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ABS 1RACT
Volcanic and intrusive rocks of the Skellefte district, an early Proterozoic
ore province in northern Sweden, have been mapped and geochemically
studied in order to establish the palaeotectonic setting of the various rock
units.
The rocks of the Skellefte district and adjacent areas have been subdivided
into the following lithostratigraphic units: 1) the sedimentary and volcanic
rocks of the Bothnian Group (1.95-2.2 Ga), 2) the Knaften intrusions
(1.95 Ga), 3) the volcano-sedimentary rocks of the Skellefte Group (1.871.90 Ga), 4) the Jörn Granitoid Complex (1.87-1.89 Ga) cogenetic with
the felsic volcanic rocks of the Skellefte Group, 5) the supracrustal
Vargfors Group (1.87 Ga), 6) the volcanic rocks of the Arvidsjaur Group
(1.87 Ga), 7) the intrusive Gallejaur Group (1.87 Ga) cogenetic with
volcanic rocks of the Varfors Group and 8) the intrusive rocks of the
Revsund Group (1.79 Ga). Most of the rocks are metamorphosed under
predominantly low-grade conditions.
The metavolcanic rocks of the lower part of the Skellefte Group comprise
a bimodal sequence with massive sulphide bearing, calc-alkaline, felsic
rocks and a tholeiitic sequence of mafic rocks. The geochernical data
indicate that the rocks were deposited in a volcanic arc setting.The middle
part of the Skellefte Group is made up of metagreywackes, and pelitic
sediments with intercalations of primitive basaltic to ultramafic rocks,
which primitive nature presents difficulties in assessing their palaeotectonic setting. A volcanic arc or transition to an inter- or back-arc rift
situation is suggested.The upper part of the Skellefte Group contains calcalkaline, basaltic to rhyodacitic metavolcanic rocks that represents a
changover from a marine to a more continental arc setting.
Most of the volcanic rocks of the Skellefte Group have been altered
several times mainly because of sea-water interaction and ascending
hydrothermal solutions. An effort has been made to distinguish the
hydrothermally altered rocks and to establish which rocks are the source
to the massive sulphide deposits
Above the Skellefte Group follows in stratigraphy the supracrustal rocks
of the Vargfors and coeval Arvidsjaur Groups. The Vargfors Group
rocks indicate a rapid change from hemipelagic environments to
continental conditions with a shift of the tectonic situation from a marine
island arc to a continental arc. The Arvidsjaur Group rocks on the other
hand shows continental arc affinties only.
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The Geochemistry and Palaeotectonic Setting of Lower
Proterozoic Metavolcanic Rocks and Related Intrusives in the
Skellefte Massive-Sulphide Ore District, Northern Sweden.
LARS-ÅKE CLAESSON
MIRAB Mineral Resurser AB,
Box 275, 751 05 Uppsala
ABSTRACT
Volcanic and intrusive rocks of the Skellefte district, an early Proterozoic
ore province in northern Sweden, have been mapped and geochemically
studied in order to establish the palaeotectonic setting of the various rock
units.
The rocks of the Skellefte district and adjacent areas can be subdivided
into several lithostraügraphic units: 1) the sedimentary and volcanic rocks
of the Bothnian Group (1.95-2.2 Ga), 2) the Knaften intrusions (1.95 Ga),
3) the volcano-sedimentary rocks of the Skellefte Group (1.87-1.90 Ga),
4) the Jörn Granitoid Complex (1.87-1.89 Ga) cogenetic with the felsic
volcanic rocks of the Skellefte Group, 5) the supracrustal Vargfors Group
(1.87 Ga), 6) the volcanic rocks of the Arvidsjaur Group (1.87 Ga), 7) the
intrusive Gallejaur Group (1.87 Ga) cogenetic with volcanic rocks of the
Varfors Group and 8) the intrusive rocks of the Revsund Group (1.79
Ga). Most of the rocks are metamorphosed under predominantly lowgrade conditions.
The metavolcanic rocks of the lower part of the Skellefte Group comprise
a bimodal sequence with massive sulphide bearing, calc-alkaline, felsic
rocks and a tholeiitic sequence of mafic rocks. The geochemical data do
not support fractional crystallization as a cause to the bimodality.
Application of tectonic environment discriminant diagrams indicate that
the rocks were deposited in a volcanic arc setting.
The middle part of the Skellefte Group is made up of metagreywackes,
and pelitic sediments with intercalations of primitive basaltic to ultramafic
rocks. These metavolcanic rocks show geochemical similarities to both
Archaean basaltic komatiites and Phanerozoic boninites. Their primitive
nature presents difficulties in assessing their palaeotectonic setting. A
volcanic arc or transition to an inter- or back-arc rift situation is
suggested.
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The upper part of the Skellefte Group contains calc-alkaline basaltic to
rhyodacitic metavolcanic rocks. This formation is partly contemporaneous
with the lower part of the Arvidsjaur Group and represents a changover
to a more continental arc setting.
Most of the volcanic rocks of the Skellefte Group have been altered
several times mainly because of sea-water interaction and ascending
hydrothermal solutions. Overprinting systems of alteration are difficult to
separate from each other but an effort has been made to do so and to
establish which rocks are the source to the massive sulphide deposits
Above the Skellefte Group follows in stratigraphy the supracrustal rocks
