + 5.4%„ and 
in the graphite-bearing schist from — 7.9 to + 24.7 %,. 
63*S determinations from the Junosuando (Masugnsbyn) 
skarn iron ore show a narrow range for three samples 
between — 0.8 and + 1.1%,. In the sulphides of the Ter-
vaskoski (chalcopyrite-bearing) mineralization (ore and 
skarn) the <534S values vary between + 2.3 and + 8.0%„. 
One skarn sample has isotopically lighter sulphur 
(<534S=-4.4%,). 

A broad 5 3 4 S interval is found for the quartz-banded 
iron ore Marjajärvi. Isotopically heavy sulphur values are 
found in the quartzite, exhibiting a variation between 
— 0.8 and + 28.3%,. The iron ore reveals in the N com

paratively low values (+ 0.2 to + 9.4%„), but in the central 
part higher values (+11.9 to + 23.5%,) . Two analyses 
have low t534S values (-7.8 and - 8.2%,) . The 5 3 4S 
values of the sulphides in the Isovaara quartz-banded iron 
ore (four samples) vary from + 4.2 to + 5.6%,. 

The sulphides of the epigenetic metasomatic iron min
eralizations Kevus and Teltaja typically show enrichment 
of isotopically heavy sulphur (Fig. 4). In the Kevus 
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Table 1. å3iS analyses of sulphides in drillhole sections from the 
skarn iron ore Stora Sahavaara and quartz-banded iron ore Mar
jajärvi 

Tabic 1. (continued) 

Rock type Drillhole/depth Mineral 

Stora Sahavaara 

Skarn iron ore 62001/72.3 py + 0.6 
Skam iron ore 62001/80.70 py + 2.7 

Skam iron ore 62001/82 po + 1.8 
Skam iron ore 62001/82 py + 2.3 
Skam iron ore 62001/89 po + 2.6 
Skam iron ore 62001/89 py + 2.4 

Skam iron ore 62001/99.6 py + 17 

Skam iron ore 62001/103.9 po - 1.7 
Skam iron ore 62001/103.9 py - 1.2 

Skam iron ore 62001/104 py - 1 . 5 
Quartz-rich skam 62001/117.7 po - 1 5 
Quartz-rich skam 62001/125.5 py + 4.7 
Quartz-rich skam 62001/125.5 py + 5.4 

Quartz-rich skam 62001/136.75 po + 5.2 
Graphite schist 62001/162.10 po - 4 . 0 
Graphite schist 62001/1810 po + 4.5 
Graphite schist 62001/195.0 po - 7 . 9 
Graphite schist 62001/201.0 py + 1.4 
Graphite schist 62001/201.0 po + 1.9 
Graphite schist 62001/209.55 po + 11.0 
Graphite schist 62001/211.0 po + 2.9 
Skam iron ore 62002/139.3 po + 0.5 
Skam iron ore 62002/139.3 py + 0.7 
Skam iron ore 62002/139.3 py + 0.1 
Skam iron ore 62002/148 py + 3.2 
Skam iron ore 62002/148.8 py + 3.1 
Skam iron ore 62002/161.2 py -2 .1 
Skam iron ore 62002/165.6 py - 1.1 
Skam iron ore 62002/168.7 po - 1.3 
Graphite schist 62002/218.6 po + 7.4 

Skam iom ore 62014/46.1 py - 6 . 8 
Skam iom ore 62014/47.65 py - 0 . 2 
Skam iom ore 62014/57.4 py + 1.2 
Skam iom ore 62014/60.4 py + 2.9 
Skam iom ore 62014/72.3 py + 1.3 
Skam iom ore 62014/72.3 po + 1.3 
Graphite schist 62014/93.8 py + 24.7 
Graphite schist 62014/93.8 po + 23.5 
Graphite schist 62014/94.6 po + 14.8 

Marjajärvi 

Quartzite 
Quartzite 
Quartzite 
Skam iom ore 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Quartzite 
Phyllite 
Phyllite 
Graphite phyllite 
Graphite phyllite 
Quartzite 
Skam iron ore 
Skam iron ore 
Skam iron ore 
Skam iron ore 
Quartzite 
Quartzite 
Quartzite 
Phyllite 

68601/125.9 
68601/131.4 
68601/133.6 
68601/136.5 
68601/138.0 
68601/142 
68601/147.6 
68601/147.6 
68601/147.6 
68601/165.1 
68601/170.8 
68601/173.6 
68601/175 
68601/177.8 
68601/179.52 
70601/32.1 
70601/34.8 
70601/35.8 
70601/38.2 
70601/44.70 
70601/46.30 
70601/47.1 
70601/61.15 

po 
po 
po 
po 
po 
po 
po 

py 
cpy 
po 
po 
po 
po 
po 
po 
po 
po 
po 
po 
po 
po 
po 

py 

+ 18.4 
+ 2.7 

+ 13.0 
- 7 . 8 

+ 24.5 
+ 10.2 

+ 4.8 
+ 3.2 
- 0 . 8 
+ 6.0 
+ 3.2 
+ 3.4 
+ 17 
+ 5.6 
+ 3.6 

+ 19.9 
+ 21.0 
+ 23.5 
+ 11.9 
+ 28.3 
+ 20.0 
+ 22.3 
- 0 . 4 

Rock type Drillhole/depth Mineral <534S (%J 

Quartzite 70601/92.5 po + 6.0 
Quartzite 70601/94.7 po + 5.1 
Graphite phyllite 70601/139.0 po + 1.8 
Graphite phyllite 70601/155.9 po + 1.3 
Graphite phyllite 70601/178.2 po + 0.4 
Graphite phyllite 70601/190.8 po + 0.3 
Graphite phyllite 70601/221.4 po - 8 . 2 
Graphite phyllite 70601/238.8 po + 1.4 
Graphite phyllite 70601/247.2 po + 3.2 
Skam iron ore 70605/140.9 py + 3.7 
Skam iron ore 70605/147.75 po + 5.8 
Skam iron ore 70605/183.0 py + 0.2 
Skam iron ore 70605/211.5 py + 1.2 
Skam iron ore 70605/238.3 cpy + 9.4 
Skam iron ore 70605/240 po + 8.5 
Skam iron ore 70605/240 py + 8.8 

py, Pyrite; po, pyrrhotite; cpy, chalcopyrite 
Analytical precision + 0.3%„ 

Stora Sahavaara 

Tervaskoski 

Junosuando 

LTD Pyrite 

HB Sphalerite 

10 15 20 

glä Pyrrhotite I I 

• Galena 

Chalcopyrite 

Fig. 3. <53*S distribution in mineralizations in the Greenstone group 
in northem Sweden. A Skam iron ore. B Quartz-banded iron ore. 
C Zn-Pb ore. Each square represents one sample 

occurrence the S3*S values vary between — 1.8 
and +13.0%,. The sulphides in the Teltaja deposit 
have an even heavier sulphur composition with 63*S 
values in the graphite-bearing schist in the ore zone be
tween + 20.1 and + 31.2%„. Likewise the 53*S values of 
the sulphides in the trachyte are relatively high from 
+ 4.910 + 15.9%,, 
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Fig. 4. <S34S distribution in mineralizations associated with scapolit-
ization-tourmalinization in northern Sweden 

Sulphide ores 

In the zinc-bearing ore Huornaisenvuoma the é 3 4 S values 
vary between - 7.8 and + 9.5%, (Fig. 3). 

The sulphur isotopic composition of the Gruvberget 
mineralization (Fig. 4) with chalcopyrite and pyrite is sim
ilar in the trachyte ( — 2.7 to — 8.2%J and in the meta
basite ( - 2.5 to - 10.0%„). 

^ ri In the Cu-^-Pb mineralizations in southern Norrbot
ten the <534S values of the more westerly situated deposits, 
Askelluokta, Iekelvare, Luspevare, Ballek and Lullepot-
ten, have lower values, varying from — 13.6 to + 4.8, 
compared to the more easterly deposits, Tjarrovare, 
Kvänberget (only two analyses), Östra Gåbdejaure and 
Laver, with — 0.3 to + 4.1%„ (Fig. 5). Among the western 
group Luspevare shows positive values from + 2 
to + 4.8%, 

The only deposit of the Skellefte district investigated in 
the present study is Långdal with 5 3 4S of the sulphides 
between +1.1 and + 4.4%, 

Irrespective of their different morphological expression 
and mineralogicai composition, there is a great resem
blance in sulphur isotopic composition between the sul
phides in the Adak (Abraham, Långreven, Lindsköld and 
Rudtjebäcken) deposits with S3iS values between — 1.2 
and +0.8%,,. 

Sulphur source in the iron and sulphide mineralizations in 
northern Sweden and Finland 

The deposits discussed in the present investigation show 
contrasting S3*S patterns. Some deposits exhibit uniform 
compositions, although the mean 63*S values are clearly 
different; other mineralizations have widely fluctuating 
values. These differences in isotopic signatures may be 
related to several factors, such as different host rocks, 
origin of fluids, age of mineralization, physico-chemical 
conditions and different sources of sulphur. 

For an igneous sulphur source the S3*S values of pri
mary sulphide minerals in mancultramafic igneous rocks 

and the upper mantle lie in the range — 1 to + 2"oc 

(Ohmoto and Rye 1979). Field et al. (1984) showed that 
primary magmatic sulphur in oceanic and submarine ba
salts have <534S values at about 0 + 3%,. 

Sulphate minerals in low-temperature regimes can form 
either as evaporites, provided the depositional environ
ment is oxygenated, or by bacteriological oxidation of 
sulphides, ln igneous rocks the sulphur-generation sul
phates may originate from two types of magmatic pro
cesses: (a) oxidation of S z~ in melt or (b) hydrolysis of 
S02(g) (Hattori and Cameron 1986). The <534S values of 
magmatic sulphates are likely to be in the interval + 7 to 
+ 14%, 

Iron and sulphide ores in the Greenstone group 

In the iron ores of the Lapponian Greenstone group no 
accumulation of evaporitic minerals is known and no 
sulphate minerals have been found. In the Marjajärvi and 
Stora Sahavaara deposits the 63iS values fall both well 
above and below the values expected for a system with 
a magmatic sulphur source. Therefore, a seawater sul
phate source has to be discussed with regard to these 
values. Furthermore, any model involving inorganic re
duction of sulphate at temperatures above ca 250 °C also 
has to be considered for the mineralizations dealt with in 
this paper, remembering that both reducing F e 2 + compo
nents and the heat necessary to drive a convective system 
may have been available. 

The iron mineralizations of the Lapponian Greenstone 
group in northern Sweden lack hydrothermal alteration 
features. Thus the large variation in c534S might indicate 
a low-temperature bacteriogenic reduction of seawater 
sulphate. Ohmoto and Rye (1979) outlined the fractiona
tion effects of the sulphur isotopes in a shallow marine to 
brackish water nearshore depositional environment, 
where the aqueous-reduced sulphur species were continu
ously removed as sulphide minerals from a system closed 
to SO* ". The host rock association of the ores in the 
Lapponian greenstones with graphite-schists, limestones, 
cherts and marls would be consistent with such an envi
ronment. According to Rye and Ohmoto (1974) bacteri
ogenic sulphides formed by reduction of seawater sul
phate can be recognized by (1) drastic variation of the <534S 
values over short distances, (2) sulphur isotope disequilib
rium being common among coexisting sulphides, and (3) 
overall <534S variations related to palaeogeographic trends 
rather than to lithologies. 

Comparing these criteria with the sulphur isotope 
systematics observed for the sulphides of the iron mineral
izations of the Greenstone group, the existence of a bac
teriogenic sulphate reduction process is supported. The 
similarities are particularly evident for the mineralizations 
at Marjajärvi and Stora Sahavaara with their isotopic 
distributions which fit a system of the type outlined above. 
Furthermore the presence of anaerobic bacteria which can 
feed on organic material is a prerequisite for any biolo
gical reduction process. Noting the large amount of car
bonaceous matter (present in the form of graphite) occur
ring in the host rocks and even in the iron mineralizations 
proper, it is reasonable to assume that organic matter was 
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primarily present at the depositional sites. Besides, non-
equilibrium conditions appear to be a rule rather than an 
exception. 

The large spread of the sulphur isotope values in certain 
of the iron mineralizations in Norrbotten merely points to 
a biogenic rather than an inorganic reduction of seawater 
sulphate. On the other hand, as the metals of the iron 
mineralizations were probably derived through volcanic 
activity, a high-temperature fractionation of the sulphur 
cannot be rejected. The high positive 53*S values could be 
explained in accordance with the model by Plimer and 
Finlow-Bates (1978). The continual withdrawal of isotopi
cally light sulphur from seawater by sulphide deposition, 
will, due to isotopic fractionation, enrich the basinal sul
phur in 3*S. Sulphides deposited during a late stage will 
hence be enriched in 3*S. 

With regard to sulphide isotopic distribution, the differ
ent types of skarn iron ores and quartz-banded iron ores 
in the Greenstone group in Sweden show similar data to 
those in iron and sulphide ore deposits in the Lapponian 
mafic volcanites and sediments in northern Finland. In 

the Kolari field the Rautuvaara, NE Rautuvaara, SW 
Rautuvaara, Cu Rautuvaara and Hannukainen iron ores, 
near Stora Sahavaara at the Finnish border, are geologi
cally similar to the skarn iron ores in northern Sweden. In 
these deposits the S3*S values are well above the values for 
a magmatic sulphur source. 

The Rautuvaara deposit consists of several ore lenses 
each of which has its characteristic mean S3*S value 
(Fig. 6). The sulphur isotopes seem to confirm a sedimen
tary origin of the ore (Mäkelä and Tammenmaa 1978; 
Hiltunen 1982). There are two peaks in the S^S distribu
tion of the Rautuvaara sulphides, at + 12.5%,, and 
+ 2.5%, The sulphur is assumed to be derived from two 
sources, through seawater sulphates with 
S3iS = + 14.6%„ and from a volcanogenic source with 
S3*S around zero %, 

Even if the sulphide deposits in the Lapponian green
stone sequence in northern Sweden (e.g. Viscaria) are 
different from the skarn iron ores by their higher content 
of chalcopyrite, there are, as has already been pointed out, 
similarities between the two ore types. Both occur in the 
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Fig. 6. S3*S distribution in iron and sulphide ores in northern Fen
noscandia. Arrows indicate mean values. A Mineralizations in the 
Lapponian Greenstone group in northern Sweden and northern 
Finland. / Iron ore. 2 Sulphide ore. B Sulphide ores in the Porphyry 
group in northern Sweden. 1 Southern Norrbotten. 2 Skellefte dis
trict. C Mineralizations associated with scapolitization-
tounmalinization in northern Sweden. / Lannavaara iron ores. 2 Sul
phide ores in the Svappavaara-Mahnberget area. References for 
deposits not investigated in the present work: Viscaria from L . 
Godin (written Communication, 1990); Rautuvaara, Pahtavuoma, 
Saattopora and Riikonkoski from Mäkelä and Tammenmaa (1978); 
Cu Rautuvaara and Hannukainen from Hiltunen (1982); Pah
tavuoma from Mäkelä (1977); Aitik from Yngstrom et al. (1986) 
Skellefte district and Åsen from Rickard et al. (1979) 

same sedimentary sequence and are characterized by 
a similar mineralogical association with pyrite, pyrrhotite, 
chalcopyrite and magnetite. The latter mineral does, how
ever, dominate in the iron ores. 

The 5 3 4S values from the Viscaria deposit vary accord
ing to the stratigraphic position. In the stratigraphically 
highest, main ore layer (A zone), the values are between 
— 7.3 and — 17.6%o, and in the stratigraphically lower, 

minor ore layer (B zone), between + 2.3 and + 7.2%,, (L 
Godin, written communication, cf. Fig. 6). A similar vari
ation in different iron ore horizons is found in the 
Rautuvaara skarn iron ore. This indicates rapidly chang
ing conditions during the formation of the different layers 
of iron ores and sulphides in the Greenstone group. The 

main factor for these isotopic variations has probably 
been a variable redox-potential in the depositional basin. 

The Cu deposits at Pahtavuoma and Riikonkoski in 
Finland are similar to the Viscaria ore type in Norrbotten 
(Frietsch 1989). The Lapponian host rocks are metasedi
ments such as phyllite, mica schist, greywacke, skarn and 
albitite. The sulphides in the Pahtavuoma and Riikon
koski occurrences show extreme variation in the f53tS 
values: from - 15.5 to + 31.2%„ (Mäkelä 1977; Mäkelä 
and Tammenmaa 1978, cf. Fig. 6). The sulphide sulphur in 
these deposits is partly derived from sulphate minerals in 
the sediments, partly from a volcanic source (Mäkelä and 
Tammenmaa 1978). The sulphate was reduced to H 2S by 
carbon or methane formed from the organic detritus of the 
sediments. At Pahtavuoma sulphur of seawater origin 
predominates. 

Iron ores of the Lannavaara area 

The c>34S values of the sulphides of the Kevus mineraliz
ation, which is connected with scapolitization and tour-
malinization, vary between — 1.8 and + 13.0%, The sul
phides in the Teltaja deposit have a higher <534S signature, 
varying between + 4.9 and + 31.2%, Frietsch (1985a) 
assigned 4f host rock volcanites of the ores to the Por- the 
phyry group. However, the heavy isotopic signatures of 
the Kevus and in particular Teltaja Tocks relate the de
posits to the Greenstone group. Graphite-bearing schist 
with similar high <534S values to those in Teltaja are found 
in Stora Sahavaara. Kevus and Teltaja were formed 
through hydrothermal processes, and it is probable that 
the primary origin of the sulphides is to be sought in 
leaching of sulphides of the Greenstone group. 

Sulphide ores in Svappavaara-malmberget area 

The Cu Sulphide deposits at Svappavaara (Gruvberget) 
and Malmberget (Aitik, Nautanen and others) have a gen
etic connection with scapolitization and tourmalinization. 
Scapolite and tourmaline-bearing rocks have a wide oc
currence in northern Fennoscandia (extending from Nor
way to Russia) and are formed by a complex, multiphase 
process (Frietsch 1989, 1991). Initially, exhalatives were 
deposited in basins of the 2.0-2.5 Ga old Lapponian 
mafic volcanics giving evaporitic sequences with chlorine, 
carbonate and sulphate, and locally borate. Through low-
to medium-grade metamorphic processes, associated with 
intrusive activity at 1.86-1.89 Ga? and 1.77-1.80 Ga?, 
the saline deposits with scapolite and tourmaline or their 
precursors were mobilized and brought into the present 
position. Faulting with fracturing and brecciation, con
nected with folding, were a prerequisite for the localiza
tion of the mineralizations. 

The S34S variation of the Gruvberget occurrence in 
northern Norrbotten is between - 1.8 and — 10.0%„ 
(Fig. 4). The isotopic values of the sulphides in the tra-
chytic host rock (average 5 3 4S = — 4.6%,) are similar to 
those of cross-cutting metabasite dykes (average 
<534S = - 4.9%,), implying that the sulphur in both rock 
types has a common origin. The relatively narrow range of 
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the sulphur isotope distribution and the closeness to 0%, 
indicate a magmatic origin. The intimate connection of 
the mineralization with the formation of scapolite is obvi
ous. The occurrence of copper sulphides in the dykes 
indicates that the copper mineralization belongs to a rela
tively late event, postdating the volcanism, and probably 
connected to remobilization processes. 

The Aitik mineralization, characterized by scapolitiz
ation, tourmalinization and sericitization, shows S3iS for 
sulphides in the range - 3.4 to + 3.3%„ (Yngstrbm et al. 
1986, cf. Fig. 6). The <53*S spread for barite is + 6.7 to 
+ 13.8%, The sulphur isotope data for sulphide-sulphate 

pairs indicate a temperature of formation around 500 °C 
and a magmatic-hydrothermal origin for sulphur. There is 
no evidence of a stratigraphically controlled variation of 
the <534S values with respect to pyrite and chalcopyrite. 
The narrow range of (534S and the lack of gradual changes 
in isotopic values in Aitik contradict a low-temperature 
bacteriological origin for sulphur (Yngström et al. 1986). 
The uniform 53*S values of the ban tes, around +11%, 
indicate that barite did not originate from seawater but was 
formed in equilibrium with the sulphides at rather high 
temperatures (500 - 600 ° Q. The <53*S values of Aitik suggest 
that the sulphur was derived from igneous sources, either as 
magmatic fluids or by dissolution of igneous sulphides. 

The Lannavaara iron deposits, Kevus and Teltaja, have 
been formed by similar scapolitization-tourmalinization 
processes to those at Gruvberget and Aitik. The difference 
in sulphur isotopes between these deposits is probably 
related to the sulphur isotopic composition of the host 
rock. The sulphide material was derived by leaching of 
pre-existing sulphides extracted from surrounding rocks. 
This is clearly reflected by the sulphur isotope composi
tion, which in the Gruvberget-Aitik ores has a magmatic 
origin and in the Lannavaara ores at least partly has 
a sedimentary origin. So, it seems that sulphur was locally 
derived in the Lannavaara and Gruvberget-Aitik areas by 
a single hydrothermal event which introduced metals 
from a distal source. 

Sulphide ores in southern Norrbotten 

Most of the Cu-Zn-Pb occurrences in southern Norrbot
ten are vein mineralizations, mainly within silicic vol
canites, and to a less extent within mafic volcanites and 
different metasediments. The mineralizations are tectoni-
cally related and the vein systems appear to be fracture-
controlled. Many mineralizations are related to major 
fault lines. Tbe metals were delivered by magmatic fluids 
Converting through the volcanic pile. The breccia tion of 
the volcanites by the sulphides indicates a shallow water 
depth with a boiling in the feeder system before the fluids 
reached the sea floor (Haas 1971; Ridge 1973; Finlow-
Bates and Large 1978). The sulphide deposits of southern 
Norrbotten are similar to those found in the inner side of 
principal arcs (Sawkins 1984) in that they are character
ized by polymetallic vein systems with Ag-Pb-Zn ± Cu, 
and are formed in connection with rifting in an exten
sional tectonic environment 

<53*S of the Cu-Zn-Pb sulphide mineralizations in 
southern Norrbotten show regional variations. The de

posits can be divided on the basis of their geographical 
position and <53*S values into a western group with the 
Askelluokta, lekelvare, Luspevare, Ballek Norra and Lul-
lepotten mineralizations, in which the <534S values vary 
between —13.6 and + 4.8%,,, and an eastern group with 
the Tjärrovare, Kvänberget, Östra Gåbdejaure (Ljus
träsk) and Laver mineralizations, in which the (53*S values 
are between —0.3 and +4.1%, In the western group 
Luspevare forms an exception by having r53*S values be
tween + 2.1 and + 4.8%, There is thus a tendency for the 
occurrences in the eastern group to contain isotopically 
heavier sulphur. The reason for this sulphur isotope divis
ion of the same ore type must be sought in somewhat 
different environments of deposition, even though the 
sulphur source may be similar. For instance, the narrow 
spread of the <53*S values around zero %,, in the eastern 
group of deposits indicates a magmatic source of the 
sulphur. The western type with more negative sulphur 
isotope values is, on the other hand, characterized by the 
presence of sphalerite, galena, and in addition, which is 
important in this connection, magnetite, hematite and 
bomite. The Luspevare deposit, which deviates from the 
other deposits of the western group, is, however, devoid of 
the latter minerals. This indicates, according of Ohmoto 
(1972), that the oxygen fugacity has been comparatively 
high and the pH low in the (feasterr/ group, which is 
consistent with negative sulphur isotopetøalues assuming 
a magmatic sulphur source. v -O&es-fcerv? 

Sulphide ores of the Skellefte district 

The sulphur isotopic distribution of the sulphides in the 
Skellefte district is poorly known. Only few modern deter
minations are available. Pyrite has a remarkably homo
geneous sulphur isotopic composition, with a <53*S range 
from — 3 to + 3%„ and with a strong modal value of 
+ 1%,, (Rickard et al. 1979). The Åsen deposit deviates 

from this pattern, as shown by pyrite with values from 
— 14.8 to + 8.4%„ and barite samples having values be

tween + 11.7 and + 17.1%„ (Fig. 6). A low-temperature 
formation with an ongoing biologic sulphate reduction in 
a closed system is postulated for. the Asen deposit (Rickard 
et al. 1979). It should, however, be emphasized that abun
dant orgainc compounds missing. 

In the present study the Långdal occurrence has been 
investigated. The r53*S values of the sulphides vary be
tween + 1.1 and + 4.4%, In the Adak, Lindsköld and 
Rudtjebäcken deposits, deviating from the usual Skellefte 
type of ore by their partial richness in copper and their 
brecciating features, the S3*S values show a great homo
geneity with a range from — 12 to + 0.8%„ 

The previously published values and the present ones 
indicate that the sulphides of the Skellefte district have 
a magmatic origin. 

Sulphur isotopes and metallogenetk evolution of northern 
Fennoscandia 

The Archean-Proterozoic border zone in northern Fen
noscandia has been prolific for ore formation (Frietsch 



1989,1991). The metallogeny of the volcanic and sedimen
tary rocks shows an age zonality with the oldest ore-
formation in the E - N E and younger ore formation to
wards the W - S W with Archean, Lapponian, Karelian 
and Svecofennian deposits. The same westwards metal-
logenetic trend towards younger ore formations is valid 
for the Svecofennian intrusive rocks ending with 
1.77- 1.79 G a old Mo-, W- and U-bearing granitoids near 
the Caledonides. 

The metallogeny^Norrbotten County is locally asso
ciated with the development of major linear rift zones, 
which are probably related to periods of increased ex-
tenison and crustal thinning. Prominent large-scale struc
tures are the Greenstone belts with their iron and sulphide 
ores. Important for the ore formation are some major 
lineaments which have governed the emplacement of the 
Kiruna iron ores (Frietsch 1984) and partly influenced the 
emplacement of the sulphide deposits of southern Nor
rbotten. Volcanogenic-exhalative Fe-Mn-Ba ores furthest 
to the west in the Rappen-Ultevis basin along the Cal
edonides were formed in a rifting environment (Frietsch 
1989, 1991). Important for the geological development of 
the region is the Luleå Malmberget fault zone to which the 
Aitik-Nautanen ores are connected (Figs. 1-2). The main 
structural feature of the region is, however, the Archean-
Proterozoic boundary zone. To the SW of this inferred 
border line there is no Archean basement present, only 
juvenile Proterozoic material, which was thus added to an 
older crust at an active continental margin (Huhma 1986; 
Vaasjoki and Sakko 1988). The more precise site of this 
border is, however, not well known, but on the basis of 
Sm - Nd and geophysical data it is possible to show that 
the Archean paleboundary is situated ca 100 km north of the 
Skellefte district running WNW between Luleå and Jok
kmokk (Skiöld and öhlander 1989; öhlander et al. 1993). 

The Archean-Proterozoic border roughly delineates 
lead and sulphur isotopic compositions of the mineraliz
ations. The lead isotopes in galena in northern Sweden 
show a division between non-radiogenic and radiogenic 
occurrences (Frietsch 1991). Most of the radiogenic 
galenas are found in the Greenstone group in the NE part 
along the Finnish border. In the SW part non-radiogenic 
galenas occur in the Porphyry group. Apparently a domi
nantly mantle lead component was active in the whole of 
Norrbotten County at the time of ore formation. A young, 
possibly Caledonian, event introducing radiogenic lead 
has, however, particularly affected the lead isotope ratios 
of galena in rocks of the Greenstone group. 

The division into a NE and a SW block is also indicated 
by the sulphur isotopic compositions of the sulphides. The 
sulphide occurrences in the Greenstone group in Sweden 
and Finland are related to sedimentary processes, and 
involved a sulphate sulphur component, whereas the sul
phide occurrences towards the SW, mainly in the Por
phyry group, are dominated by a magmatic sulphur com
ponent. In the NE block, comprising sulphide deposits of 
the Greenstone group, the 63*S values show a great 
spread indicating that the sulphides are partly formed by 
reduction of sulphate sulphur, probably by bacteriogenic 
processes. The 63*S values of the sulphide occurrences in 
the SW block are typically magmatic with a small spread 
around zero %, 

Summary and Conclusions 

Based on the distribution of the sulphur isotopes in differ
ent ore types in northern Sweden and northern Finland 
the following conclusions can be drawn. 

1. The sulphur in the iron and sulphide mineralizations in 
the Lapponian Greenstone group is characterized by 
a considerable spread of isotopic values, implying that 
a significant volcanogenic (magmatic) sulphur source is 
less probable. The variation 53*S might instead be related 
to reduction of seawater sulphate, and at the time of 
formation of the sequence 2.0-2.5 Ga ago, the sulphate 
content of seawater was high enough to allow bacterial 
reduction processes. Carbon (now graphite) present in 
most deposits could have acted as reductive material. The 
large spread of the S3iS values supports biogenic reduc
tion. Isotopic reversals between different coexisting sul
phides indicate non-equilibrium conditions and possibly 
a rapid deposition. 

2. The sulphides in the Cu mineralizations at Gruvberget 
and Aitik in northern Norrbotten, formed by a hydrother
mal scapolitization-tourmalinization process of the vol
canics of the Porphyry group, contain sulphur of a domi
nant magmatic origin. In the epigenetic iron ores of the 
Lannavaara area iron oxides and sulphides were formed 
by the same metasomatic process. However, the sulphur 
isotopes in the latter deposits show a large spread, sugges
ting that sulphate sulphur could have contributed, indic
ating a mineral deposition similar to that of the iron and 
sulphide ores of the Greenstone group. The different sul
phur isotope patterns in different deposits formed by 
a similar metasomatic ore-forming process reflects the 
influence of the depositional environment, the sulphides 
having been formed by leaching of pre-existing sulphur in 
the host rock. 

3. In the Cu-Zn-Pb vein mineralizations in southern Nor
rbotten, occurring in the volcanites of the Porphyry group 
and associated sediments and formed by hydrothermal 
near-surface solutions, the sulphur isotopes have values 
shghtly j&eley zero %, The westerly situated occurrences flbd 
have more negative values, probably due to a somewhat 
Jl&wef oxygen fugacity at the time of ore formation. fojht 

4. The process giving rise to the sulphides of the Skellefte 
district, particularly the ores of the Adak cupola, suggests 
a homogeneous, magmatic source for sulphur. 

5. The variation of sulphur isotopes in the Proterozoic 
ores in northern Fennoscandia can be related to the 
metallogenic evolution. The Proterozoic metallogenic 
evolution involved a commencement of the ore-forming 
processes along the Archean continent in the NE. The 
Archean-Proterozoic border is an important structural 
feature for the development of the geological and metal
logenic evolution of northern Sweden. It delineates the 
lead and sulphur isotopic compositions of the mineraliz
ations, these being different on both sides of the hne, 
implying a different crustal development The sulphide 
occurrences in the Greenstone group in Sweden and 
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Finland are related to sedimentary processes, whereas the 
sulphide occurrences towards the SW, mainly in the Por
phyry group, are dominated by a magmatic, volcanic-
derived sulphur component. 
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Abstract 

An investigation of the content and distribution of REE in apatite and magnetite in the iron ores of Kiruna type and some 
other iron ores is presented. REE in apatite and magnetite in different ore types show characteristic patterns which are related to 
different modes of formation of the ores. 

The magnetite-apatite iron ores of the world can be divided into two types: (a) Kiruna iron ores proper which occur in 
volcanic rocks, and (b) iron ores connected with deuteric processes and/or related to intrusive rocks. Apatite of the Kiruna ores 
proper in Fennoscandia (e.g. Kiirunavaara, Malmberget and Grängesberg) shows a common pattern with 2000-7000 ppm REE, 
a weak to moderate LREE/HREE fractionation and negative Eu anomalies. In the Kiruna area, apatite of the main, P-poor ores 
and of the later, hydrothermal-exhalative P-rich ores, have the same REE distribution which indicates a common source. There 
is a similar REE distribution in magnetite-apatite trachytic-rhyodacitic host rock which confirms a close magmatic relationship. 
Apatite in phosphorites (such as the Paleoproterozoic Påläng deposit in northern Sweden) has a different composition ( < 1000 
ppm REE with Ce depletion) which excludes a sedimentary origin of the Kiruna apatite. 

Apatite in other volcanogenic magnetite-apatite ores outside Fennoscandia differ by a stronger LREE/HREE fractionation 
and by a medium to large Eu depletion, partly indicating a relationship to alkaline intrusions. The Avnik apatite, Turkey, shows 
a weak differentiation in combination with a pronounced negative Eu anomaly, indicating provenance from silicic magmatic 

sources. 
The REE pattern of apatite in the deuteric-hydrothermal apatite-bearing iron ores is in general similar to that of apatite in the 

Kiruna iron ores proper. The similarity indicates a common process of formation for both ore types. 
The apatite-iron ores of the Kiruna type proper were formed by a late-magmatic differentiation. The ores of the Kiruna area 

are, in similarity with some other magnetite-apatite ores, emplaced along regional fracture-fault lines and close to an older 
basement. In general the REE pattern of apatite in the different deposits shows an affinity to alkaline or sub-alkaline magmas, 
indicating a rifting environment. The alkaline, trachytic volcanics hosting the Kiruna ores in northern Sweden are clearly related 
to an extensional setting where rifting was important. A probable source for this large-scale ore-forming process was partial 
melting of deep-seated rocks. The ores evolved in an intracontinental setting with magma generation caused by underplating of 
older crust. 

The process giving rise to magnetite-apatite ores of the Kiruna type has occurred during the time span from Paleoproterozoic 
to Tertiary. The Proterozoic ores occur mainly in cratonized areas, whereas the younger ones occur in fold belts. The amount of 
ore formed in post-Proterozoic time is as large as that formed in Proterozoic time. 

0169-1368/94/S07.00 © 1994 Elsevier Science B.V. All rights reserved 
5 5 0 / 0 1 6 9 - 1 3 6 8 ( 9 4 ) 0 0 0 1 5 - 8 
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1. Introduction 

Among the iron ores of the world there is a specific 

group of occurrences composed of the assemblage 

magnetite-hematite-apatite. These mineralizations can 

be divided into two types: (a) iron ores of the Kiruna 

type (magmatic extrusive to subvolcanic; Kiruna iron 

ores proper) in volcanic rocks, and (b) iron ores which 

are connected with deuteric processes and/or related 

to intrusive rocks. Of these the Kiruna ores are the most 

important. They occur world-wide, but in a restricted 

number of deposits which mostly are of large size (Fig. 

1). They have attracted a wide genetic interest but are 

in the main considered as magmatic (segregation) 

deposits. The magmatic genesis based on field obser

vations is i.a. supported by the geochemical features of 

the main components of the ores. The present paper 

presents an investigation of the content and distribution 

of R E E in the apatite in the iron ores of the Kiruna type 

and in the deuteric-hydrothermal iron ores. In addition, 

R E E in magnetite have been investigated from the 

Kiruna ore type and other Paleoproterozoic iron ores 

in northern Sweden. 

The application of rare earth element abundances is 

of great value in petrogenetic problems. The elements 

are fractionated by petrological and mineralogical 

processes. The R E E content of igneous minerals is con

trolled by the mineral-melt distribution coefficients 

and R E E patterns depend on the bulk R E E composition 

of the parent magma (Taylor and McLennan, 1985). 

Of crucial importance is the similarity between the 

R E E patterns in apatite, magnetite and the igneous host 

rock, pointing to a consanguinity between them. This 

has been shown by Schock (1979) who found the same 

R E E distribution in magnetite and enclosing Mediter

ranean basalts and also by Appel (1983) in the Isua 

iron formation. In the Skaergaard gabbro, apatite, 

pyroxene, ilmenite and magnetite have R E E patterns 

similar to each other and similar to that of the host rock 

(Paster et al., 1974). The R E E distribution in magnetite 

and some other accessory minerals is similar to that of 

the granitic-aplitic host rock in Arjeplog, Sweden 

(Öhlander et al., 1989). In the Avnik iron ore, Turkey, 

similar R E E patterns for apatite, magnetite and volcan

ics support a common, volcanogenic ore formation 

(Helvaci and Griffin, 1983; Helvaci, 1984, 1987). 

Fig. 1. Map showing the magnetite-hematite-apatite ores of the world. 
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The effects of alteration and metamorphism on R E E 

abundances are important and have to be considered. 

According to Hanson (1980) igneous rocks which 

have undergone essentially static metamorphism or 

only limited hydrothermal alteration give the R E E pat

terns and abundances of the original rock. Even in con

nection with hydrothermal alteration the R E E 

distribution is not much changed (Ganzeyev et al., 

1984). There are, however, examples showing that 

R E E may be mobile during granite alteration with 

hydrothermal and supergene processes (Alderton etal., 

1980; Humphris, 1984; Guiliani etal., 1987; Öhlander 

et al., 1989). Taylor and Fryer (1983a, b) showed that 

hydrothermal processes related to granitoids change the 

R E E patterns and reflect changing fluid characteristics. 

L R E E are preferentially mobilized in Cl-rich fluids, 

whereas F - and C0 2-bearing fluids are rich in H R E E . 

2. Occurrences of magnetite-hematite-apatite ore 

The main occurrences of the Kiruna iron ore type 
with magnetite-hematite-apatite and additional 

amounts of calcite, actinolite and diopside, are in the 

Paleoproterozoic rocks of Sweden (Frietsch, 1977), 

the Middle Proterozoic rocks of S E Missouri (Kisvar-

sanyi, 1976) and the Circum-Pacific fold belt of Chile 

and Peru (Park, 1972; Oyarzun, 1990). The age varies 

from Paleoproterozoic to Pliocene-Pleistocene. No 

Archean representative is known. The host rocks range 
mainly from calc-alkaline to alkaline volcanics, vary

ing from andesite to rhyolite. In the Post-Palaeozoic 

ores, andesites are predominant. The ores form large 

( <2000 million tonnes) disk-like, concordant bodies, 

vein systems and impregnations depending on the ver

tical level of the ore magma (subsurface intrusion to 
surface extrusion). The emplacement is related to 
regional fault lines. 

The iron ores in northern Sweden (such as Kiiru
navaara and Malmberget; Fig. 2) are composed of the 

assemblage magnetite-hematite-apatite (Frietsch, 
1974, 1978, 1980). The ore is characterized by a F -

apatite with small amounts of Cl and OH. The content 
of P varies from low to high ( < 2% P) and the contents 

of Ti (in sphene or occasionally ilmenite) and S 

(mostly in pyrite) are low ( <0.1%). The ore forms 
tabular bodies with associated breccias and behaves as 

an intrusive rock. Hydrothermal alterations (silicifi-

cation-sericitization with minor addition of C 0 2 , Ba, 

B, F ) occur only locally. The host rocks of the Porpyry 

group are calc-alkaline, or weakly alkaline, rhyodacites 

and trachytes (Frietsch and Perdahl, 1989a; Perdahl 

and Frietsch, 1993) which, according to U/Pb deter

minations, are 1.88-1.91 Ga old (Skiöld and Cliff, 

1984; Skiöld, 1987; Welin, 1987). According to Cliff 

et al. (1990) the Kiirunavaara ore was emplaced in a 

period between 1.88 and 1.90 Ga. U/Pb dating of titan

ite indicates that the Luossavaara ore has an age of 1.89 

Ga (Romer et al., 1994). The ore formation is related 

to fault lines in a rifting environment, close to the border 

of the Archean basement (Frietsch 1984, ,1991). The 

ore originated by magmatic differentiation as a late 

phase in the volcanic cycle forming sub-surface injec

tions or surface flows. While the main part of the 

magma crystallized, the ore remained in solution and 
was injected as a late, separate phase (Geijer, 1931; 

Frietsch, 1984; Geijer and Ödman, 1974). Primary tex

tures in the Kiirunavaara magnetite indicate flow in a 
consolidating "ore magma" (Nyström, 1985, 1989). 

Apatite lowered the melting point of the magma and 

the ore-apatite system behaved intrusively. From intru

sion to extrusion level, the following ore varieties were 

formed: (1) main magnetite-hematite ores with low P 

( < 1% P, e.g. Kiirunavaara), (2) P-rich magnetite-
hematite ores ( > 1% P, e.g. Rektorn) and (3) P-free 

(Hauki) hematite ores. The latter ore type represents a 
hydrothermal phase with silicification and sericitiza-

tion of the host volcanics. For the Kiruna ores an exhal-

ative-sedimentary model has been advocated by Paråk 
(1975a, b). 

The apatite-bearing iron ores of south central Swe

den (Grängesberg) which occur in intermediate, sodic 

to potassic volcanics, about 1.87-1.89 Ga old (Welin, 

1987), are in most respects similar to those in northern 
Sweden. 

In southern Norway there are apatite-bearing iron 
ore deposits such as Söftestad (Svinndal, 1977). The 

Proterozoic host rocks are intermediate, feldspar-

quartz-biotite volcanics and amphibolites. 
In the Avnik region in Turkey apatite-rich iron ores 

are interbedded in about 450 Ma old gneisses and inter

mediate-felsic, calc-alkaline volcanics (Özkogak and 

Kormali, 1977; Helvaci and Griffin, 1983; Helvaci, 
1984, 1987). The Avnik-Mahmudan thrust is closely 
related. The ores formed during volcanism as immis

cible liquids which separated from strongly differenti-
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Fig. 2. Map showing the sites of the investigated mineral occurrences in northern Sweden. 

ated magmas, aided by a large volatile and 

alkali-element content. Aral (1986) proposed surface 

eruption and sub-surface injection of ore-magma as the 

mechanism of ore emplacement. 

Magnetite-apatite iron ores at Bafq, Central Iran, are 

associated with alkaline volcanics of Late Precambrian 

age (Förster et al., 1973; Förster, 1974, 1987). The 

ores, which occur as extrusions and subvolcanic intru

sions indicating a magmatic origin, are related to a wide 

spectrum of magmatic processes, such as Na-metaso-

matism and formation of alkaline granitoids, depending 

on the depth of intrusion (Walter, 1960; Gerasimovskij 

andMinjeev, 1981; Samani, 1988;Daliran, 1990; Förs

ter, 1990). A S S E - N N W fault was important for the 

tectonic evolution. The E l Laco iron ores in northern 

Chile occur in 1.9 Ma old andesites (Henriques and 

Martin, 1978; Frutos etal., 1990). Magnetite-hematite 

is associated with apatite, goethite, Iimonite and pyrox

ene. The ores represent volcanic and subvolcanic lava 

flows. A high fluid content of the iron-rich magma, 

together with a favourable tectonic-structural condi

tion, favoured ore formation. The E l Laco apatite was 
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formed from a highly differentiated magmatic fluid that 

had undergone plagioclase fractionation (Frutos et al,, 
1990). 

At Abovjan in Armenia magnetite-hematite-apatite 

ores occur in altered and brecciated andesite porphyrite, 

tuff and tuffite of post-Middle Miocene age (Zitzman, 

1977, 1978). There are different ore types with both 

massive ores and breccias (Saruchanjan and Mkrttjjan, 

1968; Aslanjan e ta l , 1968; Grigorjan, 1971). The ores 
are of subvolcanic character and connected with fault 

zones (Gerasimovskij and Minjeev, 1981). Metaso
matic features such as scapolitization and albitization 

are encountered. 

The Kiruna iron ore type proper is constrained by its 

formation in a volcanogenic environment by magmatic 

processes. There are, however, other magmatic mag

netite-hematite-apatite mineralizations which are 

related to intrusions of igneous rocks and formed by 
deuteric or hydrothermal-contact-metasomatic proc

esses. 

In the Great Bear magmatic zone, in northwestern 

Canada, magnetite-apatite-actinoliterocks occur asso

ciated with intermediate, calc-alkaline, plutonic rocks 

which intrude andesites (Badham and Morton, 1976; 

Hildebrand, 1982, 1984, 1986). The plutons contain 

concentrations of magnetite-apatite-actinolite and 

show spatial, temporal and compositional similarities 

to the host rock andesites indicating a comagmatic ori

gin. The supracrustal sequence, comprising volcanics 

and sediments, is 1.86-1.87 Ga old. The mineraliza

tions have a deuteric origin, being the products of high-

temperature, chlorine-dominated fluids generated 

during volatile exsolution. Magnetite-hematite and 

C u - U - B i - S e - T e - B i - C o mineralizations of the area 

are manifestations of a single metallogenic episode 
generated by hydrothermal activity related to the felsic 

volcano-plutonic host rocks (Gandhi, 1988, 1990). 

According to Reardon et al. (1991) the magnetite-
apatite deposits originated by hydrothermal processes 

related to cooling of epizonal plutons. 

The Iron Springs apatite-bearing magnetite-hema
tite bodies in Utah, United States, occur in a Jurassic 

limestone around the border of quartz-monzonite por

phyry intrusions as replacement deposits (Mackin, 

1968). The ore-forming fluid was derived from the 
porphyry and invaded primary tension joints. 

The Lebjaschinsk (Lebyazhka) and Evstjunsk apa

tite-bearing iron ores at Nizhniy Tagil, Russia, occur in 

Silurian-Devonian sedimentary-volcanogenicrocks in 
contact with syenite and syenite porphyry of the Tagil 

massif, and are hosted by pyroxene-garnet skarns and 
various metasomatites in tuff, tuffite, limestone and 

basalt porphyrite (Zitzman, 1977, 1978; Gerasimov
skij and Minjeev, 1981). 

In the Paleoproterozoic Singhbhum copper-uranium 

belt in India there are apatite-magnetite mineralizations 

in biotite schists spatially related to uranium and C u -

Ni-sulphide mineralizations (Rao and Rao, 1980, 

1983; Sarkar, 1984). F-apatite and magnetite are com

mon constituents of the veins. The provenance of the 

ore is unclear, either related to granite formation and 

migmatitisation or formed in shear zones in mafic rocks 

by hydrothermal leaching (Sarkar 1966, , 1984). The 

lead isotopic age of apatite is estimated to be 1600-

1950 Ma years. 

3. Other iron ores in Sweden 

There are in northern Sweden some other types of 
iron ores which occur in Paleoproterozoic, 1.9-2.5 Ga 

old, volcanic and sedimentary rocks (Fig. 2) besides 

the apatite iron ores. 
The mafic volcanics of the Greenstone Group, which 

are 2.0-2.5 Ga old (Skiöld and Cliff, 1984; Skiöld, 

1986), contain skam iron ores and quartz-banded iron 

ores in sedimentary intercalations, which are of vol

cano-sedimentary (exhalative) origin, as shown by the 

stratabound appearance and the banded character 

(Frietsch, 1977, 1980). The skarn iron ores (Stora 

Sahavaara, Tervaskoski, Masugnsbyn) consist of mag

netite (often Mg-bearing, Frietsch, 1985b), Ca-Mg-

silicates and minor amounts of pyrite and pyrrhotite, 
occasionally also chalcopyrite. The quartz-banded iron 
ores (Marjajärvi) consist of quartzites with magnetite 

and Fe 2 + -Mg(-Mn)-si l icates . 
In the intermediate-felsic volcanics of the 1.9 Ga old 

Porphyry Group SW of Malmberget there are quartz-

banded iron ores which have a volcanogenic origin 

(Frietsch, 1980). In the Kallak-Björkholmen miner
alization magnetite and hematite occur interlayered 

with quartz, feldspar and Ca-Mg silicates. 
In the epigenetic Kevus and Teltaja iron ores at Lan

navaara, E N E of Kiruna, magnetite plus hematite form 

massive bodies, veins or impregnations in trachyan
desites and trachytes (Frietsch, 1985a). Associated 



6 R. Frietsch. J.-A. Perdahl /Ore Geology Reviews 00 (1994) 00-00 

with the ore is a hydrothermal alteration forming scap

olite, tourmaline, fluorite, analcime and small amounts 

of pyrite and pyrrhotite. The host rocks are of uncertain 

lithostratigraphic position, belonging either to the Por

phyry Group or the Greenstone Group. Sulphur iso

topic compositions of the sulphides in the ore 

( S 3 4 S = - 1.8 to +31.2%o) indicate affinity to sulphi

des of the skarn iron ores and quartz-banded iron ores 

of the Greenstone Group (Frietsch et al., 1995). 

4. Phosphorite in northern Sweden 

The Påläng phosphorite deposit, N E of Luleå (Fig. 

2) , occurs in the 2.1-2.3 Ga old Karelia supergroup 

composed of Jatulian metasediments and mafic volcan

ics. The host rocks are mica schists interlayered with 

quartzite, phyllite and limestone-dolomite. The latter 

contains apatite as layers or as fragments in a breccia 

which has been deformed and mobilized during meta

morphism. A similar deposit is found at Mustamaa in 

Finland, about 100 km N E of Påläng, where phospho

rite and dolomite occur in mafic volcanics, phyllites 

and schists of the Karelia supergroup. The Påläng and 

Mustamaa deposits are part of a larger province of 

phosphorites in Paleoproterozoic (Jatulian) rocks in 

Fennoscandia. Phosphorites are encountered in iron 

formations in northern and southeastern Finland (Laa-

joki, 1975; Laajoki and Saikkonen, 1977; Gehör, 

1990). 

5. Analytical methods 

Rare earth elements in apatite and magnetite were 
analyzed at Luleå University of Technology and the 

Swedish Geological Company, Luleå, by emission 

spectrometry using an A R L instrument by the same 
personel. A total of 14 analyses of apatite are given in 

Tables 1 and 2, and 19 analyses of magnetite have been 
made. A list of the magnetite analyses can be obtained 

by request from the authors. The rare earth elements 

were concentrated by cation exchange technique 

(Thompson and Walsh, 1983). The analyses have a 
precision of ca. 10% of the relative standard deviation 

at 5 times the detection limit (0.1 ppm). 

Apatite was separated by hand-picking and by mag

netic separation. The purity of the samples was con

trolled by microscopic investigation. Magnetite was 
separated magnetically and by water pan. The concen

trate was analyzed for P and Ti to ascertain that apatite, 

other phosphates and sphene were not present. The 

content of both elements was below the detection limit. 

In evaluating R E E patterns, the normalization values 
of Boynton (1984) were used. The europium anoma

lies were calculated as E u / E u * = (Eu c „ / 

[ ( S m c „ ) ( G d < : „ ) ] 0 5 ) - 1 according to Taylor and 

McLennan (1985). 

A previous investigation of the Kiruna ore apatites 

by Paråk (1973) showed the same ranges of R E E as 

in the present work, but has not been included due to 

the uncertainty concerning Eu contents which show 

great variations. 

6. Rare earth elements in apatite 

6.1. General 

Apatite shows a relatively wide range of chemical 

variations depending on the environment in which it 
was formed. Fluorine, chlorine, hydroxyl and carbon

ate mutually replace each other. Apatite contains R E E 
in small amounts replacing C a 2 + and plays an impor

tant role in the R E E distribution in ores and rocks 

(Fleischer and Altschuler, 1969; Fleischer, 1983; 

Hughesetal., 1991). 

The apatite of the gabbro in the Skaergaard intrusion 

has a content of R E E < 1500 times the chondrite-nor-

malized values showing an upwardly convex distribu

tion curve with a minor Eu depletion (Paster et al., 

1974; Fig. 3 A ) . The apatite of the granodiorite from 

the Peninsular Ranges, Mesozoic Cordilleran batholith, 

California, shows a smooth curve with no E u depletion 
(Gromet and Silver, 1983). Apatite from alkaline 

intrusions and carbonatites is rich in R E E , up to several 

per cent, with strongly fractionated patterns and weak 

positive or negative E u anomalies (Fig. 3 B ) . 
Apatite in sedimentary environments is rich in fluo

rine and contains some carbonate and hydroxyl 

(Frietsch, 1974, 1978). The R E E content in apatite of 

marine sediments and phosphorites is low, mostly 
< 1000 ppm or < 100 times the chondrite-normalized 

values. Marine apatites are typically depleted in Ce 
(Fig. 4) showing the composition of seawater 

(Altschuler et al., 1967; Fleischer and Altschuler, 
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1969; Altschuler, 1980; Humphris, 1984). Ce is the 

only R E E which can be oxidized to the tetravalent stage 

and is removed from seawater by particulate scaveng

ing and is i.a. found in deep sea manganese nodules 

(Fryer, 1977; Appel, 1983; Bau and Möller, 1991) 
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Table 1 

Rare earth elements in apatite in some Kiruna iron ores and the Påläng phosphorite in the Fennoscandian shield (content in ppm) 

1 2 3 4 5 6 7 8 9 

Y 802 638 795 714 387 1417 293 257 283 
La 252 544 923 549 435 805 678 94.6 77.4 
Ce 782 1650 2460 1670 1072 2456 904 344 105 
Pr 101 188 260 193 158 440 - - -
Nd 524 S46 1130 899 488 1605 310 402 116 
Sm 122 151 190 169 70.6 275 58.8 86.5 27.2 
Eu 14.9 21.5 21.4 20.5 20.7 46.1 31.4 39.0 7.9 
Gd 157 163 213 197 101 382 79.5 100 41.6 
Tb 23.2 23.4 31.6 28.5 17.6 64.2 - - -

Dy 130 108 143 132 69.1 278 46.7 64.5 33.7 
Ho 25.2 20.3 26.8 24.0 18.1 68.0 10.2 12.7 7.6 
Er 75.8 58.8 76.5 67.0 39.5 148 21.4 26.2 19.6 
Tm 9.11 6.98 8.94 7.7! 7.82 27.5 - - _ 
Yb 65.8 51.1 63.9 55.0 40.2 127 16.0 17.5 15.1 
Lu 8.41 6.33 7.90 6.64 6.74 18.1 2.5 2.2 2.1 
Sc <4.34 3.22 3.47 <2.48 1.59 3.87 1.7 1.0 7.7 

1. Kiirunavaara, Sweden, dh. KUJ 5059 168.9, massive P-rich magnetite ore, 20 m from hanging wall, 920 m level. Y = 1168. 
2. Kiirunavaara. Sweden, dh. KUJ 225 698.6, P-rich magnetite ore, streaky occurrences of apatite, 60 m from hanging wall, 800 m level, 

Y = 1100. 
3. Rektorn, Sweden, central part of the open pit, P-rich magnetite ore, "skeleton ore". 
4. Henry, Sweden, open pit, banded apatite and chert, close to hanging wall. 
5. Malmberget. Sweden, "Johannes", 322 m level, hematite ore. 
6. Malmberget, Sweden, "Tingvallskulle", 550 m level, magnetite ore. 
7. Grängesberg, Sweden, magnetite ore. 
8. Söftestad, Norway, magnetite ore. 
9. Påläng, Sweden, phosphorite. 

6.2. Rare earth element characteristics of apatite in 

different iron ore types 

The apatite of the Kiruna iron ores in northern Swe

den contains about 1250-6700 ppm R E E (Table 1). 

There is a weak fractionation with ( L a / Y b ) „ , = 3-7 

and negative Eu anomalies ( E u / E u ' = —0.25 to 

-0 .67 , Fig. 5 A ) . The R E E partition of the apatite of 

the Kiruna ores with a "normal" P-content ( < 1% P, 
Kiirunavaara and Malmberget) is similar to that of the 

apatite of the P-rich ores ( > 1% P, Rektorn and Henry, 

near Kiruna). Apatite of the P-rich ores contains 4000-

5000 ppm R E E , is weakly fractionated ( ( L a / 

Y b ) c n = 7-10) and shows negative E u / E u " values 
( — 0.67). A weak L a depletion seems to be a common 

feature. The Malmberget apatite shows the same fea

tures; the hematite contains, however, less R E E with 
no Eu depletion (lower curve in Fig. 5 B ) . 

The apatite in the Grängesberg iron ore deviates from 

the Kiruna-Malmberget apatites by a lower R E E con

tent (<2160 ppm), a moderate fractionation ( ( L a / 

Yb) c „ = 28) and a positive europium anomaly ( E u / 

Eu" = +0.40, Fig. 5 C ) . The Söftestad apatite has low 
R E E contents (1187 ppm) with a weak fractionation 

( ( L a / Yb) c n = 4) and a weak, positive europium anom

aly ( E u / E u " = +0.28, Fig. 5 C ) . The Söftestad apatite 
is depleted in L a and Cd, giving the L R E E slope an 

upward trend. 

In the apatite of the other iron ores of the Kiruna type 
outside Fennoscandia (namely Avnik, Bafq, E l Laco 

and Abovjan), the total content of R E E is higher and 

with pronounced negative europium anomalies (Figs. 

5 D - G ) . The apatite from Abovjan has a high content 

of R E E with an extreme fractionation ( ( L a / 
Y b ) c „ = 162-233) and a marked E u depletion ( E u / 

Eu" = -0 .83 to - 0 . 9 0 ) . The Avnik apatite differs 
from the others by a weak L R E E / H R E E differentiation 
( ( L a / Y b ) „ = 0.4-8.3) combined with a strong nega
tive Eu anomaly (Fig. 5D) . 
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Table 2 
Rare earth elements in apatite in iron ores from India. Canada and 
United States (content in ppm) 

i 2 3 4 5 

Y 1150 353 _ _ 713 

La 72.8 7.1 3148 437 3667 

Ce 211 17.6 7190 1256 7437 

Nd 253 16.8 2562 822 4241 

Sm 109 7.9 416 159 506 

Eu 6.5 1.0 36.2 15.6 52.0 

Gd 189 16.8 264 186 367 

Dy 238 46.7 178 115 169 

Ho 50.1 15.7 47.5 29.0 35.0 

Er 118 57.9 91.1 50.6 69.2 

Yb 89.2 88.7 51.3 26.2 48.0 

Lu 10.0 12.7 5.65 2.76 6.5 

Sc - - 8.79 6.00 14.6 

1. Singhbhum, India, apatite vein. 
2. Singhbhum, India, magnetite ore with apatite. 
3. Terra I, Great Bear Lake, USA. magnetite ore. 

4. Terra 2. Great Bear Lake. USA, magnetite ore. 
5. Iron Springs Utah, U.S.A., magnetite ore. 

Among the deuteric-hydrothermal iron ores, the 

Great Bear Lake apatite shows a moderate L R E E / 

H R E E fractionation with a marked Eu depletion (Table 

2; Fig. 5H) . The apatite of the Iron Springs deposits 

shows a similar pattern (Fig. 51). In the Lebjaschinsk 

deposit (Fig. 5J) apatite is strongly fractionated and 

with a feeble negative E u anomaly. The apatite of the 

Evstjunsk deposit has a smaller R E E fractionation with 

a weak E u depletion. 

The R E E distribution in the Singhbhum apatite lacks 
clear characteristic trends and shows an irregular pat

tern, according to analyses by Rao and Rao (1980) and 
Sarkar (1984). The present investigation shows a rel

atively low R E E content ( <2000 ppm and < 1000 
times the chondritic value; Fig. 5 K ) . The distribution 

curve shows a convex form with a L R E E depleted 

pattern ( ( L a / Y b ) „ = 0.05-0.55) and a marked Eu 

depletion ( E u / E u * = -0 .75 to - 0 . 8 6 ) . 

6.3. Rare earth element characteristics of apatite in 

phosphorite 

The R E E content and pattern of the Påläng apatite 

shows a weak fractionation ( ( L a / Yb) c„ = 4) with R E E 
values 50-400 times the chondrite-normalized values 

(Table 1, Fig. 4 ) . There are depletions of Eu ( E u / 

Eu" = -0 .28 ) and Ce (Ce/Ce" = -0 .41, calculated 
on La-Nd) . 

6.4. Results 

It is here postulated that the magnetite-hematite ores 

are magmatic and that the R E E distribution in the apa

tite of the different ores is related to the composition 

and source of enclosing host rocks. Different magma 

compositions give rise to characteristic R E E patterns 

(e.g. Hess, 1989; Wilson, 1991). Strong L R E E / H R E E 

fractionation is connected with alkaline rocks, and 

H R E E > L R E E distribution is connected with ultra-

mafic rocks. Most of the apatite-bearing iron ores are 
associated with calc-alkaline magmas with a L R E E / 

H R E E fractionation varying from moderate to steep. 

The apatites of the volcanogenic magnetite-apatite 

ores of the Kiruna type proper show in the main similar 

R E E patterns with some variation in the total content 

and the L R E E / H R E E fractionation varying from mod

erate to steep. Eu depletion indicates that associated 

magmas have undergone near-surface crystal fraction

ation with feldspar involved. The hematitic ore from 

Malmberget has the lowest R E E contents and lacks a 

Eu anomaly, probably due to hydrothermal alteration 

of magnetite to hematite changing the R E E pattern 
(Frietsch, 1967). The Söftestad apatite with depletion 

of L a and Ce has probably been affected by metaso

matic alterations. The R E E pattern of the Abovjan apa

tite shows a strong fractionation indicating an alkaline 
trend. The Avnik apatite deviates from the other apa

tites by a weak fractionation and strong Eu depletion. 

According to Helvaci (1984, , 1987) the Avnik mag

netite-apatite is related to intermediate-mafic volcan

ics which have undergone feldspar fractionation. The 

pattern is, however, similar to that found in granites 
(Cullers and Koch, 1981; Cullers and Graf, 1984;Ohl-

ander et al., 1989; Möller, 1989) and rhyolites (Izett, 
1981), and a silicic origin of the ore-forming magma 

must, therefore, be postulated. 
The R E E pattern of apatite ores in the Kiruna ores 

proper and deuteric-hydrothermal deposits is in the 

main the same. In some deposits differences are, how
ever, apparent. The Evstjunsk and Lebjachinsk apatites 

lack Eu anomalies. The R E E distribution of the Sing-

bhum apatite deviates from all other apatites and its 
origin is unclear. The R E E pattern is similar to that of 
some LREE-depleted Late Archean komatiites 
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(Auvray et a l , 1982; Amdt and Nesbitt, 1984; Cattel 

and Tay lor, 1990). The metasomatic alteration (hydro

thermal leaching) at Singhbhum could, however, have 

produced the R E E depletion. 

The R E E composition of the apatite in the magmatic 

iron ores is quite different from that in sedimentary 

apatite. The R E E content and pattern of the Påläng 

apatite is similar to that of the phosphorite in the Pääkkö 

iron formation, Puolanka, S E Finland (Fig. 4 ) . In these, 

as well as in the Porkonen-Pahtavaaraand Tuomivaara 

phosphorites, apatite is characterized by Ce depletion 

and the R E E distribution is mainly similar to that in 

marine phosphorites and seawater. The content is, how

ever, above the values of phosphorites (Fleischer, 
1983). 

7. Rare earth elements in magnetite 

7.1. General 

There is a sparse knowledge of the distribution and 

content of rare earth elements in magnetite in different 

rock and ore types. De Sitter et al. (1977) showed 

La Ce Nd Sm Eu Gd Tb Tm Yb Lu 

Fig. 6. Chondrite-normalized R E E patterns for magnetite in igneous rocks. (A) Basalts (black points) from Hoemes et al. (1979), basalts 
(crosses) and intermediate-felsic volcanics (open circles) from Schock (1979), (B) gabbro (black circles) from Paster et al. (1974) and 
granites-aplites (open circles) from Öhlander et al. (1989), (C) selected magnetites from stockwork iron ore bodies at Bingöl, Turkey, after 
Helvaci ( 1987). 
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substitution of C a 2 + ions for the ferrous ion in the In ocean-floor basalts of the Mediterranean Sea 

magnetite structure which at most can contain 6.67 wt% titano-magnetites have a magnetite/whole rock R E E 
C a 2 + , corresponding to the composition CaojFe^.gO,,. partition coefficient of 0.2-2 and a flat chondrite-nor-
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malized pattern (Schock, 1977, 1979; Fig. 6A) . R E E 

abundances in Atlantic basalts are strongly affected by 

fractionation processes in small shallow magma cham

bers in which Ti-magnetite is of major importance 

(Puchelt and Emmerman, 1977; Hoemes et al., 1979). 

The magnetite of the Skaergaard gabbro has a low, 

unfractionated R E E content (Paster et al., 1974; Fig. 

6B) . In 1.77-1.80 Ga old granites-aplites from Arje

plog, northern Sweden, R E E are concentrated in acces

sory minerals (Öhlander etal., 1989). Magnetite hasa 

chondrite-normalized curve with a fiat top and a strong 

negative E u anomaly (Fig. 6B) . 

Few R E E analyses of magnetite in volcano-sedi

mentary rocks have been reported. In the Archean iron 

formation at Mary River, Baffin island, the R E E content 

in magnetite is 3-10 times and in hematite 0.1-0.5 

times the chondrite-normalized value (Fryer, 1977). 

Helvaci (1987) showed that magnetite from stock-
work iron ore bodies at Avnik, Turkey, has a high R E E 

content ( < 440 times the chondrite-normalized value) 
with a weak to moderate fractionation and pronounced 

negative E u anomalies (Fig. 6 C ) . It is the highest R E E 
content ever encountered in magnetite. 

7.2. Rare earth element characteristics of magnetite 

in iron ores in northern Sweden 

Magnetite of the different Paleoproterozoic ore types 

in northern Sweden is relatively poor in R E E . Low 

contents of R E E (total amount <2 ppm) with a small 

fractionation occur in the magnetite of the skarn iron 
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Fig. 9. Chondrite-normalized R E E patterns for mafic volcanics of 
the Greenstone Group, northern Sweden. Figures after deposit name 
denote % SiGv (After Pharaoh and Pearce. 1984, circles, and 
Frietsch and Perdahl, 1989a, points.) 

ores and the quartz-banded iron ores of the Greenstone 

Group (Figs. 7 A , B ) . 

In the Porphyry group the magnetite of the Kiruna 

iron ore type has the highest R E E content ( < 100 

ppm), with a marked L R E E / H R E E fractionation ( L a / 

Y b ) c „ = <61) . Typical is the fractionation of L R E E 

( ( L a / S m ) c n = 1-18), sloping down to a lower, flat 

level of H R E E (Figs. 7C, D ) . The R E E content in the 

magnetite of the quartz-banded Kallak-Björkholmen 

iron ore deposit is low with a moderate fractionation 

and is thus similar to the pattern in the Kiruna type 

magnetite (Fig. 7 E ) . 

The magnetite in the Lannavaara iron ores Kevus 

and Teltaja has a low R E E content ( <5 ppm), some

what above the chondritic value, with a depletion of 

L R E E (Fig. 7 F ) . 

same R E E pattern is found in the trachytic-rhyotrach-

ytic host rocks of the Porphyry group (Frietsch and 

Perdahl, 1989a), however, 2-5 times higher than in 

magnetite (Figs. 8 A - B ) . 

The magnetite of the Lannavaara iron ores Kevus 

and Teltaja has a depleted L R E E pattern (Fig. 7F) 

which is probably related to metasomatic alteration 

with microclinization, tourmalinization and scapoliti

zation in connection with ore formation. A L R E E -

depleted pattern is also found in the host rock at Teltaja 

(Fig. 8 C ) . 

The R E E distribution in the magnetite of the skarn 

iron ores and the quartz-banded iron ores of the Green

stone Group, with a low R E E content and a flat pattern 

(Figs. 7 A - 7 B ) , is different from the magnetite in the 

other ores. It resembles the R E E pattern of the basaltic 

volcanics of the Greenstone Group (Fig. 9), which 

suggests a common genesis. The Ce depletion in mag

netite as well as in the mafic volcanics indicates a sed

imentary (seawater) provenance during oxidizing 

conditions (Fryer, 1977; Appel, 1983). 

The general feature of the R E E distribution in the 

investigated magnetites is thus similar to the host rock. 

The magnetite in the ores of the Greenstone Group 

shows a weakly differentiated pattern in contrast to 

magnetite in the Porphyry Group with a more differ

entiated pattern. In the hydrothermally formed deposits 

Kevus-Teltaja, L R E E are partly depleted due to leach

ing by the hydrothermal process forming the ore. 

7.3. Results 

R E E contents and patterns in magnetite in different 

Paleoproterozoic ore types in northern Sweden vary to 

a restricted extent. The variations are, however, large 
enough to be used for genetic considerations. A salient 

feature of the R E E distribution in magnetite in the dif

ferent ore types is a more or less strong resemblance 

with the R E E pattern of the host rocks. In hydrother
mally altered associations there are changes of R E E , 

mainly with regard to L R E E . 

The magnetite in the iron ores of the Kiruna type has 

the highest R E E content and shows the greatest frac
tionation. Typical are the fractionated L R E E in contrast 

to the unfractionated H R E E . A similar R E E pattern is 
found in the magnetite of the quartz-banded iron ore of 
Kallak-Björkholmen, albeit on a much lower level. The 

8. The Kiruna iron ores in northern Sweden and 
their genesis 

The Kiruna iron ores in northern Sweden are part of 

the same magma that formed the volcanic host rocks, 
and were formed as a late, differentiate in the volca

nism. There was a consanguineous formation of inter
mediate-felsic volcanics, magnetite and apatite. The 

intrusive behaviour of magnetite-apatite in the volcan

ics indicates that these components are the latest phase 
of the magmatic activity. 

The intermediate-felsic volcanics, the magnetite and 

the apatite have a similar R E E distribution (Fig. 10), 
however, with a varying content, high in apatite (2000-
7000 ppm), medium in the volcanics (30-400 ppm) 
and low in magnetite (5-110 ppm). All phases are 

LREE-enriched and show negative Eu anomalies. The 
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Fig. 10. Chondrite-normalized R E E pattern for host rock volcanics, magnetite and apatite of the Kiruna iron ore type in the Kiruna-Svappavaara-
Malmberget area. The highest and lowest values are shown. Data for the volcanics after Frietsch and Perdahl (1989b). 

similar R E E distribution in the host volcanics, mag

netite and apatite of the Kiruna ores indicates that the 

three units have a common origin. 
In the Kiruna area the apatite of the earlier, magmatic 

main ore phase (e.g. Kiirunavaara) and the later, 
hydrothermal-exhalative apatite-rich ore phase (e.g. 

Rektorn), have an almost identical R E E content and 

partition (Fig. 5 A ) , which indicates that the formation 

of the two different ore phases of the Kiruna type 

belong to the same process. 
Paräk (1973) considered the apatite of the Kiruna 

ores in northern Sweden to be sedimentarv. However, 

the R E E content and pattern show that the apatite is 

different from sedimentary apatites (Laajoki, 1975). 
The content of R E E in the apatite in the Kiruna ores is 

about 2000-7000 ppm, whereas the apatite in phospho

rites contains less than 1000 ppm. In the latter, Ce 

depletion is typical. There are also differences concern
ing the major components of the apatite. Apatite in the 

Kiruna ores is F-rich with small amounts of C l and OH, 

whereas the apatite in phosphorites is F-rich with con
siderable amounts of C O : and O H (Frietsch, 1978; * 
Sheldon, 1981; Cook, 1984; Sarkar, 1984). 
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According to Mitchell and Beckinsale (1982) mag-

netite-hematite-apatite extrusive deposits are charac

teristic of magmatic arcs at convergent plate 

boundaries. This tectonic setting comprises volcanic 

rocks of largely calc-alkaline character. 

The R E E distribution in the volcanics of the Por

phyry Group in northern Sweden is in the main similar 

to that of calc-alkaline volcanics at convergent margins 

(continental margin or island arc; Dostal et al., 1977; 

Gustafson, 1979; Cameron and Hanson, 1982; Gun-

derson et al., 1986). In the volcanics of the Kiruna area, 

however, the R E E content is higher and the fractiona

tion is more pronounced, indicating alkali-enriched 

rocks. The alkaline affinity in combination with a 

bimodal (andesite and rhyodacite-rhyolite) distribu

tion and a high Zr content ( < 500 ppm) points to 

deposition in a rifting environment (Frietsch and Per

dahl, 1989a; Perdahl and Frietsch, 1993). Alkaline 

rocks, mainly trachytes, trachyandesites and trachybas

alts, host the ores of the Kiruna type in S E Missouri 

(Kisvarsanyi, 1976, 1980; Kisvarsanyi and Kisvar-
sanyi, 1981). The ores at Bafq in Iran are associated 

with alkaline volcanics and are related to Na-metaso-

matism and formation of alkaline granitoids (Förster 

et al., 1973; Förster, 1974, 1987, 1990). In addition, 
the apatite at Abovjan, Russia, shows an alkaline trend. 

The apatite iron ores of the Kiruna area are spatially 

connected with extensive fault lines which guided the 

emplacement of the ores (Frietsch, 1984, 1989,1991). 

Most other iron ores of the Kiruna type outside Fen

noscandia are related to fault lines, as e.g., in S E Mis

souri (Kisvarsanyi and Kisvarsanyi,. 1976; 

Kisvarsanyi, 1980,1988),ElR&rnsra!,CrriltJ'(Oyarzun 
and Frutos, 1984; Oyarzün, 1984), Bafq, Iran (Förster 

et al., 1973; Daliran, 1990), Abovjansk, Armenia 
(Zitzman, 1977, 1978; Gerasimovskij and Minjeev, 

1981), and Yangtze River (Zhang, 1986; Research 

Group of the Porphyrite Iron Ore, 1977). Oyarzün and 
Frutos (1984) and Oyarzün (1984) proposed for the 

Chilean deposits a metallogenetic model in which the 

emplacement of the mineralizing magmatic systems 

occurred through a cauldron subsidence mechanism 

controlled by deep fracture lines in adistensive tectonic 

regime. Cerro de Mercado, Mexico, was deposited 
shortly after a caldera subsidence (Lyons, 1988). 

The Kiruna iron ore type in northern Sweden occurs 
close to the Archean basement. The Archean-Protero
zoic border zone has been prolific for ore formation in 

northern Fennoscandia (Frietsch, 1991). The Kiruna 
area is near the margin of the Archean basement and is 

partly underlain by the latter. The Proterozoic metal

logenetic evolution meant a commencement of the ore 

forming processes around the Archean craton. A sim

ilar geotectonic position is encountered for the ores in 

Missouri which occur in Middle Proterozoic anoro-

genic granite-rhyolite terranes which indicate an exten

sive tectonic regime within or near the margin of the 

Proterozoic North American continent (Kisvarsanyi, 

1988). 
Prerequisite for the formation of the Kiruna ores is 

thus an association with alkaline to sub-alkaline mag-
matic rocks in combination with proximity to large fault 

systems and an older basement. Probably deep-seated 

rocks of the latter underwent partial melting and the 

alkaline-subalkaline and iron-phosphorous-bearing 

magmatic-hydrothermal systems were deposited in 

favourable tectonic-structural positions. This large-

scale crustal process could explain the fact that only 
large deposits of the Kiruna type are found. An intra

continental setting for the Kiruna volcanics with a felsic 

magma generation in accordance with Wyborn (1988) 

from Australian Paleoproterozoic rocks has been out

lined by Frietsch and Perdahl (1989a). The similarity 
in the R E E composition in the Kiruna ores proper and 

the deuteric-hydrothermal iron ores indicates a com

mon process for both types. In both there is a magmatic 

component varying from alkaline to sub-alkaline, arc-

related and anorogenic rocks being volcanic in the 

Kiruna type and igneous in the deuteric type. 

Hitzman et al. (1992) included the magnetite-apa

tite ores of the world into one large, incoherent class of 
iron oxide ( C u - U - A u - R E E ) deposits, however, with 

a very varying composition. Many deposits do not con

tain apatite, and are in part almost devoid of iron. The 

majority of deposits, particularly the larger ones, are 

found within Paleo- to Mid-Proterozoic, 1.4—1.8 Ga 
old host rocks, in cratonic and continental margin envi

ronments in silicic to intermediate igneous rocks of 

anorogenic type. 
It should, however, be emphasized that the amount 

of ore found in the younger Phanerozoic rifting and 

back-arc deposits is as large as in the Proterozoic occur
rences. This means that the process forming the Kiruna 

iron ores have been active over a long span of time. In 
post-Proterozoic time more than 2000 million tonnes 

of ore were formed (c f . data in e.g. Zitzman, 1978; 
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Oyarzün and Frutos, 1984; Oyarzün, 1990; Frutos et 

al., 1990) compared to about 4000 million tonnes of 

ore in the Proterozoic deposits (Hitzman et al., 1992). 

9. Conclusions 

In the ores of the Kiruna type in northern Sweden 

the similar pattern of the R E E distribution in magnetite, 

apatite and associated calc-alkaline and sub-alkaline to 

alkaline volcanic host rocks indicates a common gen

esis of the units. The similar R E E pattern of apatite in 

the main, low-P ores and the later, high-P ores which 
represent a formation by exhalative-hydrothermal 

solutions, indicate a similar origin for both ore types. 

The R E E content and pattern of the Kiruna type ore is 

different from that in sedimentary apatites, the latter 

being characterized by a lower R E E content and a Ce 

depletion indicating seawater depletion. 

The division of magnetite-hematite-apatite ores of 

the world into Kiruna iron ores proper in volcanic rocks 

and iron ores connected with deuteric and/or related to 

intrusive rocks, is not reflected by the R E E pattern of 

apatite. The apatite of deuteric-hydrothermal magnet

ite-apatite ores shows in some deposits a relatively 
strong L R E E / H R E E fractionation, with weak E u 

anomalies, indicating more fractionated magmas. The 

similarity indicates a common process for both ore 

types. 

The ores of the Kiruna area were emplaced along 

regional-fault lines and near the border of an Archean-

Proterozoic basement in similarity with some other 

magnetite-hematite-apatite ores of the world. Most of 
the apatite-bearing iron ores are associated with calc

alkaline magmas with a L R E E / H R E E fractionation 

varying from moderate to steep and occur partly at 
convergent plate boundaries. The alkaline, trachytic 

volcanics hosting the Kiruna ores in northern Sweden 
are clearly related to an extensional setting where rift

ing was important. 
The process giving rise to magnetite-apatite ores of 

the Kiruna type has occurred during a time span from 

Paleoproterozoic to Tertiary. The Proterozoic ores 

occur mainly in cratonized areas, whereas the younger 
ones occur in fold belts. The amount of ore formed in 

post-Proterozoic time is as large as that formed in Prot
erozoic time. The ores of the Kiruna area make up the 

largest part of the latter. 
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Abstract 

Galena is a rare component in the Paleoproterozic mineralizations in northernmost 
Sweden. In the present work Pb isotope data from galenas from nineteen deposits in 
this area tend to vary as a function of geographical location. Basically, the zone 
dividing radiogenic and non-radiogenic lead isotopic compositions is consistent with 
the position of the inferred Proterozoic-Archean border in northern Sweden. 
Radiogenic leads are generally found in galenas of the 2.0-2.7 Ga old Greenstone 
group in the NE along the Finnish border, and in some Cu occurrences in the c. 1.9 
Ga old Porphyry group near Malmberget. Non-radiogenic lead is found in the 
Huornaisenvuoma Zn-Pb ore in the Greenstone group, in epigenetic Cu-Zn-Pb ores 
in the Porphyry group in southern Norrbotten, and in similar deposits near the 
Caledonides. Certain data are isotopically primitive, like one galena of the 
Huornaisenvuoma ore which has a low radiogenic composition ( 2 0 6Pb/ 2 0 4Pb=14.85 
and 2 0 7Pb/ 2 0 4Pb=15.05; corresponding to a model age of 2050 Ma), which is similar 
to data for the Finnish Outokumpu sulphide ore of anticipated mantle origin. Also the 
Tjåmotis Cu-Zn sulphide deposits, along the Caledonides in the southwest of 
Norrbotten, display a primitive lead isotopic signature (2 0 6Pb/2 0 4Pb=15.04-15.06, 
2 0 7Pb/ 2 0 4Pb=15.12-15.17). The lead isotopic compositions of galena in the Cu-Zn-Pb 
ores of southern Norrbotten are non-radiogenic and fairly homogeneous with 
2 0 6 p b / 2 0 4 p b = 1 5 _ 3 4 _ 1 5 _ 5 0 ; 2 0 7 p b / 2 0 4 p b = 1 5 _ 1 6 _ 1 5 _ 3 0 ; s i m i l a r t 0 t h a t o f t h e s u i p hide 
deposits associated with the Central Finnish batholit and to data from the North-
central Skellefte district. The coincidence of data for the areas of southern 
Norrbotten and North-central Skellefte district is interpreted such that these terrains 
formed one crustal unit at the time of ore deposition. Tentatively, this event took 
place at c. 1.87 Ga or slightly thereafter, and was related to the suturing of the 
Skellefte arc to the northerly inferred continent. Although Pb model ages should be 
treated with caution when applied in Proterozoic terrains in Sweden, the present data 
suggest an age difference between the deposits (and between source rocks) at 
Tjåmotis and Huomaisenvouma (c. 2.0 Ga old), on one hand, and the remaining Cu-
Zn-Pb occurrences (c. 1.9 Ga old) on the other hand. Possibly, the indicated 
depositional event at c. 2.0 Ga is an expression of simultaneous, large-scale crust-
mantle interactions, in accordance with the hypothesis of magma-forming processes 
at that time. 

In a Pb-Pb diagrams, data for galenas in nortern Sweden indicate linear 
relationships. The radiogenic leads are the result of leaching processes in Phanerozoic 
(Caledonian) times, which released rock lead evolved in the time interval c. 2.0 -1.9 
Ga to 0.4 Ga. Certain data are, however, consistent with leaching of both Proterozoic 
rock lead and a pre-existing common Pb component. The rather good fi t to straight 
lines in the Pb-Pb diagrams suggests that more or less all radiogenic galenas were 
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formed by mobilizing lead from fairly U-rich rocks ( 2 3 8 U/ 2 0 4 Pb ratios c. 25-32) of the 
Greenstone group which are likely to have a similar age, possibly close to 2.0 Ga. 
Since the deposits with radiogenic lead are distributed over a very large area, and still 
define linear trends, it is likely that the c. 2.0 Ga age is typical for the bulk of 
Greenstone rocks in Norrbotten. From the slopes of straight-line relations for the Pb 
isotope data, i t is inferred that only Proterozoic rock lead was mobilized at c. 0.4 Ga 
and that no significant Archean lead was involved in such processes. Accordingly, 
lead mobilization was quite local and only involved the upper portions of the crust. 
As the radiogenic leads are found at localities far away from the Caledonian front, 
the indicated Pb mobilization processes were most probably connected with 
reactivation of old Proterozoic fracture zones, which were themselves not initiated by 
the Caledonian orogeny. 

1. Introduction 

The Paleoproterozoic rocks in the Norrbotten county in northernmost Sweden are 
rich in mineral deposits comprising mainly iron ores and sulphide ores. A typical 
compositional feature of the sulphide ores is the scarcity of lead in contrast to the 
two major Paleoproterozoic sulphide-bearing districts of Sweden. For instance, in 
Bergslagen in south-central Sweden the massive sulphide ores normally contain 
several percent lead, while the Cu-Zn ores in the Skellefte district invariably contain 
galena, albeit, always subordinate to chalcopyrite and sphalerite. The only occurrence 
with greater amounts of galena in northernmost Sweden is the Huornaisenvuoma Zn-
Pb deposit which occurs in the 2.0-2.7 Ga old Greenstone group (Figs. 1 and 2). 
Apart from galena found as a minor component in a group of small epigenetic 
copper-zinc sulphide deposits in southwestern Norrbotten, galena occurs in inferior 
amounts in late cross-cutting quartz-calcite veins. 

Lead isotopes have been shown to have a significant potential for evaluating the 
genesis and paleoenvironment of rocks and ore deposits. Specific environments are 
characterized by different lead isotope patterns which allow the time-integrated Pb 
isotope evolution of the mantle, upper and lower crust to be modeled (Zartman and 
Doe, 1981). I f galena is formed by leaching of a specific rock, the lead isotopic 
composition of the latter at the time of ore deposition will be preserved in the ore. 
The present study aims to discuss source(s) of lead and time of emplacement for the 
investigated mineralizations. The geology of the deposits discussed in this paper is 
poorly known and one objective is to see i f Pb isotope data could help to clarify the 
geological contexts of these ore-bearing terrains. Most of the deposits in the 
Norrbotten county, which are known to contain galena, have been investigated. 
Unfortunately, the erratic distribution of galena in the respective deposits renders it 
difficult to systematically investigate for instance, the range of data within a deposit 
and possible relations between vein- and stratiform galena. Previous Pb isotope 
studies of Precambrian rocks and mineralizations in northern Sweden have been 
conducted by Romer and co-workers (see Romer and Wright, 1993, Romer, 1994 
and references listed therein), Vaasjoki and Vivallo (1990), Sundblad (1991 a, b), 
Sundblad et al. (1993), Billström and Grensman (1993) and Billström and Vivallo 
(1994). 

2. Geological setting and analytical results 

The investigated mineralizations occur in Paleoproterozoic, 1.9-2.7 Ga old, 
volcanic and sedimentary rocks. Oldest among the Paleoproterozoic rocks in 
northernmost Sweden are Lapponian and Karelian mafic volcanic and sedimentary 
rocks of the Greenstone Group. They rest on a c. 2.7-2.8 Ga old Archean granite-
gneiss basement (Skiöld 1979). The Lapponian volcanics consist of basalts and 
subordinate andesites and ultramafites. At high stratigraphic levels there are 
sedimentary intercalations. The greenstones were deposited in rift basins formed by 
vertical block movements and down-faulting. Radiometric datings of the greenstones 
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give ages between 2.0 and 2.7 Ga (Silvennoinen et al., 1980; Skiöld and Cliff, 1984; 
Kri l l et al., 1985; Skiöld, 1986; Skiöld et al., 1993; Skiöld, pers. comm., 1994). 

The Svecofennian Porphyry Group, overlying the Greenstone Group, comprises 
terrestrial and marine metavolcanics of intermediate-felsic composition. U/Pb 
determinations give ages of 1.88-1.91 Ga (Skiöld and Cliff, 1984; Skiöld, 1987; 
Welin, 1987). The volcanism was connected with a differentiated plutonism, 1.86-
1.89 Ga old, and subsequenüy a second granitic-forming event, 1.77-1.83 Ga old 
(Skiöld, 1987), followed. The supracrustal rocks have been affected by the 
Svecokarelian orogeny with its peak around 1.8-1.9 Ga ago. The plutonic rocks 
cover large areas surrounding the volcanites-sediments, the latter forming irregular, 
elongated belts, mostly with a NNE or a NW extension (Fig. 1). 

A distinct structural feature of the region is the Archean-Proterozoic border. To 
the SW of this inferred border line there is no Archean basement present, only 
juvenile Proterozoic material, which was thus added to an older crust at an active 
continental margin. The more precise site of this border line is, however, not well 
known, but on basis of Sm-Nd and geophysical data it is suggested that the Archean 
paleoboundary is situated about 100 km north of the Skellefte district, along the NW-
SE running Luleå-Jokkmokk zone (LJZ in Fig. 2; Skiöld and Öhlander, 1989; 
Öhlander et a l , 1987; 1993). 

The isotopic compositions of the galena were analyzed at the Laboratory for 
Isotope Geology, Swedish Museum of Natural History. The analytical procedures are 
described in Billström and Vivallo (1994). Analytical precision, which is based on 
repeated measurements of NBS 981 at different temperatures is ± 0.10 % or better. 
Model ages and upvalues were calculated according to the model of Stacey and 
Kramers (1975). 39 samples from 19 mineralizations have been analyzed, and details 
of their occurrence are given in the appendix. The lead isotopic data are summarized 
in Table 1 and graphically presented in Figs. 3 and 4. 

2.1 Northern and northeastern Norrbotten 

The Lapponian mafic metavolcanites of the Greenstone group contain stratabound 
deposits of skarn iron ores and quartz-banded iron ores at high stratigraphic levels in 
intercalations of limestones-dolomites, marls and cherts associated with tuffs-tuffites, 
phyllites and graphite-bearing schists (Frietsch, 1980; 1988). The ores are considered 
to be of volcano-sedimentary origin, noting their stratabound appearance and the 
banded character (Frietsch, 1977). Locally the iron ores and metasediments contain 
small amounts of pyrrhotite and pyrite as veinlets, disseminations or fine layerings. 
Chalcopyrite may enter the association and is occasionally found in economic 
amounts, such as in the magnetite-chalcopyrite-pyrrhotite-sphalerite Viscaria deposit 
at Kiruna, which was deposited by exhalations of probably highly saline solutions 
(Martinsson, 1991). The sulphide mineralizations are similar to the iron ores with 
respect to their mineralogical composition, stratigraphic position and type of wall 
rock. 

Some of the sulphide-bearing horizons, mostly graphite-bearing schists, contain 
small amounts of galena. The mineralizations comprise disseminations and veins of 
pyrrhotite, pyrite, occasionally sphalerite and galena with accessory amounts of 
chalcopyrite. Investigated deposits of this type included in the present work are 
Tievakoski, Råppe, Artuvare and Lehtoselkä (Fig. 2), and the Pb isotope data for 
these mineralizations are all radiogenic ( 2 0 6Pb/ 2 ( SPb=21.9-24.6, 2 0 7Pb/^ 0 4Pb=16.0-
16.5). Pålsträsk is a mineralization in which pyrrhotite, chalcopyrite, sphalerite, 
arsenopyrite and gold occur disseminated, or in small veins, in amphibole-biotite 
gneiss, quartz-feldspar gneiss, graphite-bearing schist and amphibolite with limestone 
and skarn. The graphite-bearing schist contains pyrrhotite, some chalcopyrite and 
sphalerite and accessory amounts of galena. The stratigraphic position of the 
Pålsträsk deposit is uncertain, but the rock sequence relates it to the Greenstone 
group. The single vein sample from this deposit is radiogenic ( 2 0 6Pb/ 2 0 4Pb=22.75, 
? 0 7 p D / 2 0 4 p b = 1 6 1 6 ) 
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The Huornaisenvuoma Zn-Pb deposit is hosted by a skarn-bearing dolomite in 
mafic metatuffites and metasediments of the Greenstone group. The ore minerals are 
sphalerite, chalcopyrite, magnetite and galena (Frietsch, 1985). The ore-bearing 
sequence is enriched in Mn and Ba. Pb isotope data from this deposit span a large 
range ( 2 0 6Pb/ 2 0 4Pb=14.85-17.42, 2 0 7Pb/ 2 0 4Pb=15.05-15.45). At Kurkkionvaara, vein-
fillings and impregnations of sphalerite, galena and pyrrhotite occur in pyroclastic 
intermediate-mafic tuffites and epiclastic micaschists, possibly in age intermediate 
between the Greenstone and Porphyry group, (Frietsch et al., 1995). The galena 
samples from Kurkkionvaara are radiogenic; 2 0 6Pb/ 2 0 4Pb=24.11-24.75, 
2 0 7 P b / 2 0 4 P b = 1 6 . 3 5 - 1 6 . 4 4 . 

2.2 Malmberget area 

SE of Malmberget, several hydrothermal Cu-(Au) mineralizations, of which Aitik 
and Nautanen are the most important, occur in the Porphyry Group. These 
mineralizations occur in a NNW extended, about 40 km long and 5 km wide belt built 
up of pyroclastic rocks and minor epiclastic rocks. Disseminations and stringers of 
chalcopyrite, bornite, chalcocite, magnetite and pyrite occur in volcanic, pyroclastic 
and minor epiclastic rocks which are hydrothermally altered as shown by a regional 
sericitization, scapolitization and tourmalinization (Frietsch, 1985; Zweifel, 1976). 
The occurrences are related to the Luleå-Malmberget fault zone (LMZ in Fig. 2) and 
rifting seems to have played an important role in their formation. Both Snålkok and 
Muorjevare, investigated here, belong to this ore type and the obtained Pb isotope 
data of galenas are radiogenic ( 2 0 6 Pb/ 2 0 4 Pb= 24.57-24.92, 2 0 7Pb/ 2 0 4Pb=l6.39-16.43). 

2.3 Southern Norrbotten and Tjåmotis area 

In the southern part of the Norrbotten county, between Malmberget and 
Arvidsjaur, there is a metallogenetic province with about 40 minor Cu-Zn-Pb-(Ag) 
deposits. The mineralizations have an epigenetic mode of occurrence and appear as 
breccias and vein fillings mainly in felsic, parüy tuffitic volcanics, and in addition in 
intermediate-mafic volcanics and sedimentary rocks, all belonging to the Porphyry 
group. At Iekelvare, W of Jokkmokk, the mineralization lies in different rocks 
(granite, diorite and volcanite) clearly indicating the epigenetic mode of formation. 
Many mineralizations are related to fault lines mainly in NE-SW and ENE-WSW 
directions (Fig. 2). The copper minerals are chalcopyrite, bornite, covellite and 
chalcocite. Commonly present are sphalerite, galena, pyrrhotite, pyrite and magnetite. 
This study includes galena from the mineralizations at Kaskatjäkko, Vargisträsk, 
Suddesjaur, Tallberg (another name is Rakkur), Tjärrovare (Blyberget), Kvänberget 
and Ljusträsk (Östra Gåbdejaure). Al l these deposits show non-radiogenic Pb 
isotopic signatures and data are fairly uniform ( 2 0 6Pb/ 2 0 4Pb=15.34-15.60, 
2 0 7 p b / 2 0 4 p b _ 15.16-15.30). One Kaskatjäkko sample is significantly more evolved; 
2 0 6Pb/ 2 0 4Pb=16.28, 2 0 7Pb/ 2 0 4Pb=15.33. 

The Askelluokta (Pallamvaratj) deposit, WSW of Malmberget at Tjåmotis, near 
the Caledonides, is a Zn-Pb-Cu impregnation in reddish, tuffitic felsic volcanics and 
feldspar-biotite gneisses. The ore minerals are sphalerite, galena, pyrite, chalcopyrite, 
bornite and chalcocite and the mineralization is similar to the Cu-Zn-Pb deposits of 
southern Norrbotten. This deposit exhibits primitive isotopic compositions, 
206 P b / 204 P b = 15.04-15 .06 , 2 0 7Pb/ 2 b 4Pb=15.12-15.17. 

2.4 Skellefte district 

There is no sharp border between the Cu-Zn-Pb sulphide ores of southern 
Norrbotten and the massive pyrite ores with copper, zinc and some lead of the 
Skellefte district further south. The occurrences of southern Norrbotten are hosted by 
the terrestrial Arvidsjaurs volcanites, which were deposited on a landmass, in contrast 
to the Skellefte volcanites which, at least dominantly, are marine in nature. The 
Skellefte sulphide ores occur in a supracrustal sequence composed of felsic-
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intermediate volcanites and which is overlain by sediments and mafic volcanites. The 
ores are made up of massive pyrite bodies with varying amounts of pyrrhotite, 
sphalerite, chalcopyrite, arsenopyrite and less commonly galena and sulfominerals. 
References to the geology and the ore deposits are cited in Rickard (1986) and 
Weihed et al. (1992). Previous Pb isotope data for galena (and sulphosalts) have been 
presented by Rickard and Svensson (1984), Vaasjoki and Vivallo (1990) and 
Billström and Vivallo (1994). In the present work galena from Långdal and Adak has 
been investigated. The Långdal ore is a pyrite body which grades into a semi-massive 
ore and impregnation with sphalerite and galena (Vivallo, 1987), and the Pb isotope 
signature is non-radiogenic ( 2 0 öPb/ 2 0 4Pb=15.10-15.15, 2 0 7Pb/ 2 0 4Pb=15.06-15.13). 
The Adak Cu-mineralization, located at an intermediate position between the main 
part of the Skellefte district and the deposits of southern Norrbotten, contains 
breccias or impregnations of chalcopyrite and pyrrhotite without the development of 
massive ore bodies (Frietsch, 1975). The single galena sample is radiogenic with 
2 0 6 P b / 2 0 4 P b = 22.74 and 207ph/204pb =16.14. 

2.5 Summarizing features 

The deposits considered in this paper can essentially be grouped into two 
categories, those hosted by rocks of the Greenstone Group and those hosted by rocks 
of the Porphyry Group. Since the ages of rocks in the Greenstone Group are less well 
constrained, then possible isotopic differences in galena lead isotopic compositions 
may be difficult to relate as either due to differences in the source of lead, or due to 
differences in the age of galena mineralization, or a combination of both. Deposits in 
the Porphyry Group, however, are likely to have formed during a restricted time 
interval (1.89-1.87 Ga), and indicated isotopic differences are therefore probably the 
result of lead being derived from variable sources. It is advantageous that only 
galena (i.e. a true common lead mineral) has been analyzed, as the interpretation of 
Pb isotope data for other types of sulphides may be complicated by in situ decay of 
Th and U. 

A number of features are worth noting in the Pb-Pb diagrams (Figs. 3 and 4), eg. 
(1) the division of radiogenic and non-radiogenic galena-bearing occurrences with 
respect to their location, (2) the linearity expressed in the Pb-Pb diagrams, (3) the 
uniform non-radiogenic data in certain areas, (4) the isotopically primitive data for a 
number of galena occurrences, and (5) the spread of data within the 
Huornaisenvuoma deposit. 

I t is evident from the presented results that lead in galena occurrences in the 
Norrbotten county shows both radiogenic and non-radiogenic signatures. The galenas 
in the mineralizations of the Greenstone group in the N and NE part of Norrbotten, 
mainly in the region towards the Finnish border (Fig. 2), generally contain radiogenic 
lead ( 2 0 6Pb/ 2 0 4Pb=ca. 22-25 and 2 0 7Pb/ 2 0 4Pb=ca. 16.0-16.5). With the present 
knowledge, the Pålsträsk mineralization, exhibiting radiogenic lead, is the 
southernmost representative of the Greenstone group. There is, however, no clear-
cut border between radiogenic and non-radiogenic occurrences and each type of 
deposit may be found in both Porphyry group and Greenstone group rocks. For 
instance, the Snålkok, Muorjevare and Adak mineralizations which are situated in 
rocks of the Porphyry group, display radiogenic galena lead data. It is more typical, 
however, for galenas in Porphyry Group rocks to be non-radiogenic. That is, with 
rather few exceptions one may divide Northern Sweden into two parts, those 
occurrences which are found north of LJZ (cf. Fig. 2) are radiogenic, while those 
south of this inferred border have non-radiogenic lead. 

As seen from Fig. 3 the non-radiogenic and radiogenic galenas, irrespective of 
host rock type, appear to have a broad linear relation. Different sorts of regression 
analyses could be attempted, and this is further discussed below. Al l the non
radiogenic samples fall roughly on the sublinear trend outlined by Vaasjoki (1981) 
comprising Finnish galenas from the Outokumpu mine, the main sulphide belt, the 
Central Finnish batholit area and the Svecofennian supracrustal belt (Fig. 1). In this 
geographically discontinuous belt the lead isotopic composition has an upper crustal 
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affinity in SW Finland and a more mantle-like character in the Outokumpu district, as 
compared with the plumbotectonic model (Zartman and Doe, 1981). The spread in 
Pb/Pb isotope ratios for presumably coeval deposits in southern Norrbotten, and 
elsewhere in northern Sweden, has been interpreted as due to variable admixtures of 
an old crustal component to a more primitive mantle component (see discussion in 
Romer and Wright, 1993 and references therein; Sundblad et al., 1993; Billström and 
Vivallo, 1994). 

Most of the non-radiogenic lead are related to deposits in southern Norrbotten. 
The galenas of the Cu-Zn-Pb sulphide mineralizations in southern Norrbotten, mainly 
found in rocks of the Porphyry Group, have a rather homogeneous lead isotopic 
composition ( 2 0 6Pb/ 2 0 4Pb=15.34-15.54, average 15.46; 2 0 7Pb/ 2 0 4Pb=15.16-15.30, 
average 15.23, cf. Fig. 3), a range that is similar to that of the sulphide deposits 
associated with the Central Finnish batholit (Vaasjoki, 1981). The model ages are 
1667-1871 Ma,, which are significandy lower than the ages of the host rocks. The 
leads of the Långdal occurrence in the Skellefte district are also strictly non
radiogenic, and these data are similar to those reported by Billström and Vivallo 
(1994) from the same deposit. 

The deposits around Tjåmotis are characterized by pronounced primitive Pb 
isotope signatures and deviate thus from the other deposits in southern Norrbotten. 
For instance, the Pb isotope ratios for the Askelluokta occurrence are 
2 0 6 Pb/ 2 0 4 Pb= 15.04-15.06, 2 0 7Pb/ 2 0 4Pb=15.12-15.17, and corresponding model ages 
in the interval 1995-2058 Ma are significandy higher than those obtained for the 
other deposits of southern Norrbotten. Data for the Kiuri deposit, W of Askelluokta 
(Sundblad and Rösholt, 1986) and for the Pallemvaratj deposit (which is another 
name for Askelluokta; Carlon, 1984; Sundblad 1991a) are almost identical with those 
obtained in this study. 

The galena in the Huornaisenvuoma deposit apparently contains a non-radiogenic 
component which makes it unique among the mineralizations of the Greenstone 
group. The sample with the low value of 2 0 6 P b / 2 0 4 P b = 14.85, 2 0 7Pb/ 2 0 4Pb=15.05 is 
the least radiogenic galena lead encountered in Sweden, and its model age and u-
value is 2050 Ma and 9.21, respectively. However, the lead isotopic compositions of 
the remaining samples are variable with the ^ P b / ^ P b ratio ranging from 15.03 to 
17.42. The spatial distribution of non-radiogenic and radiogenic lead in the 
Huornaisenvuoma deposit is not known. The sites of the analyzed samples and their 
host rocks are similar. 

3. Discussion 

Several metallogenetic epochs and provinces can be discerned in the northern part 
of the Fennoscandian shield (Frietsch, 1988), and it is often possible to relate the type 
of ore deposit with the character of the local crust. For instance, the sulphide deposits 
of southern Norrbotten are similar to those found at the inner side of principal arcs 
(Sawkins, 1984), characterized by polymetallic, Pb-Zn±Cu vein systems which 
exhibit fracture control. The development of these vein systems in southern 
Norrbotten, and the Fe-Mn-Ba ores in the Rappen-Ultevis basin along the 
Caledonides, were probably connected with rifting in an extensional tectonic 
environment. Furthermore, the metallogeny in Norrbotten county has a spatial 
association with the development of local, major linear rift zones, which possibly are 
the result of periods of increased extension and crustal thinning. The most prominent 
geological formations found along rift zones are the Greenstone belts with their iron 
and sulphide ores. Indeed some major lineaments are likely to have governed the 
emplacement of ore formations, e.g. the Kiruna iron ores (Frietsch, 1984) and partly 
the sulphide deposits of southern Norrbotten (Fig. 2). Other major structures which 
are of importance for the geological development of the region are the Rappen-
Ultevis and Luleå-Malmberget fault zones (LMZ in Fig. 2), cf. the localization of the 
Aitik-Nautanen ores. 
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3.1 The distribution of radiogenic and non-radiogenic occurrences 

It has already been pointed out that the radiogenic galenas generally are found in 
the NE part of Norrbotten in rocks of the Greenstone group, while the non
radiogenic galenas are restricted to the SW part, mainly in rocks of the Porphyry 
group. The reason for the development and distribution of radiogenic and non
radiogenic galenas appears to be rather complex and certain factors should be 
considered in this context, including (1) type of host rocks, (2) geographical location, 
(3) Pb-content of mineralizations and (4) occurrence of galena. These factors may be 
important remembering, with reference to the above listing, that a) the evolution of 
the Porphyry and Greenstone series of rocks may have been different, that b) 
distances to fault zones/Archean basement rocks/areas affected by the Caledonian 
orogeny may vary, that c) Pb/Pb isotopic ratios of mineralizations low in lead may be 
easily disturbed and that d) vein galenas may, at least partly, be of later origin than 
strata-bound galenas in similar settings. It seems reasonable to argue that deposits 
with clear spatial relations to faults and other weakness zones have an enhanced 
likelihood to be affected by secondary processes. This is in accordance with the 
radiogenic galenas found at the mineralizations at Snålkok and Muorjevare which are 
bound to veins in Porphyry group rocks and localized close to the Luleå-Malmberget 
lineament. Their radiogenic data ( 2 0 6Pb/ 2 0 4Pb=ca. 24.6-24.9) make them, from a lead 
isotopic point of view, indistinguishable from the Greenstone occurrences. Data for 
the Tjåmotis deposits, on the other hand, are non-radiogenic despite the probable 
connection between rifting and ore formation in this area. Additional evidence, 
stressing the complexity of the reasons for the obtained isotopic signatures, is the fact 
that in principle all of the analyzed galenas in this study (except for those from 
Huornaisenvuoma and the Tjåmotis area) are more or less clearly related to veins. It 
is also worth noting that one of the Kaskatjäkko samples has a radiogenic signature, 
while the other sample from this deposit indicates a non-radiogenic Pb component. 
Mixed radiogenic and non-radiogenic data have also been observed from the 
Kristineberg massive sulphide ore deposit in the Skellefte district (Wickman et al., 
1962; Billström and Vivallo, 1994) and from other localities in Norrbotten (Romer, 
1993; 1994). Therefore, one has to be very careful when attempting to classify a 
deposit on basis of lead isotopes alone, unless a statistically good data base exists. 

3.2 Comparisons with other lead isotope data from the Fennoscandian shield 

Previously reported Pb isotope data from the Fennoscandian shield enables a 
comparison to be made between results from this study and data elsewhere. In 
northernmost Sweden, galena lead generally has a pronounced radiogenic 
composition with meaningless, future model ages. This is examplified by most data 
from this study and the radiogenic lead composition of pyrite, pyrrhotite and 
chalcopyrite of the Cu-Fe mineralization at Viscaria ( 2 0 6 Pb/ 2 0 4 Pb = 27.26-27.80, 
2 0 7 Pb/ 2 0 4 Pb= 16.56-16.59; Romer, 1994), adjacent to Kiruna. According to R. 
Romer (oral comm.) also the galena in Viscaria is radiogenic. Furthermore, Björlykke 
et al. (1987) showed that the lead in the epigenetic Bidjovagge Cu-Au mineralization 
in northern Norway, is radiogenic ( 2 0 6Pb/ 2 0 4Pb=22.94-23.85, 2 0 7Pb/ 2 0 4Pb=16.25-
16.35) and consequently, at least partly, later than the main mineralization event. 
However, there are exceptions from this pattern and non-radiogenic lead may be 
found in deposits of the Greenstone group, examplified by data from 
Huornaisenvuoma (this study). Also the lead in galena and sphalerite from the 
Kopparåsen Cu-Fe-U mineralization, occurring in rocks of the Greenstone group 
within a basement window in the Caledonides (Romer and Boundy, 1988), is non
radiogenic ( 2 0 6 Pb/ 2 0 4 Pb= 15.29, 2 0 7Pb/ 2 0 4Pb=15.19, cf. Fig. 3), while the other 
sulphides present (pyrite and pyrrhotite) contain radiogenic lead. It has been 
proposed, based on data from e.g. Kopparåsen and Bidjovagge, that secondary 
mineralization events, Caledonian in age, have deposited galena at many places in 
northern Sweden (Björlykke et al., 1987; Romer 1991). 
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In particular, non-radiogenic data are interesting when discussing relations 
between primary mineralization events and crustal formation. Certain data presented 
here have counterparts in other areas of the Fennoscandian shield, like the rather 
uniform, non-radiogenic, data from southern Norrbotten ( 2 0 6 Pb/ 2 0 4 Pb=c. 15.4, 
2 0 7 Pb/ 2 0 4 Pb=c. 15.2) which are very similar to data reported from the Central Finnish 
Batholith area (Vaasjoki, 1981), and to data from the Enåsen area (Fig. 3) about 300 
km south of the Skellefte district (Hallberg, 1989). Also data from the North-central 
part of the Skellefte district (Bdiström and Vivallo, 1994) are plotting in this range. 
The coincidence of data from the latter area with those from southern Norrbotten are 
particularly interesting since these areas, with supposedly different histories, are 
neighbouring eachother. The prevalent view is that southern Norrbotten is part of the 
Karelian continent which is found north of the island arc terrain defined by the 
Skellefte district. Of importance in this context is the described transition, when 
moving from the terrestrial terrain of southern Norrbotten, over the shallow water 
environment of the North-central part of the Skellefte district, reaching more, deep 
marine conditions in the South-central part of the district (Rickard, 1986). Recendy, 
Billström and Vivallo (1994) demonstrated that the North-central part of the 
Skellefte district is distinctly different from the rest of the district, by having much 
more evolved Pb isotopic ratios. Probably, the indicated overlap of Pb isotope data 
for the North-central part of the Skellefte district and the area of southern Norrbotten 
requires that the source of lead and the timing of mineralization were similar. This in 
turn suggests that contemporaneous mineralization processes took place in these 
areas, either at c. 1.89 Ga (approximate age for the Skellefte district volcanism) or at 
c. 1.87 Ga (approximate age of the volcanism at southern Norrbotten). The first 
alternative, assuming ore formation at 1.89 Ga, suggests that older rocks than 
hitherto known exist in the area of southern Norrbotten. Principally, this could be 
true as the radiometric age determinations are rather scarce (see Skiöld et al., 1993 
and references therein), but the epigenetic nature of the southern Norrbotten ores and 
the apparent syngenetic mode for ores of the North-central Skellefte district (eg. 
Näsliden and Rakkejaur; Trepka-Bloch, 1985), would imply rocks in the former area 
to be even older than rocks in the Skellefte district. Thus, a common metal deposition 
in these areas at c. 1.89 Ga appears less plausible. The second alternative assumes ore 
formation to be related to a c. 1.87 Ga (cf. rock ages), or slighdy younger (cf. 
epigenetic ores) event. This hypothesis requires the ores of the North-central district 
to be about 20 Ma younger than other ores of the district. The relatively speaking 
evolved lead isotope ratios of the ores of the North-central part is consistent with 
such a time difference between various ore-forming events in the overall Skellefte 
district. I f this hypothesis is correct, it is likely that the discussed terrains in southern 
Norrbotten and North-central Skellefte district formed one crustal unit at the time of 
galena mineralization, i.e the arc had already previously collided with the inferred 
Karelian continent or did so in connection with ore deposition. The coincidence of 
data from the Enåsen area in central Sweden and from the Central Finnish batholit 
area with those of southern Norrbotten /North-central Skellefte district, might also 
have some relevance when interpreting the tectonic evolution, but such discussions 
are beyond the scope of this paper. 

Another obvious feature is the similarity between data from the Finnish 
Outokumpu deposit and the most primitive sample from the Huornaisenvuoma 
mineralization. The Outokumpu deposit has been interpreted as part of an ophiolite 
sequence laid down at about 1.97 Ga ago (Koistinen, 1981), and its Pb isotopic 
signature is mantle-like (Vaasjoki, 1981) supporting the possibility that oceanic crust 
constituted the source for lead. The age of the Huornaisenvuoma deposit, although 
unconstrained by independent geochronological evidence, may well be close to 2.0 
Ga in agreement with its model age, and its occurrence in an area with mafic 
metatuffites is also consistent with lead being gained from a mantle-like source. 



3.3 Timing of galena deposition in the investigated areas 

Despite the outlined complexities behind the analyzed Pb/Pb isotope ratios, certain 
common features are indicated by the fact that linear relationships occur in the Pb-Pb 
isotopic diagrams. It is true that the linear trends indicated in Fig. 3 are not 
statistically very good, and this may be due to differences in either initial isotopic 
compositions, or to different primary ages of Pb deposition, or due to a pardy open 
U-Pb-Th system behaviour since the time of primary emplacement. On the other 
hand, with regard to the diverse nature of the samples, being spread over a large area 
and related to different source rock terrains, the fitness to straight line relationships in 
Fig. 3 appears to be rather good. This is further strengthened by the thorogenic data 
(Fig. 4) suggesting fairly similar Th/U ratios in the range between 2.7 and 3.7 for 
rocks hosting the investigated mineralizations (Tab. 2). This probably means that the 
primary deposition of galena in northernmost Sweden took place during a restricted 
time interval, much shorter than the 1.9-2.7 Ga interval assumed to bracket the ages 
of the Greenstone group rocks, and that lead was derived from similar sources 
leading to rather simüar initial isotopic ratios. By looking at the grouping of the 
obtained model ages, it is possible that all of the investigated non-radiogenic galenas 
actually did form in the time interval 1.9-2.0 Ga, with the deposits at 
Huornaisenvuoma and Tjåmotis being about 100 Ma older than the other deposits. If 
this holds true, then the achieved model ages may suggest that there exist real 
differences in source rock ages in different areas within the Svecofennian domain. 

The radiogenic galenas are clearly affected by secondary processes but their 
interpretation is not obvious. There are two possible hypothesis, either the linear 
relations signify a secondary isochron or a mixing line. The first one, which has been 
advocated by Rohmer (1994) and Björlykke et al. (1987) assumes all radiogenic 
galenas to have formed in Phanerozoic times, i.e. Proterozoic source rocks were 
leached at some Phanerozoic event giving rise to galena deposition. It has been 
suggested that the proposed Phanerozoic event, mobilizing radiogenic lead, occurred 
at c. 0.4 Ga ago. Supporting this is the fact that mobilization of lead at Caledonian 
times has been documented in northern Sweden and Norway (Romer, 1994 and 
references therein; Björlykke et al., 1987) fairly close to the areas here investigated. 
Furthermore, radiogenic Pb isotope data have been presented from Pb-rich 
mineralizations occurring in Cambro-Silurian sediments in south-central Sweden 
(Johansson, 1984) as well as from other localities in southern and central Sweden 
(Romer and Wright, 1993). These studies suggest that processes leaching 
Proterozoic rock lead at t=c. 0.4 Ga were forming highly radiogenic galenas which 
define linear arrays in the Pb-Pb isotope diagrams. A regression of all data obtained in 
the present study yields a slope value of c. 0.1316 (Tab. 2). Considering the fact that 
the deposits occur in different lithostratigraphic sequences, it seems more logical to 
regress data separately for Greenstone group and Porhyry group- related 
mineralizations. The choice of samples to be included in the regression is not trivial as 
we suspect significant mixing processes (see below) at both 2.0 and 1.9 Ga, causing a 
certain spread of the initial isotope ratios characterizing ores formed at these times. It 
seems anyhow reasonable to assume that both types of mineralizations were 
influenced by a Phanerozoic event mobilizing radiogenic lead. The regression line for 
Greenstone group samples does simply include all radiogenic samples with 
2 0 6 Pb/ 2 0 4 Pb values above 20 as well as radiogenic and non-radiogenic data from the 
Huornaisenvuoma deposit (Tab. 2). The regression line for Porhyry-group related 
samples, the slope of which is slighdy flatter (0.1275) than the one defined by 
Greenstone group samples (slope value is 0.1393), includes radiogenic data from 
Kaskatjäkko and non-radiogenic data (close to average lead from southern 
Norrbotten) from the same deposit, as well as radiogenic data from Adak, Snålkok 
and Muorjevare (Tab. 2). The f i t to straight lines is reasonable for Greenstone group 
samples (MSDW=31) and good for Porhyry group data (MSWD=2.7). Now if the 
age 0.4 Ga is used as the age of mineralization, then the age(s) of the source rocks 
can be calculated from the slopes of the regression lines. The resulting source rock 
ages are c. 2.03 Ga for the Greenstone group-related mineralizations and c. 1.86 Ga 
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for those connected to Porphyry group rocks. Although the interpretation of the data 
is less well constrained due to rather large uncertainties in the calculated slope values, 
the hypothesis of two separate linear trends is supported by the fact that the 
respective source rock age is remarkeably consistent with the known age 
relationships in the respective area. This renders support to the assumption of a 
common mineralization event at c. 0.4 Ga as well as indicating that secondary Pb 
addition likely was restricted to quite local sources, which is interesting considering 
the localization of many of the investigated Greenstone group-type mineralizations to 
sites close to rock sequences belonging to the Porhyry group. I f the idea of two 
separate regression lines is valid, then Greenstone group deposits, despite their 
epigenetic appearance, are likely to have formed before the onset of the Porphyry 
group-related magmatism. 

An alternative explanation to the linearity of data is a mixing process, whereby 
Phanerozoic lead is being added to an already existing, old Proterozoic common Pb 
component. The Huornaisenvuoma sample having a 2"6Pb/ 2 0 4Pb ratio of 14.85 is not 
likely to have been affected by secondary processes and this sample could serve as 
the best candidate of primary 2.0 Ga old lead of the Greenstone group, while lead 
typical for the Porhyry group has an approximate 2 0 6 Pb/ 2 0 4 Pb ratio of 15.4-15.5. 
There are only two samples among those analyzed which have intermediate lead 
isotopic compositions. These samples (# 3 and 21) were both used in the repective 
regressions analysis and their positions in the uranogenic Pb-Pb diagram (Fig. 3) is 
thus consistent with the isochron hypothesis. However, their intermediate isotopic 
compositions are also in line with the idea of these samples falling on a mixing line. It 
should be pointed out that both the mixing and the isochron interpretations are likely 
to involve Pb mobilization at t=0.4 Ga and therefore the obtained slope values cannot 
help to distinguish between the two hypotheses. The two aforementioned samples 
with intermediate isotopic compositions were taken from two deposits with 
comparitively high Pb contents. Therefore, we prefer to interpret these data as the 
result of mixing between an original Proterozoic component and a Phanerozoic 
radiogenic component developed in the surrounding bedrock from the time of rock 
crystallization to 0.4 Ga. 

Lead mobilization is sometimes assumed to involve selective leaching of 
radiogenic lead (Doe and Delevaux, 1972). Certain lead isotope data from places in 
northern Sweden are highly, and variably, radiogenic (cf. Romer and Wright, 1993) 
and such data appear to be consistent with a selective leaching process. Noting, the 
rather narrow range of radiogenic data observed in this study ( 2" 6Pb/ 2 0 4Pb =22-25), 
the selective leaching hypothesis is not supported. Rather, the total lead component 
(common lead + in situ formed radiogenic lead) from source rocks were apparently 
leached in this case. Using the ^ P b / ^ P b ratio of 14.85 (Huornaisenvuoma sample) 
as the isotopic composition of the primary lead component, one arrives at a p-value 
of c. 33 for the source rock supplying lead to the most radiogenic Greenstone lead 
sample of this study (Kurkkionvaara 2 0 6 Pb/ 2 0 4 Pb =24.75). A similar, high p-value 
(p=35) is obtained for the most radiogenic data of the Porphyry group (sample 16), 
suggesting that the development of both rock series was related to significant U-
enrichment processes. High U/Pb ratios imply that possible sources for the radiogenic 
lead are to be sought in upper portions of the crust. There are unfortunately no 
relevant whole rock lead data available allowing calculations of p-values to be done 
for relevant rock types. A comparison with the galena data found in other studies 
(Björlykke et al., 1987, Johansson 1984, Romer 1994) indicates, however, that the 
Precambrian bedrock in the whole Svecofennian part of Sweden was comparatively 
rich in uranium, and thus characterized by high U/Pb ratios. As certain of the 
investigated mineralizations are likely to be underlain by Archean basement rocks, i.e. 
those north of the LJZ, it is necessary to evaluate if Archean rock lead has been 
involved in the Pb mobilization processes. Archean rocks in northernmost Sweden 
are c. 2.7 Ga old, and lead developed in these rocks between 2.7-0.4 Ga is likely to 
be more evolved than the lead available in Proteroic rocks at the same Phanerozoic 
time. Archean rock lead, i f mobilized at t=0.4 Ga, from 2.7 Ga old rocks, wil l have a 
2 0 7 Pb/ 2 0 6 Pb ratio of c. 0.20, i.e. significandy higher than the slope value (0.13) found 
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for the linear arrays in Fig. 3. Consequently, it seems that Archean rock were not part 
of a system where Pb mobilization occurred, and only Proterozoic rock lead took 
thus part in secondary Pb mobilization processes. This strenghtens the idea of 
radiogenic lead being supplied from local sources. To sum up, the dominant mode of 
radiogenic galenas in this study have ^ P b / ^ P b ratios in the range 22-25 and these 
leads are interpreted as formed during the Paleozoic by leaching of the total lead in 
the surrounding, local bedrock. A few galenas are radiogenic, with 2 0 6 Pb/ 2 0 4 Pb 
values that are significandy lower than c. 22 and these samples are thought to have 
formed by similar processes and at a simdar time, but leaching involved besides rock 
lead, an old Proterozoic common lead component. Finally, highly radiogenic galenas 
encountered in other studies (see Romer and Wright, 1993) were probably also 
formed by similar processes but those mobilization events included a selectively 
leached, radiogenic component derived from the surrounding bedrock. 

4. Conclusions and implications for the local crustal evolution 

A clear spatial division has been noted between radiogenic lead in deposits of the 
Greenstone group and non-radiogenic lead in deposits of the Porphyry group. This 
division is also corroborated by sulphur isotope data (Frietsch et a l , 1995) which 
show widely fluctuating data for the Greenstone group ores, interpreted as indicating 
a significant sea water component in the source of sulphur, while data for the 
Porphyry group are more tightly clustering around zero permü (vs the CDT 
standard). There is probably no single explanation to the distribution of radiogenic 
and non-radiogenic lead in the Norrbotten county, but in this context one should note 
that radiogenic leads are preferentially bound to sediment-dominated lithologies, 
while the non-radiogenic leads occur essentially in volcanic terrains. The distribution 
of isotopic compositions reveals that three groups of leads occur, (a) primary 
Proterozoic leads, where the obtained Pb model ages are close to the true ages of the 
samples, (b) leads formed during Phanerozic times, incorporating radiogenic lead 
developed in the surrounding Proterozoic host rocks and (c) Phanerozoic leads, 
incorporating both radiogenic rock lead and pre-existing common lead. There is a 
tendency that Pb-poor deposits contain galenas from group (b), while galenas from 
comparitively Pb-rich mineralizations (eg. those in southern Norrbotten) together 
with galenas from stratiform, impregnation-type deposits belong to group (a). It is 
also rather obvious that Greenstone-related galenas, for one reason or the other, are 
more easily affected by Phanerozoic lead mobilization. Tentatively, this has to do 
with the early developed structure of the crust in northern Sweden. The Greenstone-
type deposits may have formed in rift basins when deeply propagating weakness 
zones opened up. Mantie-like lead, e.g. of the primitive type found at 
Huornaisenvuoma, is expected to be dominant in such terrains and sea water (with 
dissoved sulphate sulphur) might have access to such basins (cf. the model of 
formation for the Viscaria deposit, cf. Martinsson, 1991) giving rise to 
bacteriogenically derived sulphides with fluctuating sulphur isotope ratios. The 
Porphyry-type deposits were formed in another plate tectonic setting, in near arc-like, 
possibly terrestric terrains and a magmatic sulphur source and somewhat more 
evolved Pb isotope signatures are to be expected. This simplified model is supported 
by the differences in initial ^ 'Pb /^Pb ratios, as calculated from the slopes in Fig. 3 
(using a arbitrarily choosen, common ^ P b / ^ P b ratio of 15.00), to about 15.10 for 
Greenstone-type lead and to a more evolved ratio of about 15.17 for Porphyry-type 
lead (cf. the range in Tab. 2). Furthermore, the access for Phanerozoic fluids, 
carrying radiogenic lead, was significant in Greenstone terrains where fluids could 
follow previously initiated, rift-related weakness zones and this is now showing up as 
radiogenic lead isotope signatures in such terrains. 

According to Romer (1991) calcite-quartz vein mineralizations with galena in the 
Proterozoic basement east of the Caledonides are associated with Caledonian 
lineaments. The radiogenic lead in these deposits, leached from Proterozoic rocks, in 
confined to permeable zones such as shear zones and faults. Intermediately situated, 
less permeable blocks, typically have non-radiogenic compositions (Romer 1994). 
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Romer (1991) showed that the eastern limit of Caledonian lead mobilization lies 
about 100 km east of the Caledonian front. The coupling between radiogenic lead 
and closeness to permeable zones is possibly also valid for the Greenstone 
mineralizations discussed in the present study, noting that many of them are found in 
zones adjacent to Porphyry-type rocks (Fig. 2). Many of the mineralizations with 
radiogenic lead, investigated here however, are lying far east of the limit envisaged by 
Romers model. It is therefore likely that any secondary Pb mobilization is connected 
with reactivation of old Proterozoic fracture zones, which were themselves not 
initiated by the Caledonian orogeny. 

We may thus conclude that mobilization of lead in Phanerozoic times is an 
important process, especially in determining the character of radiogenic galenas of the 
Greenstone group. It is also evident that the differences in the non-radiogenic lead 
signatures have implications for the tinting of mineralization events and for the 
tectonic development. Pb model ages based on galena data have been shown in many 
cases to to generate unrealistically low ages in the Svecofennian of the Fennoscandian 
shield. The reason for this behaviour is the envisaged, variable mixing between 
crustal- and mantle-derived lead, causing the Stacey-Kramers growth model (1975) 
to be unapplicable. Several studies have demonstrated linear arrays of the lead 
isotope compositions of Svecofennian deposits which have been interpreted as due to 
large-scale mixing of mantie-derived lead with older upper crustal lead (Rickard, 
1978; Vaasjoki, 1981; Johansson and Rickard, 1985; Billström, 1989,1990; Sundblad 
et al., 1993; Billström and Vivallo, 1994) although no consensus exists as to the 
exact time when this mixing took place. By looking at data from the, comparitively 
lead-rich, deposit at Huornaisenvuoma a number of tentative conclusions may be 
drawn which have relevance for possible lead nrixing at different scales and at 
different times. The least radiogenic sample from this deposit ( 2 0 6Pb/ 2 0 4Pb=14.85) 
may be indicative of a mineralization at c. 2.0 Ga where lead was derived from a 
mafic, mantle-like source (cf. data for the Finnish Outokumpu deposit; Vaasjoki, 
1981). The Huornaisenvuoma (and Askelluokta) samples with 2 0 ° P b / 2 0 4 P b ratios 
close to 15, on the other hand, are shghtly more evolved in a fashion that has its 
counterpart in the data range ( 2 0 6 Pb/ 2 0 4 Pb varies from 14.72-14.87) observed from 
the Outokumpu ore deposit, interpreted as formed in an ophiolite rock sequence 
during obduction of oceanic (mantle-derived) crust. In this scenario, the second 
episode tentatively also took place close to 2.0 Ga but slightiy after a contamination 
of a mantle reservoir with older (Archean) crustal material had taken place. That is, it 
is proposed that large-scale magma-forming processes occurred simultaneously. The 
existence of such processes in the Early Proterozoic finds support from ion probe 
work on restite zircons from various places in Sweden (Claesson et al., 1993) and 
from conventional zircon data from central Sweden (Welin et al., 1993 and further 
north in the Knaften area (Wasström, 1993). Thus emerging evidence suggest that a 
Pre-Svecofennian basement, which still has an unknown but apparently quite wide 
extension, is found at marginal zones to the Svecofennian arc terrains, at specific sites 
at Huornaisenvuoma and in the Tjåmotis area in the Norrbotten county, and in the 
sediment basin south of the Skellefte district. Additional support for a c. 2.0 Ga 
deposition of galena at Huornaisenvuoma and Askelluokta is given from the 
thorogenic data (Fig. 4). In this figure the most primitive Huornaisenvuoma sample 
plot near the lead isotopic composition assumed to characterize mantle-lead at 2.0 Ga 
(plumbotectonics model, version 2), in accordance with its uranogenic lead character. 
Moreover, the thorogenic data from Askelluokta data are slightiy more radiogenic in 
consistency with the location of this deposit in rocks of felsic, crustal affinity. 
Therefore, it is suggested that the model age significance imposed by the Stacey-
Kramers and the plumbotectonics model, respectively are valid for Swedish deposits, 
formed at c. 2.0 Ga or earlier. However, the superimposed crustal events at c. 1.9 Ga 
occurring in the Svecofennian cannot be accounted for in the global models, and the 
resulting model ages for deposits of this age, or younger, have thus a limited 
geological significance. 

Following this, at c. 1.9 Ga, the non-radiogenic galenas in southern Norrbotten 
were formed during a period when magmas with contrasting chemical compositions 
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were generated. Those deposits are characterized by data forming linear trends in the 
Pb-Pb diagrams, which possibly are due to scavenging of lead from local sources with 
slightiy different isotopic signatures (Billström and Grensman, 1993). Finally, the 
radiogenic data from the Huornaisenvuoma deposit, 2 0 6Pb/ 2 0 4Pb=17.47, marks a 
mobilization event in the Phanerozoic as discussed above, where fluids locally were 
transported along reactivated fault zones. One should also note that the isotopic 
composition of this radiogenic sample is close to the isotopic signature assumed to 
characterize the mande at 0.4 Ga (Zartman and Doe, 1981; version 2). Despite the 
fact that mande-related lead apparendy was generated at 2.0 Ga in this area, this 
agreement is probably fortious, as no magmatic activity is known from that time in 
this part of the Fennoscandian shield. 
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Fig. 1. Regional outline of northern Fennoscandia. Inset map marks the study area. 
B=Bergslagen area, E=Enåsen deposit, MSOB=Main Sulphide Ore Belt, 
Ou=Outokumpu deposit, SS=Svecofennian Supracrustals, CFB=Central 
Finnish Batholit, 



. 2. Map showing the site of the mineral occurrences investigated. Geology is after 
Perdahl and Frietsch (1993). Filled circles = non-radiogenic lead and unfdled 
circles = radiogenic lead. The major fracture zones are after Öhlander and 
Nisca (1985). L M Z = the Luleå-Malmberget zone. LJZ = the Luleå-
Jokkmokk zone making up the Archean-Proterozoic paleoboundary according 
to Öhlander et al. (1993). 



Fig. 3. ^ P b / ^ P b versus 2 0 6 Pb/ 2 0 4 Pb plot of galena data for mineralizations in 
northern Sweden. Different lead reservoirs are according to the 
plumbotectonic model (version 2) by Zartman and Doe (1981). The encircled 
areas are after Vaasjoki (1981) and Billström and Vivallo (1993). 
Abbreviations as in Fig. 1. 
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Fig. 4. 2 0 8 Pb/ 2 0 4 Pb versus ^ P b / ^ P b plot of galena data for mineralizations in 
northern Sweden. The two curves show the Pb isotope evolution of the lower 
and upper crust according to Zartman and Doe (1981, version 2). The 
squared symbols illustrate the Pb isotopic composition for the upper crust 
(UC), the orogene (O) and the mande (M) for a common time at 2.0 Ga. 



Appendix 

Sample description: 

1. Råppe, dh. K R O P - 2 , 27.55 m, calcite vein with galena in mafic lava (andesite). 

2. Råppe, dh. K R O P - 2 , 116.85 m, chalcopyrite-sphalerite-galena vein in felsic volcanite. 
3. Huornaisenvuoma, dh. 78100, 46.5 m, galena-rich impregnation in skarn. 
4. Huornaisenvuoma, dh. 87114,105.8 m,. galena-rich impregnation in skam. 

5. Huornaisenvuoma, dh. K-HTJO 1,105.75 m, .galena-rich impregnation in skam. 
6. Huornaisenvuoma, dh. K - H U O 62, 59.0 m, sphalerite-galena impregnation in skarn. 
7. Tievakoski, dh. 79003, 15.5 m, galena-sphalerite vein in pyrrhotite-impregnated, graphite-

bearing mafic tuffite. 

8. Tievakoski, dh. 79003, 36.80 m, veins and impregnation of pyrrhotite and traces of galena in 
mafic tuffite. 

9. Kurkkionvaara, dh. 1,131.40 m, galena vein in altered scapolite rock. 
10. Kurkkionvaara, dh. 1, 232.5 m, galena vein in pyrrhotite-pyrite impregnated rock. 
11. Kurkkionvaara, dh. 1, 291.40 m, vein of galena. 

12. Lehtoselkä, dh. N-Leh-3, 57.0 m, pyrrhotite-chalcopyrite- galena vein in graphite-bearing schist. 

13. Artuvare, dh. K - A R T - 5 , 39.7 m, galena vein in pyrrhotite- impregnated tuffite. 
14. Pålsträsk, dh. 85001,18.00 m, sphalerite-galena vein in graphite-bearing biotite schist. 

15. Muorjevare, dh. 86002, 85.4 m, vein of coarse quartz with galena. 
16. Snålkok, dh. 86003, 48.9 m, chalcopyrite-galena vein in grey, biotite-amphibole-rich diorite (?). 
17. Askelluokta, dh. 81001, 18.5 m, galena vein in grey-red, granitized, felsic volcanite. 

18. Askelluokta, dh. 81001, 25.2 m, pyrrhotite-galena vein in grey-red, granitized, felsic volcanite. 
19. Askelluokta, dh. 81001, 88.75 m, pyrrhotite-galena vein in red volcanite. 
20. Kaskatjäkko, dh. 82001, 26.30 m, chalcopyrite-galena vein in felsic volcanite. 
21. Kaskatjäkko, dh. 82002, 27.20 m,. pyrrhotite-galena vein in red volcanite 
22. Vargisträsk, dh. 68001, 48.80 m, galena vein in skam-rich, felsic-intermediate volcanite. 

23. Suddesjaur, sample B S X S 67036, pyrite-chalcopyrite-galena vein in grey, somewhat altered 
felsic-intermediate volcanite, 

24. Suddesjaur, sample B S X S 67018, galena vein in skam-rich, felsic-intermediate volcanite. 
25. Tallberg, sample JAP 277B, chalcopyrite-galena impregnation in sericite-altered, felsic 

volcanite. 

26. Tjärrovare, dh. 85015, 7.30 m, chalcopyrite-galena impregnation in grey, biotitrich sedimentary 
rock. 

27. Tjärrovare, dh. 86009, 162.8 m, chalcopyrite-galena impregnation in sericite-altered, felsic 
volcanite. 

28. Blyberget, sample R F 6, galena vein in skam. 
29-30. Kvänberget, sample R F 5, galena-impregnation in skam, 

31. Ljusträsk, dh. 77003, 97.8 m, galena vein in slightly sericitized rhyolite. 
32. Ljusträsk, dh 78005,152.2 m, galena vein in slightly sericitized rhyolite. 

33. Ljusträsk, dh 77003,100.4 m, galena vein in slightly sericitized rhyolite. 
34. Ljusträsk, dh 78005,152.0 m, galena vein in slightly sericitized rhyolite. 

35. Ljusträsk, dh 78005, 99.15 m, galena vein in slightly sericitized rhyolite. 

36. Adak, sample OM, chalcopyrite-galena vein in grey quartzite. 
37. Långdal, central part of A-ore, massive galena. 

38. Långdal, dh. 534, 40.25 m, massive pyrite ore rich in sphalerite and some galena. 
39. Långdal, dh. 629, 61.60 m, galena in pyrite-impregnated alteration rock. 



Table 1. Lead isotopic analyses of galenas from northern Sweden. 

Sample no Locality 206pb/204pb 207p b /204p b 208p b /204p b Model age (Ma) 238tj/ 

Greenstone group 

1 Råppe 23.227 16.163 42.652 - 11.45 
2 -:- 23.043 16.137 42.535 - 11.36 

3 Huornasienvuoma 17.416 15.449 36.999 617 9.28 

4 -> 14.485 15.050 34.507 2050 9.21 

5 -> 15.033 15.190 34.971 2071 9.72 

6 -:- 15.066 15.133 34.825 1942 9.17 

7 Tievakoski 24.641 16.423 44.515 - 12.23 

8 -:- 24.747 16.470 44.758 - 12.38 

9 Kurkkionvaara 24.178 16.346 43.140 - 12.10 

10 -:- 24.106 16.351 43.200 - 12.12 

11 -•- 24.751 16.435 44.331 - 12.42 

12 Lethoselkä 23.896 16.379 44.564 - 12.10 

13 Artuvare 21.882 16.024 41.202 - 10.90 

14 Pålsträsk 22.751 16.162 40.496 - 11.33 

Porphyry group 

15 Muorjevaara 24.569 16.393 43.776 - 12.27 

16 Snålkok 24.918 16.434 44.590 - 12.41 

17 Askelluokta 15.055 15.171 34.936 2057 9.77 

18 -> 15.059 15.174 34.945 2058 9.79 

19 -:- 15.036 15.122 34.793 1995 9.41 

20 Kaskatjäkko 15.489 15.232 35.101 1781 9.49 

21 16.282 15.326 35.871 1264 9.15 

22 Vargisträsk 15.502 15.295 35.282 1871 9.92 

23 Suddesjaur 15.543 15.199 35.195 1679 9.19 

24 15.541 15.242 35.292 1753 9.48 

25 Tallberg 15.344 15.157 34.970 1780 9.17 

26 Tjärrovare 15.489 15.253 35.132 1815 9.64 

27 -;- 15.457 15.215 35.015 1780 9.41 

28 -;- 15.497 15.270 35.126 1836 9.75 

29 Kvänberget 15.442 15.219 35.018 1799 9.46 

30 -> 15.460 15.253 35.062 1839 9.68 

31 Ljusträsk a 15.34 15.17 34.88 1806 9.27 

32 -:- 15.36 15.17 34.92 1788 9.24 

33 -:- 15.38 15.20 34.99 1821 9.42 

34 -> 15.39 15.21 35.10 1829 9.48 

35 -:- 15.60 15.22 35.10 1667 9.26 

36 Adak 22.739 16.135 40.849 - 11.27 

37 Långdal 15.153 15.126 34.947 1897 9.24 

38 -> 15.126 15.083 34.818 1848 8.96 

39 -:- 15.105 15.061 34.746 1829 8.84 

a) samples from Ljusträsk (n=5) were measured with a A V C O 901A which generates less accurate results 
(reproducibility estimated to 0.2 %) relative to those obtained from the Finnigan masspectrometer, and only two 
decimals are given. 



Table 2. Tabulation of lead isotope characteristics of rocks from the Greenstone group and Porphyry 
group in northern Sweden. 

Greenstone group Porphyry group 

Initial 2 0 6 P b / 2 0 4 P b range 14.85-15.05 15.35-15.50 
2 0 7 P b / 2 0 4 P b range 15.05-15.19 15.15-15.30 

Th/U ratios of source region 3.7 2.7 

Regression analyses for uranogenic 
data, all samples ( 0.1316) 

respective group of rocks 0.1393 0.1275 

Source rock ages (assuming galena 2.03 G a 1.86 Ga 
growth at 0.4 Ga) 

Maximum my-values; evolution 32.3 35.2 
from source rock age to 0.4 G a 
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Abstract 

The magnetite-apatite iron ores at Kiruna are hosted in a suite of alkaline volcanic and 
subvolcanic rocks that was formed in a short time interval of about 20 m.y. between 1900 and 
1880 Ma. U-Pb dating of titanite from magnetite-titanite dikes in the footwall of the Luossa
vaara orebody indicates that the age of the magnetite-apatite ores is 1888 ± 6 Ma. Titanite-
actinolite-calcite assemblages in amygdules are related to the hydrothermal and metasomatic 
alteration of the wall rocks and the ore. The U-Pb titanite age of the amygdule fill is 1876 ± 9 
Ma. The geographic distribution of the alteration suggests that it is not related to the forma
tion of the iron ores. The youngest major magmatic units in the Kiruna area are 1792 ± 4 Ma 
syenites that intruded the supracrustal rocks. The Kiruna area underwent a weak metamor
phic overprint during the Caledonian orogeny. Our data are inconsistent with a hydrother
mal event at ca. 1.5 Ga as has been suggested earlier. 

Introduction 

TH E Kiruna iron ore district, situated in northern

most Sweden (Fig. 1A), is characterized by abundant 

apatite-bearing iron ores of which the Kiirunavaara 

deposit represents the largest one with ca. 2 billion 

metric tons of high-grade magnetite ore. Tradition

ally, spatial relations among syenite porphyries, mag

netite ores, and local enrichments of magnetite in the 

syenites are interpreted as evidence for a tight ge

netic relation between syenite porphyries and apa

tite-bearing magnetite ores. A l l apatite-bearing iron 

deposits in the K i r u n a area are situated in alkali-rich 

mafic to felsic volcanic rocks, which in the footwall 

rocks of the Kiirunavaara deposit show extensive so

dium metasomatism (Geijer , 1910). 

W e present new g é o c h r o n o l o g i e data from the K i r 

una area to (1) constrain the age of the Kiruna magne

tite ores, (2) determine the age of the last major mag-

matic event in the area, and (3) estimate the age of 

the hydrothermal alteration affecting both the ore 

and its wall rocks. T h e age of the K i r u n a magnetite 

ores was earlier only indirectly determined from the 

age of the host rocks and dikes cutting the ore. A c 

cording to this bracketing, the ores formed in the age 

interval from ca. 1880 to ca. 1900 Ma (Cliff et a l , 

1990). U-Pb data on titanites from magnetite-titanite 

dikes in the footwall of the Luossavaara magnetite 

ore, which are presented here, represent the first di

rect age determination of magnetite ores at Kiruna. 

0 Institut de Physique du globe de paris Contribution 1308. 

T h e Saarijärvi syenite is part of the last major magma-

tic event affecting the Kiruna area. It intrudes into 

alkaline volcanic and subvolcanic rocks that were de

formed under greenschist facies metamorphic condi

tions. T h e Saarijärvi syenite (Fig. I B ) postdates the 

metamorphism and it is not affected by the hydrother

mal alteration that affected the Kiruna magnetite 

ores and their host rocks. I f this hydrothermal alter

ation is related to a regional event, as suggested by 

Cl i f f and Rickard (1992) , then the age of the Saa

rijärvi syenite represents the minimum age of this hy

drothermal alteration. Alternatively, if the age of the 

hydrothermal event is younger than the Saarijärvi sy

enite, the unaltered nature of this intrusion would 

imply that the hydrothermal activity represents a 

rather local event which only affected the immediate 

vicinity of the K i r u n a magnetite ores. Cl i f f and Rick

ard (1992) suggested that the magnetite ores from 

Kiruna became hydrothermally affected at ca. 1500 

Ma, i.e., ca. 400 m.y. after their formation. In con

trast, Romer ( 1 9 9 0 , 1 9 9 3 ) suggested that local hydro-

thermal addition and redistribution of metals oc

curred during the Caledonian orogeny along reacti

vated shear zones in the Proterozoic basement of the 

foreland to the Caledonides. T h e hydrothermal alter

ation of the wall rocks of the magnetite ores formed 

hydrothermal mineral assemblages, which locally 

also include titanite, in amygdules in the syenite-por-

phyritic footwall rocks from the Kiirunavaara ore-

body. U-Pb data from such titanites are presented 

here to constrain the age of the major hydrothermal 

alteration of the area. 

0361-0128/94/1606/1249-12$4.00 1249 
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F I G . 1. A. Schematic tectonic map of the Baltic Shield showing the location of the Kiruna area close to 
the southern margin of the Archean craton. The Transscandinavian igneous belt (after Eriksson and 
Henkel, 1983) and the Caledonides are magmatic and thrust belts, respectively, that could have over
printed the Kiruna area. B. Simplified geologic map of the Kiruna area showing the location of the Kiruna 
supracrustal belt (modified from Nordkalott Project, 1987). C . Geologic map showing the Kiruna iron 
ores and their host rocks (after Parak, 1975; Martinsson, 1991;and own fieldwork [O.M. and J.-A.P.]). 1 = 
Upper Hauki Formation, 2 = Lower Hauki Formation, 3 = syenitic sill, 4 = quartz-bearing porphyry, 5 = 
apatite-bearing iron ores, 6 = syenite porphyry, 7 = Kurravaara conglomerate, 8 = Kiruna greenstone. 
The iron ores Nukutusvaara, Haukivaara, Henry, and Rektorn are generally collectively called "Per 
Geijer Ores." 
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Geology of the K i r u n a A r e a and 
Its I r o n O r e Deposits 

T h e Kiruna area (Fig. I C ) is dominated by a mono-
clinal sequence of volcanic, volcaniclastic, and sedi
mentary rocks that become successively younger to 
the east (e.g., Ge i j er , 1910; Lundbohm, 1910; Sun-
dius, 1915; Offerberg, 1967; Parak, 1975). T h e stra
tigraphically lowermost unit of the supracrustal rocks 
of the Kiruna area rests discordantly on the Archean 
basement and consists mainly of conglomerates. This 
unit is overlain by the K i r u n a greenstones, the K u r r a -
vaara conglomerate, the K i r u n a porphyries, sedimen
tary and volcanic rocks of the L o w e r Hauki Forma
tion, and sedimentary rocks of the Upper Hauki F o r 
mation. This volcano-sedimentary belt is intruded by 
several suites of syenite, granophyre, and granite. 
T h e apatite-bearing magnetite ores are confined to 
the K i r u n a porphyries and the L o w e r Hauki Forma
tion. 

T h e lower part of the K i r u n a porphyries is domi
nated by felsic to mafic extrusive rocks, which are 
traditionally called syenite porphyries (Geijer, 
1910). They generally have alkali contents of 8 to 9.5 
percent, and locally, they are exceptionally F e rich 
(magnetite-syenite porphyries: Ge i jer , 1910). To the 
west of Kiirunavaara, the syenite porphyries show 
fluidal textures and amygdules, which contain differ
ent combinations of titanite, magnetite, amphibole, 
apatite, calcite, and in rare cases, sulfides. T h e sy
enite porphyries are intruded by a syenitic sill (Fig. 
I C ) , which occurs about 500 m stratigraphically be
low the Kiirunavaara magnetite ore. T h e sill reaches 
a thickness of about 1 km and a length of 10 km. T h e 
sill is coarse grained in its central parts, but it be
comes fine grained and porphyrit ic toward the mar
gins. It consists of microperthite and contains minor 
amounts of magnetite, titanite, and augite, which is 
often altered to amphibole (Gei jer , 1910). This sy
enite sill should not be confused with the Saarijärvi 
syenite. T h e sill is older than the metamorphism and 
deformation, whereas the Saarijärvi intrusion post
dates these events. 

T h e upper part of the K i r u n a porphyries (Fig. I C ) 
includes mainly rhyodacitic pyroclastic rocks 
(quartz-bearing porphyries: Ge i jer , 1919). These 
rocks are characterized by 3- to 6-mm-large feldspar 
phenocrysts in a matrix of feldspar, quartz, and minor 
biotite and magnetite. At Luossavaara, they contain 
several intercalations of conglomerate with pebbles 
of porphyries and iron ore (Geijer . 1931; Parak, 
1975). 

T h e L o w e r Hauki Formation (Fig. I C ) includes si-
licified felsic tuffs with hematite-rich intercalations 
and partially amygdaloidal mafic volcanic rocks. T h e 
Upper Hauki Formation includes conglomerates, 
graywackes, and phyllites in its lower parts, whereas 

it is entirely dominated by quartzites in its stratigra
phically highest units (Lundbohm, 1910; Frietsch, 

1979). ' 
T h e apatite-magnetite ores at Kiruna mainly are 

lenticular and they are conformable with the layering 
and lithologic contacts in their host rocks (Fig. I C ) . 
Using stratigraphic position and phosphorous con
tent, they are divided into two groups. T h e first 
group includes the Kiirunavaara and Luossavaara 
magnetite ores, which occur at the contact between 
the syenite porphyry and the quartz-bearing por
phyry. These deposits have on average phosphorous 
contents of less than 1 percent. I n contrast, the sec
ond group includes several smaller deposits, collec
tively called "Per Ge i jer O r e s , " which are character
ized by phosphorous contents of 3 to 5 percent. De
posits of this group are situated at the contact 
between the quartz-bearing porphyry and the over
lying L o w e r Hauki Formation (Fig . I C ) . 

T h e footwall to the Kiirunavaara and Luossavaara 
deposits shows local ore breccia consisting of irregu
lar magnetite veins and larger magnetite dikes 
(Lundbohm and Bäcks tröm, 1898; Gei jer , 1910). Ac -
tinolite is a common minor constituent in the Kiiruna
vaara deposit, where it forms impregnations and 
schlieren, as well as in massive zones at the contacts 
to the wall rocks (Geijer, 1910). 

T h e porphyries hosting the Kiruna apatite iron 
ores are affected by several different types of alter
ation, of which alkali metasomatism is the most ex
tensive one. T h e syenite porphyries in the footwall of 
the Kiirunavaara and Luossavaara deposits have an 
Na-rich character, which is probably a secondary fea
ture (Geijer, 1910). T h e Na-r ich syenite porphyries 
contain amygdules with late titanite. T h e syenite sill 
in the footwall of Kiirunavaara shows secondary ti
tanite, which replaces feldspar and mantles apatite 
(Lundbohm and B ä c k s t r ö m , 1898; Gei jer , 1910). I n 
tense hydrothermal alteration also affected rocks 
from the L o w e r Hauki Formation. Silicification and 
sericitization are accompanied by minor phases, such 
as hematite, calcite, apatite, barite, orthite, tourma
line, chalcopyrite, bornite, chalcocite, and fluorite 
(Geijer, 1910; Lundbohm, 1910; Parak, 1975; 
Frietsch, 1979). 

E a r l i e r W o r k 

Ore genesis models 

Genesis of the Kiruna apatite-bearing magnetite 
ores has been much debated during the last 100 
years. Ear ly models rel ied exclusively on field evi
dence to determine the relation among the ores and 
their wall rocks. Magmatic and sedimentary features 
occur in different parts of the ore-bearing unit and 
the ores, which may be the reason for the contrasting 
interpretations of the field data. Initially interpreted 
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to be of sedimentary origin (Fredholm, 1891), the 
iron ores at K i r u n a were subsequently considered to 
be of volcanogenic hydrothermal (e.g., Lundbohm 
and Bäckström, 1898), volcanogenic exhalative (e.g., 
Parak, 1975), metasomatic (e.g., Hitzman et al. , 
1992), and magmatic origin (e.g., Ge i jer , 1910, 
1967; Frietsch, 1973, 1982). Chemical data from the 
iron oxides and apatite (e.g., Parak, 1975; Frietsch, 
1982; Frietsch and Perdahl, 1989) and textural evi
dence, such as the peculiar columnar and dendritic 
magnetite (Geijer , 1910; N y s t r ö m , 1985) , increas
ingly favored a magmatic origin of the deposits. Some 
discrepancies among the various interpretations are 
resolved if the phosphorous-poor Kiirunavaara and 
Luossavaara ore and the phosphorous-rich Per Ge i jer 
Ores had contrasting modes of formation. Nonethe
less, there is still little consensus on the formation of 
the magnetite deposits. F o r instance, Ge i j er and 
Ö d m a n (1974) suggested that the Kiirunavaara and 
Luossavaara deposits are intrusive, whereas the stra
tigraphically higher Per G e i j e r Ores were of extru
sive origin. Alternatively, Wright (1988) suggested 
an extrusive origin for the Kiirunavaara and Luossa
vaara ores and an exhalative origin for the Per Ge i j er 
Ores. 

Geochronological work 

T h e Kiruna ores occur close to the southern margin 
of the Archean craton. Archean rocks, mainly includ
ing gray and red gneisses and granitoids (Offerberg, 
1967), are exposed only a few kilometers to the 
northwest of K i r u n a and underlie the greenstones in 
the lower part of the K i r u n a supracrustal belt. T h e 
greenstones probably are related to the geographi
cally widespread extension- and rifting-related mafic 
magmatism at the southern margin of the Archean 
craton (e.g., Huhma, 1986; Skiö ld , 1986). T h e mini
mum age of these greenstones is given by albite-dia-
base sills that cut them and that yield a U-Pb zircon 
age at 2184 ± 5 Ma (Skiöld, 1986) . 

T h e mafic rocks of the K i r u n a supracrustal belt are 
overlain by the Kurravaara conglomerate and an alka
line suite of dominantly felsic volcanic rocks. T h e age 
of the iron orebody at Kiirunavaara is bracketed by 
the age of its host rocks (1909 ± 18 Ma, Skiö ld and 
Cliff, 1984) and the age of a granophyric dike cutting 
the ore. T h e U-Pb age of the undeformed dike as ob
tained from two zircon fractions is 1880 ± 35 Ma 
(Cliff and Rickard , 1992). Pooling these zircon data 
with three zircon fractions from a granite, which is 
presumably genetically related to the granophyre 

dike, Cliff et al. (1990) obtained a U-Pb age of 1880 
± 3 Ma (Table 1). 

T h e Kiruna area is subsequently intruded by sev
eral suites of granitoids. Among the youngest intru
sions are the Lina-type granites which are dated at 
1794 ± 24 Ma (U-Pb zircon; Skiöld , 1988). These 
granites yield Rb-Sr whole-rock ages of 1530 ± 25 

Ma (Gulson, 1972) and 1530 ± 35 Ma (Welin et al„ 
1971). T h e difference between the lower Rb-Sr age 
and the U-Pb zircon age is generally attributed to 
slow cooling of the crust or to a later thermal distur
bance that resulted in the resetting of the Rb-Sr sys
tem (e.g., Skiö ld , 1988; Cl i f f and Rickard, 1992). Re
cently, Cl i f f and Rickard (1992) suggested that a hy
drothermal episode affected the Kiruna area and the 
iron ores at 1.5 G a . T h e v based this suggestion on 
Pb-Pb, U-Pb, Rb-Sr , and Sm-Nd evidence from the 
iron ore, late sulfide impregnations, and the host 
rocks. Although we fully agree with the textural evi
dence for late sulfide impregnations and hydrother
mal overprinting of the iron ore, we disagree with the 
suggested age for this hydrothermal activity. W e will 
present our evidence against a Mesoproterozoic 
event in this paper. 

Geometric reconstructions of the Caledonian 
nappe pile (Hossack and Cooper, 1986) and metamor
phism of the basement-cover sediments beneath the 
nappes (Anderson, 1989) indicate that the nappes, 
which in Paleozoic time were thrust from the north
west on to the margin of the continent Baltica, had 
advanced about 100 km farther to the east than the 
present erosional front. Thus , they most likely cov
ered the K i r u n a area. T h e Caledonian orogeny may 
have resulted in tectonic and thermal disturbance of 
the area, which possibly is reflected by imprecise 
lower intercept ages of U-Pb zircon discordia lines at, 
e.g., 356 ± 126 and 307 ± 62 Ma (Skiöld, 1988), and 
the redistribution of radiogenic lead in the Protero
zoic basement (Romer, 1990; Romer and Wright, 
1993). 

Sample Descriptions 

Three types of samples were analyzed: magmatic 
titanite from the Luossavaara orebody, hydrothermal 
titanite in amygdules, and titanite and zircon from 
the Saarijärvi intrusion, a completely undeformed 
and unaltered alkaline intrusion. F i e l d geologic argu
ments suggest that this intrusion represents the youn
gest major magmatic unit in the Kiruna area. 

Titanite from Luossavaara (sample Ll) 

T h e ore breccia in the footwall at Luossavaara in
cludes irregular veins and a set of parallel dikes (Fig. 
2) that reach a few meters' thickness (Lundbohm and 
Bäcks tröm, 1898; Ge i jer , 1910). Coarse crystalline 
magnetite is the main constituent of the dikes. Titan
ite, biotite, chlorite, actinolite, and quartz occur in 
small variable amounts (Geijer , 1910). Titanite is 
more abundant in the central and more coarse
grained parts of thicker dikes, where it forms tabular 

crystals that are up to several millimeters long. The 
chemical composition of magnetite from the dikes is 
similar to that of magnetite from the Luossavaara de
posit and suggests a close relation between the dikes 
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Location Age (Ma) Method Lithology Reference Comments 

(1) 20 km N N E 2184 ± 5 U-Pb zircon Albite diabase sill Skiöld (1986) Three most concordant 
of Kiruna fractions out of nine 

(2) Kiruna 1932 ± 45 Sm-Nd mineral Mafic schists Skiöld and Cliff Kiruna greenstone group; four 
(1984) point mineral isochron 

(3) 70 km SSW of 1909 ± I S U-Pb zircon Quartz-bearing Skiöld and Cliff Pooled isochron on four 
Kiruna porphyry (1984) fractions from 

Puol lamtjåkka (40 km SSW 
of Kiruna) and three 
fractions from Saggekirka 
(90 km SSW of Kiruna) 

(4) Kiruna 1890 ± 90 Sm-Nd W R Quartz-bearing Cl i f fetal . (1990) Foot- and hanging wall of 
porphyry Kiirunavaara orebody 

(5) Luossavaara 1888 ± 6 U-Pb titanite Iron ore This paper Magnetite-titanite dike in This paper 
footwall of ore 

(6) SE of Kiruna 1886 ± 14 U-Pb zircon Grano- and quartz Skiöld (1988) Foliated; nine variably 
diorite discordant fractions from 

three different samples; 
lower intercept at 356 ± 
126 Ma 

(7) Kiruna 1882 ± 24 U-Pb zircon Quartz porphyry Welin (1987) Hanging-wall rocks to 
magnetite ores 

(8) Kiirunavaara 1880 ± 35 U-Pb zircon Granophyre Cl i f fe ta l . (1990) Granophyric dike cutting the 
Kiirunavaara orebody; two 
fractions; lower intercept at 
355 ± 69 Ma 

(9) Kiirunavaara 1880 ± 3 U-Pb zircon Granite Cl i f fe ta l . (1990) Three fractions pooled with 
two fractions from the 
granophyre; lower intercept 
at 328 ± 3 5 Ma 

(10) Kiirunavaara 1876 ± 9 U-Pb titanite Syenite porphyry This paper Titanite amygdule in footwall 
rock; lower intercept at 562 

(11) SE of Kiruna, 
± 197 Ma 

(11) SE of Kiruna, 1794 ± 24 U-Pb zircon Migmatite-granite Skiöld (1988) Seven strongly discordant 
Lina-type fractions from two pooled 
granite granite samples; lower 

(12) Saarijärvi 
intercept at 307 ± 62 Ma 

(12) Saarijärvi 1792 ± 4 U-Pb titanite and Syenite This paper Undeformed, unaltered 

(13) Kiruna-
zircon syenite intrusion 

(13) Kiruna- 1530 ± 35 Rb-Sr whole rock Migmatite-granite Welin et al. Samples from several granitic-
Gällivare area (1971) intrusions more than 100 

(14) Kiruna 
km apart 

(14) Kiruna 1540 ± 70 Pb-Pb whole Ore + host rock Cliff and Rickard Apparent age of hydrothermal 
rock (1992) alteration (see text) 

(15) Sjaunjatuottar 1530 ± 25 Rb-Sr whole rock Syenite Gulson (1972) Six analyzes from regionally 

(16) Kiruna 
sampling on 10-km scale 

(16) Kiruna 1490 ± 130 Sm-Nd whole Ore + host rock Cliff and Rickard Apparent age of hydrothermal 
rock (1992) alteration 

(17) Kiruna 1450 ± 30 Rb-Sr whole rock Ore + host rock Cliff and Rickard Apparent age of hydrothermal 
(1992) alteration 

Uncertainties of all ages are quoted at 2o- level; older data recalculated using the decay constants recommended by I U G S (Steiger and 
Jäger, 1977) 

and main orebody (Frietsch, 1982). T h e titanite sam

ple used for U-Pb dating was taken from the central 

part of a 1-m-wide dike in the northern part of the 

Luossavaara deposit. 

Titanite from amygdules in the wall rock of the 

Kiirunavaara ore (samples KIR and K3) 

Locally abundant amygdules in the syenite por

phyries have a diameter of a few millimeters to about 

2 cm. They are most abundant in the footwall rocks 

below the Kiirunavaara magnetite deposit, whereas 

they are rare below the Luossavaara deposit. They 

are filled with several different mineral assemblages 

(Geijer, 1910; Lundbohm and Bäcks tröm, 1898). 

T h e dated amygdule was about 1.5 c m in diameter 

and was filled with calcite, actinolite, and titanite 

(Fig. 2). Titanite crystals reach up to 2 mm size and 

show well-developed crystal faces. T h e y often have 

inclusions of magnetite or form overgrowths on mag

netite crystals. 
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Titanite and zircon from the syenite at Saarijärvi 
(sample S) 

Several smaller syenite intrusions occur about 15 
km south of K i r u n a along a major west-northwest-
striking tectonic zone. T h e reddish syenite consists of 
alkali feldspar, amphibole, and small amounts of 
quartz, chlorite, and magnetite. T h e sample was 
taken from a dril l hole (SAR89003) situated to the 
west of L a k e Saarijärvi (Fig. I B ) . T h e syenite is 
coarse grained and leucocratic at this locality. Except 
for the occurrence of chlorite, the syenite intrusion 
shows no evidence of alteration and secondary min
eral growth. 

Geochronological Methods and Results 

Analytical procedure 

Titanites from samples K I R and K 3 (Kiirunavaara 
iron ore) were analyzed in several fractions that were 
either untreated or washed in diluted H C l and H N 0 3 

before sample dissolution. T h e milligram-sized titan
ite fractions were digested with >50 percent H F in 
Teflon bombs for 4 days at 1 6 0 ° C . Separation and 
purification of lead and uranium was done by H B r 
ion-exchange chromatography using Biorad A G 1 - X 8 
(Manhés et a f , 1978) . L e a d and uranium were mea
sured on separate R e filaments on a Finnigan M A T 
262 multicollector mass spectrometer at Rice Univer
sity. A l l lead isotope ratios were corrected for a mass 
fractionation of 0.11 percent/amu and all 2 3 5 u / 2 3 8 U 
ratios were corrected for a mass fractionation of 0.16 
percent/amu (see Romer and Wright , 1992). 

Titanites and zircons from samples L l (Luossa
vaara iron ore) and S (Saarijärvi syenite) were 
strongly abraded (Krogh, 1982) and analyzed in sub-
milligram fractions. T h e titanites were digested over
night with > 5 0 percent H F in Savilex beakers on a 
hot plate at 1 6 0 ° C . T w o zircon fractions weighing 
28.2 and 13.6 tig, respectively, were digested with 
>50 percent H F in Parr bombs at 2 4 0 ° C for 4 days 
(Parrish, 1987). Separation and purification of lead 
and uranium for titanite and zircon samples was done 

by H B r and H C l ion-exchange chromatography, re
spectively, using Biorad A G 1 - X 8 . L e a d and uranium 
were loaded with H 3 P 0 4 and silica gel on the same Re 
single filament and measured on a T h o m p s o n - C S F 
T S N 206c single-collector mass spectrometer at the 
Laboratoire de G é o c h r o n o l o g i e , U n i v e r s i t é de Paris 
7, either on a secondary electron multiplier or on a 
Faraday collector. P b + was analyzed at ca. 1 , 4 0 0 ° C 
and U 0 2

+ at ca. 1 , 5 0 0 ° C (Schärer et a l , 1986). Mass 
discrimination was evaluated from multiple measure
ments of the lead standard NBS 981 and natural ura
nium. Mass fractionation was corrected for 0.1 per
cent/amu for both Pb and U . Samples measured on 
the secondary electron multiplier were additionally 
multiplied with the square root of the atomic mass 
ratio of the measured isotopes. 

Results 

T h e abraded titanites from the magnetite-titanite 
intergrowth at the northern end of the Luossavaara 
orebody were less than 1 percent discordant and 
overlap within 2 a analytical uncertainties. T h e age 
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was calculated from the weighted mean of the 2 0 6 P b / 
2 0 7 P b age of the three fractions (Table 2). T h e 2 0 6 P b / 
2 0 7 P b age of 1888 + 6 Ma (Fig . 3) is interpreted to 
correspond to the time of crystallization of the titan
ite from the iron oxide magma. 

Titanites from sample K 3 are variably discordant 
and define a discordia with intercepts at 1876 ± 9 
and 562 ± 197 Ma ( M S W D = 1.7; F i g . 3). A single 
titanite fraction (sample K I R ) from another amygdule 
yields a concordant age, which within analytical un
certainties is identical with the upper intercept age of 
the discordia through the titanite fractions of sample 
K 3 . T h e age of the K I R fraction is, however, rather 
imprecise because this fraction has a very low 2 0 6 P b / 
2 0 4 P b ratio (Table 2). T h e upper intercept age is in
terpreted as the crystallization age of the titanites 
which formed in amygdules in the wall rock of the 
Kiirunavaara orebody. This age agrees well with the 
1880 + 3 Ma U-Pb zircon age from a granophyre dike 
that cut the K i r u n a orebody (Cliff et a l , 1990). The 
lower intercept age of the titanite fractions of sample 
K 3 coincides within large error limits with the age of 
the Caledonian orogeny. T h e present erosional front 
of the Caledonides lies about 40 to 50 km to the 
northwest of K i r u n a (see F i g . I B ) . Because the Cale 
donian nappes originally reached much farther to the 
east (Hossack and Cooper, 1986; Anderson, 1989) 
and the Caledonian orogeny resulted in the tectonic 
reactivation and low-grade metamorphism of the 
Proterozoic basement of the Baltic Shield (Romer, 
1990), we interpret the lower intercept age of the K 3 
titanites to be geologically meaningful. 

T h e abraded titanites from the Saarijärvi syenite 
are less than 2 percent discordant. In contrast, the 
zircons are highly discordant (Fig. 3). T h e colorless, 
inclusion-free zircons were strongly fractured, which 
made them very brittle. Dur ing abrasion, the zircons 
fragmented into small pieces preventing efficient 
abrasion. Therefore , the analyzed fragments largely 
included fracture surfaces, along which lead loss was 
favored. L e a d loss most likely was recent since all 

fractions fall on a discordia line through zero. T h e 
discordia line involving all four mineral fractions 
yields an age of 1792 ± 4 Ma (2 cr, M S W D = 0.75). 
W h e n alternatively calculated from the weighted 
mean of 2 0 6 P b / 2 0 7 P b ages, the age is 1793 ± 3 M a (2 
cr). T h e age is interpreted to represent the age of the 
syenite emplacement. 

T h e Age of the K i r u n a Magnetite Ores 

Using the U-Pb zircon age of 1882 ± 24 M a for the 
hanging-wall rocks (Welin, 1987) and assuming the 
Kiirunavaara and Luossavaara deposits to be intru
sive into them, Cl i f f et al. (1990) estimated the maxi
mum age of the K i r u n a magnetite-apatite iron ores to 
be ca. 1900 Ma. T h e r e is, however, no unequivocal 
field evidence to decide whether these two deposits 
are intrusive or extrusive magmatic deposits. T h e 

minimum age of the Kiirunavaara and Luossavaara de
posits is obtained from the pooled age of a grano
phyre and granite, of which the granophyre is cutting 
the ore (Cliff et al., 1990). 

T h e Per G e i j e r Ores are extrusive (Geijer, 1919; 
Ge i j er and Ö d m a n , 1974; Martinsson and Perdahl, 
unpub. field data). T h e maximum age of the Per 
G e i j e r Ores , which are situated at the contact be
tween the quartz-bearing syenites and the Lower 
Hauki Formation (Fig. I C ) , is given by the 1882 ± 24 
Ma date of the quartz-bearing porphyries. However, 
the Per Ge i jer Ores are not cut by the 1880 ± 3 Ma 
granophyre and granite. Thus , their minimum age is 
not directly constrained. T h e age range from ca. 
1900 to 1880 Ma is only correct if the Kiirunavaara 
magnetite ore is intrusive or if it is genetically di
rectly related to the Per Ge i jer Ores. Despite these 
slight shortcomings, the age bracketing of Cliff et al. 
(1990) is fully confirmed by our U-Pb titanite age of 
1888 ± 6 Ma that is obtained directly from the ore. 

T h e Age of Alkal ine Magmatism in the K i r u n a Area 

T h e r e are three types of alkaline magmatic rocks in 
the K i r u n a area: (1) ca. 1.90 to 1.88 G a volcanic 
rocks including syenite porphyries and quartz-bear
ing porphyries; (2) ca. 1.90 to 1.88 G a subvolcanic 
syenite intrusions, such as the sill in the footwall to 
the Kiirunavaara magnetite deposit; and (3) 1.80 to 
1.79 G a syenite intrusions. T h e alkaline intrusive 
rocks associated with the formation of the Kiruna 
ores are often intensely altered near the ore. How
ever, at a greater distance from the deposits they gen
erally appear unaltered, which makes them difficult 
to separate from the younger syenites. T h e older and 
younger syenite intrusions are mineralogically and 
chemically similar and can be unequivocally distin
guished only on the basis of their contact relation to 
other lithologies. T h e U-Pb age of 1792 ± 4 Ma of the 
Saarijärvi syenite confirms earlier field data that dis
tinguished older and younger syenites. Furthermore, 
it demonstrates that the older and younger syenites 
in the Kiruna area are part of two unrelated phases of 
alkaline magmatism. T h e older one resulted in the 
formation of the host rocks of the Kiruna iron ores. It 
precedes the younger phase, which represents the 
last major magmatic event in the Kiruna area, by al
most 90 m.y. 

Intrusive rocks of an age similar to that of the Saar
ijärvi syenite include the Transscandinavian igneous 
belt rocks to the west (Romer et a f , 1992) and L i n a 
type granites to the southeast of the Kiruna area 
(Skiöld, 1988). T h e alkaline Transcandinavian 
igneous belt rocks form a > l ,000-km- long belt from 
southern Sweden to northern Norway (Fig. 1A). 
T h e y formed in a magmatic-arc environment and 
probably were emplaced close to the ancient western 
margin of the Baltic Shield. L i m i t e d chemical data 
from the syenites at Saarijärvi (Martinsson and Per-
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TAiii.K 2. U-Pb Analytical Results for Titanites and Zircons from the Kiruna-type Iron Ore and the Saarijärvi Syenite (Kiruna) of Northern Swede 

Concentration 

(PP 1 Measured ratios' Atomic ratios Apparent ages (Ma) 3 

Weight 
Sample (mg) U Pb « T V ' P b 2 , , 7Pb/ 2"' iPI> 2"KFh/lmPh lmPb/2mV 2" 7Pb/ 2""Plj 

2""l>U/aH 

U z " 7 P b / 2 , 5 U 2 0 7Pb/2""Pb 

Luossavaara ("ophitic" magnetite-titanite ore) 

L - l a titanite 0.1880 29.97 26.09 1,372 0.123866 1.8278 0.33757 .5.3928 0.1 1586 1,875 1,884 1,893 
L ib titanite 0 1740 29.44 25.40 1,350 0.123169 1.8050 0.33732 5.3573 0.11519 1,874 1,878 1,883 
L - l c titanite 0.2155 28.77 24.98 793.8 0.130959 1.7536 0.34173 5.4421 0.11550 1,895 1,892 1,888 

Kiirunavaara (titanite-actinolite-filled amygdule in syenite porphyry) 

K3-A' 2.9 55.8 15.3 918.8 0.12835 1.0185 0.31996 5.0160 0.11370 1,790 1,822 1,859 
K 3 - B ' 2.8 6.9 1 9 624.6 0.13462 1.2820 0.31243 4.8702 0.11306 1,753 1,797 1,849 
K 3 - C 2.5 28.0 8.1 1,170 0.12621 1.2052 0.33701 5.3306 0.11472 1,872 1,874 1,875 
K I R 1 1.5 5.3 1.5 131.0 0.21637 2.5628 0.33742 5.2860 0.11362 1,874 1,867 1,858 

Saarijärvi syenite (drill core) 

S-la titanite 0.2011 6.248 6.744 337.9 0.141545 0.24632 0.31367 4.7441 0.10969 1,759 1,775 1,794 
S-lb titanite 0.1356 21.77 8.539 624.8 0.127621 0.26974 0.31846 4.8067 0.10947 1,782 1,786 1,791 
S- lc zircon 0.0282 198.6 60.47 1.081 0.119863 0.26258 0.25267 3.8165 0.10955 1,452 1,596 1,792 
S-1 d zircon 0.0136 125.6 44.05 368 0.14052 0.2808 0.2762 4.187 0.1100 1,572 1,671 1,799 

Sa 
C 

So 

So 

C 

ffl 

I 

1 Load isotope ratios corrected for fractionation, blank, and isotopic tracer; analytical precisions on the 2a level, including uncertainties for mass fractionation that are generally 
better than 0.1 % for lead and 0. J % for uranium; during measurement period total blanks were less than 15 pg for lead and less than 1 pg for uranium for samples analyzed with mixed 
2 , , r > Pb- 2 i r > U tracer and 40 pg for lead and less than 1 pg for uranium for samples analyzed with mixed 2 t , t i Pb- U tracer 

2 Lead corrected for fractionation, blank, isotopic tracer, and initial lead; tlie initial lead compositions used For Kiirunavaara and Luossavaara were 2 , "'Pb/ Z ( l t Pb = 15.3,' l < P b / 4 I M P b = 
15.2, * w P b / 3 n , P b = 35.0 and for Saarijavi, 2 , m P b / 2 0 ' P b = 15.58 , 2 0 7 P b / 2 , , l P b - 15.29, 2 , M i P b / 2 , , , P b = 35.2 

1 Apparent ages were calculated using the constants of Juffey et al. (1971) recommended by IUGS (Steiger and Jäger, 1977) 
1 With mixed 2 H K P b - 2 , 5 U isotope tracer 
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FIG. 3 . 2 0 6 P b / 2 3 8 U - z o 7 P b / 2 3 5 U diagram for titanites from dikes in the footwall rocks of the Luossavaara 
magnetite ore and from amygdule fills from the footwall rocks of the Kiirunavaara iron ore (data from 
Table 2). The discordia line for the Saarijärvi syenite is fitted through two titanite and two zircon fractions 
(inset). Discordia lines were calculated using the program of Ludwig (1986). Repeated measurements of 
the same zircon fraction yielded 2 0 6 P b / 2 3 8 U ratios reproducible to 0.25 percent. Because the analyses 
were made using different isotopic tracers, the age calculations include uncertainties for the calibration of 
the isotopic tracer. The used uncertainty for the 2 0 6 P b / 2 3 8 U was 0.5 percent. 

dahl, unpub. data) show the same main and trace ele

ment characteristics as the older suite of Transscan

dinavian igneous belt granitoids (Romere ta l . , 1992) . 

Such a relation between the Transcandinavian 

igneous belt and alkaline intrusions in the K i r u n a 

area was earlier suggested on the basis of regional 

studies of the magnetic signature in the Proterozoic 

basement (Eriksson and Henke l , 1983; Henke l and 

Eriksson, 1987). T h e light reddish-gray potassium-

rich Lina-type granites, in contrast, mainly include 

older crustal material and have trace element signa

tures similar to syncollision granites. T h e age of L i n a -

type granites is 1794 ± 24 M a (Skiöld, 1988). Thus, 

the 1792 ± 4 M a U-Pb age of the Saarijärvi syenite 

demonstrates that two kinds of magmatism were con

temporaneously active in the K i r u n a area. T h e 

magma of these two suites was material derived from 

contrasting sources. One magmatic suite involved 

mantle material (Saarijärvi syenite) whereas the 

other mainly involved crustal material. 

T h e Age of Hydrothermal Activity 

in the K i r u n a Area 

Secondary mineral assemblages in the volcanic 

rocks indicate that the K i r u n a area was metamor

phosed and deformed under upper greenschist to 

lower amphibolite facies conditions before 1880 ± 3 

Ma (Cliff et al. , 1990), which is the age of the unde

formed granophyric intrusion that cuts the metamor

phosed ore and its host rocks. Additional secondary 

mineral associations occur in amygdules, veins, and 

fractures. Amygdules in the footwall rocks are filled 

with calcite, magnetite, apatite, actinolite, and titan

ite. Pyrite forms fine disseminations in intergranular 

spaces, late-stage veins, and open-space fillings in the 

Kiruna iron ore. The pyrite formed from a low-tem

perature hydrothermal system that is not related to 

the formation of the high-temperature iron ores 

(Cliff and Rickard, 1992). Instead, these secondary 

mineral assemblages could have formed in relation to 

the cooling of the volcanic rocks, thermal distur

bances caused by later magmatism and intrusions, or 

a hydrothermal event that is related to later tectonic 

reactivations of the Baltic Shield. Ear l i er estimates of 

the age for secondary mineral assemblages include 

ca. 1500 Ma for a regional hydrothermal event in the 

Kiruna area (Cliff and Rickard , 1992) and ca. 400 Ma 

for the redistribution of lead under low-grade meta

morphic conditions (Romer, 1990; Romer and 

Wright, 1993). In the following, we discuss the chro-
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nologic basis for these three ages of suggested second

ary mineral growth. 

The ca. 1876 Ma hydrothermal event 

Amygdules in the footwall of the Kiirunavaara de
posit are locally filled with a calcite-actinolite-titan-
ite association. Local ly , some amygdules also contain 
chalcopyrite and pyrite crystals. T h e titanite yields 
an age of 1876 ± 9 Ma (Fig. 3), which is within error 
identical to the age of the magnetite-titanite dikes in 
the footwall of the Luossavaara ore deposit. Thus , the 
hydrothermal alteration resulting in the filling of the 
amygdules could have been related to the formation 
of the Kiirunavaara and Luossavaara iron ores or it 
could be slightly younger than the formation of these 
deposits. Amygdules with titanite are largely con
fined to the footwall of the Kiirunavaara orebody and 
their occurrence largely coincides with zones of in
tense Na metasomatism. In these sections, titanite 
not only occurs in amygdules, but also replaces feld
spar and forms secondary rims around corroded apa
tite (Geijer, 1910). T h e altered section is underlain 
by a syenite sill (Fig. I C ) . T h e spatial coincidence of 
alterations with the syenite sill suggests that hydro-
thermal mineral assemblages in the amygdules 
formed in relation to the emplacement of the syenite 

sill. 

The ca. 1500 Ma hydrothermal event 

Abundant field evidence for strong hydrothermal 
and metasomatic alteration of the K i r u n a area was 
originally interpreted to be related to the formation 
of the ores and their host rocks (e.g., G e i j e r , 1910; 
Frietsch, 1979). Cl i f f and Rickard (1992) present Pb-
Pb, U-Pb, Rb-Sr , and Sm-Nd whole-rock data from 
the Kiirunavaara iron orebody (magnetite-apatite ore 
and secondary sulfides) and its host rocks (Table 1). 
These data are interpreted to indicate an age of ca. 
1.5 G a for the hydrothermal event (Cliff and Rickard , 
1992). This interpretation is in strong contrast to ear
lier work in the area. This has also been pointed out 
by Cliff and Rickard (1992). Other data, supposed to 
favor such a Mesoproterozoic event in the Kiruna 
area (Cliff and Rickard , 1992), include R b - S r whole-
rock ages of 1530 ± 35 M a (Welin et al . , 1971) and 
1530 ± 25 M a (Gulson, 1972) from Lina-type gran
ites and a syenite, respectively. T h e Rb-Sr whole-
rock ages, however, are derived from material col
lected over large areas (Gulson, 1972) or they origi
nate from several different intrusions (Welin et a f , 
1971). These data may represent rotated mixing 
lines. T h e U-Pb zircon age from the Lina-type gran
ites is 1794 ± 24 Ma (Skiöld, 1988). Furthermore , 
the Saarijärvi syenite yields an age of 1792 ± 4 M a 
(Fig. 3). This syenite is not affected by later hydro-
thermal alteration. Thus , if there is a 1.5 G a event, it 

does not represent a regionally important event, and 
it is confined to the K i r u n a iron ores. 

L e a d isotope data from whole-rock samples of the 
K i r u n a magnetite ore and its wall rocks indicate a 1.5 
G a event (Cliff and Rickard , 1992). T h e considerable 
scatter of these data about a linear array in the 2 0 6 P b / 
2 0 4 p b _ 2 0 7 p b / 2 0 4 p b d i a g r a m ( F i g . 4 > filled symbols) 

suggests that the U-Pb system of these samples is dis
turbed. Moreover, if the measured 2 3 8 U / 2 0 4 P b ratios 
(Cliff and Rickard, 1992) represent the values ac
quired in course of the Proterozoic hydrothermal 
overprint, then the lead would have even more radio
genic isotopic compositions than those observed. 
Therefore, a more recent disturbance involving 10 to 
50 percent Pb loss or U gain is required. T h e age of 
this fractionation of U and Pb is not known. Cliff and 
Rickard (1992) suggested that this fractionation oc
curred in recent time and, consequently, they inter
preted the linear array as a secondary isochron at 
1540 ± 70 Ma. T o investigate the possibility of alter
native interpretations, it is assumed that the fraction
ation of U and Pb occurred during the Caledonian 
orogeny, i.e., at ca. 400 Ma. T h e lead isotope compo
sitions, recalculated for 400 Ma, scatter about an
other linear array in the 2 0 6 P b / 2 0 4 P b - 2 0 7 P b / 2 0 4 P b dia
gram (Fig. 4, open symbols). This array is interpreted 
as a mixing line. Using the mixing age t 2 = 400 Ma, 
the slope of the mixing array corresponds to a source 
age tj at 1850 + 80 Ma. T h e given age uncertainty is 
calculated from the 2 a uncertainty of the slope of the 
mixing line. Assuming a higher age t 2 for the distur
bance would result in an even higher source age t t . 
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FIG. 4 . 2 0 6Pb/ 2 0 4Pb- 2 0 7Pb/ 2 0 4Pb diagram for trace lead from the 
Kiirunavaara ore (sulfides, magnetite) and its host rocks (all data 
from Cliff and Rickard, 1992). Lead isotope composition at 400 
Ma is corrected for in situ lead growth (parallel to arrow 0-400 
Ma) using the 2 3 8 U/ 2 0 4 Pb values given by Cliff and Rickard (1992). 
For discussion see text. 
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Yet the disturbance cannot be much older than Phan
erozoic, otherwise some of the recalculated lead iso
tope compositions become impossibly unradiogenic. 
Due to the uncertainty of the real age of the U-Pb 
fractionation, the lead isotope data are inconclusive. 
However, it is stressed that a Caledonian disturbance 
explains the lead isotope data by involving two wel l -
documented major events of the shield (arc forma
tion and Caledonian orogeny), whereas a recent dis
turbance would require a new, previously unknown 
tectonic event and, furthermore, would rule out any 
Caledonian disturbance. 

In order to plot the U-Pb data in the 2 0 7 P b / 2 3 5 U -
Z 0 6 P b / 2 3 8 U (concordia) diagram, they have to be 
corrected for lead initially present in the sample. 
However, this initial lead isotope composition for the 
samples from the Kiruna area is not known (Cliff and 
Rickard, 1992). Uncertainties about the initial lead 
have a considerable influence on the calculated 
2 0 7 P b / 2 3 5 U and Z 0 6 P b / 2 3 8 U ratios if the samples have 
2 0 6 P b / 2 0 4 P b ratios of less than a few hundred. T h e 
2 0 6 P b / 2 0 4 P b ratios of the Kiruna samples fall in the 
range 26.48 to 164.5 (Cliff and Rickard, 1992). F o r 
example, if a Mesoproterozoic upper crustal common 
lead isotope composition (e.g., Zartman and Doe , 
1981) is used, the discordia line yields a Mesoproter
ozoic age in the concordia diagram, whereas a corre
sponding Paleoproterozoic lead yields a discordia 
line with intercepts at ca. 1.8 and ca. 0.4 G a . T h e 
choice of the isotopic composition of the common 
lead, however, is dependent on the a priori expecta
tion of the age of the sample suite. T h e U-Pb data are 
inconclusive, because the initial common lead com
position of the K i r u n a samples is not known from in
dependent measurements. Furthermore, a Mesopro
terozoic age would require the presence of an in
herited component (Cliff and Rickard, 1992), which 
is in conflict with their interpretation of the lead 
data. Such an incompatibility of interpretation does 
not exist for a Paleoproterozoic age of the hydrother
mal event. 

T h e Rb-Sr and Sm-Nd whole-rock data also indi
cate Mesoproterozoic ages, which appear to give 
support to the U-Pb and Pb-Pb interpretation of Cl i f f 
and Rickard (1992). However, the evidence from 
these two systems is not very strong. T h e Rb-Sr 
whole-rock age (1.45 ± 0.03 Ga; Cl i f f and Rickard, 
1992) originates from a very poorly defined regres
sion line with M S W D > 1,000. This large M S W D indi
cates that the line is fitted to a nonideal system that 
had been partially open after its formation. This 
agrees with the sample descriptions of Cl i f f and Rick
ard (1992) since some samples have late veins of apa
tite and calcite, whereas others contain acicular am
phibole. Such amphibole is, however, locally formed 
from the uralitization of pyroxene (Geijer, 1910) , 
and thus, may also represent a secondary phase. T h e 

Sm-Nd data have a very small spread in the 1 4 7 S m / 
1 4 4 N d . A small heterogeneity of two e N i units is suffi
cient to yield a rotated mixing line that is 400 m.y. 
too young. Such a heterogeneity cannot be ruled out, 
as major geochemical reservoirs in the Kiruna area at 
1.89 G a had e N d values ranging from ca. -12 (Archean 
basement) to ca. +4 (Paleoproterozoic mantle), and 
both of these reservoirs are likely to have contributed 
to Paleoproterozoic volcanic rocks of the K i r u n a 
area. 

The ca. 400 Ma hydrothermal event 

T h e present front of the Caledonian nappes occurs 
about 40 to 50 km to the northwest of Kiruna. T h e 
nappes probably reached about 100 km farther to the 
southeast (Hossack and Cooper, 1986; Anderson, 
1989; Romer, 1990), which would imply that the 
Kiruna area was covered by the nappes. The nappes 
were emplaced on the Raltic Shield at ca. 400 M a . 
During this event, old fault and shear zones in the 
shield became reactivated and permeated by hydro-
thermal fluids, which locally formed vein mineraliza
tions in the basement (Johansson, 1983; Romer, 
1992, 1993). A thermal disturbance of the K i r u n a 
area is indicated, first, by the Paleozoic lower inter
cept ages of discordia lines from Kiirunavaara (see 
F ig . 3 and Table 1) and southeast of Kiruna (Skiöld, 
1988; Table 1). E v e n the U-Pb data, which originally 
were interpreted to demonstrate a ca. 1.5 G a hydro-
thermal event (Cliff and Rickard , 1992), can be inter
preted as discordia with a Paleozoic intercept (see 
discussion above). Second, Caledonian mineraliza
tions in Paleoproterozoic rocks within the orogen 
and along its erosional front are characterized by 
highly radiogenic lead (Johansson, 1983; Romer and 
Wright, 1993). Such distinctive radiogenic lead, 
which occurs also in the Kiruna area, e.g., at R i p p e , 
Viscaria, and Svappavaara (e.g., Romer, 1990), dem
onstrates that the basement locally was permeable to 
Paleozoic hydrothermal fluids that transported 
metals. W h e n corrected for in situ lead growth dur
ing the last 400 m.y., even the lead isotope data from 
the Kiruna iron ore and its host rocks (Cliff and Rick
ard, 1992) fall on a mixing line that yields a source 
age tj of 1850 ± 80 Ma, if it is assumed that there was 

a mixing event at 400 Ma. 
T h e lead isotope data indicate that the rocks in 

the K i r u n a area had higher 2 3 8 U / 2 0 4 P b values after 
Paleozoic time. W e suggest that the Caledonian 
orogeny resulted in a low-grade metamorphic over
print during which either radiogenic lead was lost 
from the rock or uranium was added. T h e lead iso
tope data do not, however, indicate whether the sec
ondary sulfide assemblage formed during the Ca le 
donian orogeny or whether they represent older 
low-temperature phases that were affected by the 
Caledonian orogeny. 
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Summary 

U-Pb dating of titanite from magnetite-titanite 

dikes in the footwall of the Luossavaara orebody 

shows that the iron ores formed at 1888 ± 6 Ma. T i -

tanite-actinolite-calcite fill in amygdules in the foot

wall yields a U-Pb titanite age of 1876 ± 9 Ma. T h e 

spatial distribution of such titanite-filled amygdules 

coincides with the occurrence of Na metasomatism 

and the extent of a major syenite sill in the footwall 

rocks. T h e U-Pb titanite age probably corresponds to 

the age of this intrusion that caused a thermal distur

bance and metasomatism in the footwall of the Ki i r 

unavaara deposit. 

T h e Saarijärvi syenite is one of the youngest major 

intrusions in the K i r u n a area. Its U-Pb titanite age at 

1792 ± 4 Ma demonstrates that there are at least two 

generations of alkaline rocks in the K i r u n a area, i.e., 

the alkaline volcanic and subvolcanic rocks, which 

host the iron ores, and undeformed syenites, such as 

Saarijärvi. These syenites are geochemically and in 

age similar to granitoids from the Transscandinavian 

igneous belt. T h e U-Pb titanite age confirms earlier 

suggestions that in the K i r u n a area Transcandinavian 

igneous belt rocks also occur to the east of the Cale

donides (Eriksson and Henke l , 1983). 

A weak thermal disturbance of the Kiruna area in 

relation to the Caledonian orogeny is indicated by 

Paleozoic lower intercept ages of U-Pb data from zir

con and titanite and the recalculation of earlier pub

lished data (Cliff and Rickard , 1992). I n contrast to 

earlier claims (Cliff and Rickard , 1992), there is no 

evidence for Mesoproterozoic hydrothermal activity 

in the Kiruna area. 
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