of the Vargfors and coeval Arvidsjaur Groups. The Vargfors Group
rocks indicate a rapid change from hemipelagic environments to
continental conditions with a shift of the tectonic situation from a marine
island arc to a continental arc. The Arvidsjaur Group rocks on the other
hand shows continental arc affinties only.
INTRODUCTION
The main objective of the present work has been to obtain a better
understanding of the bedrock geochemistry and the palaeotectonic setting
of the Skellefte district rocks in northern Sweden (Fig 1), than what was
known before. The methods used include bedrock mapping, stratigraphic
correlation, petrographic and geochemical studies of volcanic and
intrusive rocks from different stratigraphical units within the Skellefte
district, as well as a comparison with rocks from other parts of the world.
PREVIOUS WORK
The Skellefte district has been mapped from the twenties and onwards. A
stratigraphic scheme and a generalized geological map were compiled by
Bo Lundberg and coworkers and published by Lundberg (1980). Detailed
geological maps and a generalized stratigraphy were also published by the
present author (Claesson 1985b,1986a and 1986c and Figs 2 and 7 in
Rickard, 1986). Extensive exploration work was made in part of the
Skellefte district during the eighties by Swedish Geological Company and
has also contributed to the knowledge of the general geology.
Towards the south, east and west the Skellefte district is bordered by the
northern part of the metasediment dominated Bothnian Basin. In these
areas, several gold-lode deposits have recently been discovered (Bergman
et al. 1989a; Bergman et al. 1989b; Weihed et al. 1992). In the
northeasthern part of the Bothnian Basin a belt of mafic and ultramafic
rocks containing some nickel deposits has been called the "nickel district"
by Nilsson (1985) (Fig 2).
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The geological maps and stratigraphies presented by Lundberg (1980) and
Claesson (1985b,1986a and 1986c and Figs 2 and 7 in Rickard 1986) were
to some extent based on the ideas by Eklund (1923) and Gavelin (1955)
but mainly on new observations by the authors during the mapping in the
seventies and eighties. Later contributions to the understanding of the
geological evolution in the Skellefte district have been made by Skiöld
(1987, 1988 and 1993), Claesson & Lundqvist (1990), Weihed &
Schöberg (1991) and Wasström (1993) (see Tab 1) and the stratigraphy
presented here is modified accordingly (Fig 3).
SUMMARY OF THE STRATIGRAPHY OF THE SKELLEFTE
DISTRICT
The Skellefte district can be divided into several subdistricts (Fig 2). It
comprise a belt of volcanic massive sulphide (VMS) deposits (in Swedish
known as " Skelleftefältet"), and a "transitional zone" against the
Arvidsjaur district to the north. In the belt where the massive sulphide
deposits occur, most of the volcanic rocks were deposited under deep
water marine conditions. Whereas in the transitional zone the metavolcanic rocks were deposited under shallow water marine or terrestrial
conditions. The Arvidsjaur district is a volcanic domain mainly deposited
under terrestrial conditions. Towards the south, east and west the Skellefte
district is bordered by the northern part of the metasediment dominated
Bothnian Basin.
This stratigraphy presented here (Fig. 3) is highly generalized since many
important vertical and lateral variations in the volcano-sedimentary
succession of the Skellefte district can not be shown on this scale.
As shown in the stratigraphic column, the Skellefte rocks, are in the lower
stratigraphical part dominated by felsic metavolcanic rocks although mafic
and intermediate rocks are also present (Claesson 1982, 1985b). The
majority, and the largest, of the volcanic massive Zn-Cu(-Pb) sulphide
(VMS) ores are hosted by these oldest rhyolite-dominated metavolcanic
rocks. Age determination on zircons from a felsic volcanic rock in the
Skellefte Group indicate a crystallization age around 1882±8 Ma (Welin
1987).
The middle part of the Skellefte Group consists of intercalated ultramafic
and mafic to intermediate rocks with a predominating sequence of
metagreywackes and pelites interpreted as turbidites. In the northeastern
part of the Bothnian basin, Ni-Cu sulphide mineralisations in the "nickel
district" are associated with ultramafic and mafic rocks intercalated with
metasedimentary rocks Fig. 2). These rocks were regarded by Lundberg
(1980) as belonging to the upper part of the Skellefte Group. However,
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Figure 3. Stratigraphy of the Skellefte district and adjacent areas.
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Sorsele granite
Sorsele granite
Revsund granite
Ledfat granite
Ledfat granite
Storliden granite
Dobblon rhyolite
Adak granite
Härnö granite
Avaviken gabbro
Graniteboulder in
Ledfat conglomerate
21
..

Dobblon granite I
Dobblon granite II
Gallejaur monzonite
Gallejaur gabbro
Arvidsjaur rhyolite
Jörn phase III
Jörn phase II
Arvidsjaur granite
Skellefte rhyolite
Intrusive porphyry
Jörn phase I
Storavan granite
Knaften granite

1766 ± 8
1791 ± 22
1778 ±16
1784 ± 62
1772 ±14
1792 ± 5
1803 ±15
1770 ±25
1822 ±5
1840 ±9

Skiöld 1988
Skiöld 1988
Skiöld 1988
Skiöld 1988
Skiöld 1988
Skiöld et al 1993
Skiöld 1988
Welin et al 1977
Claesson & Lundqvist 1990
Wilson et al 1985

1866 ±17
1896 ±50
1869 ±19
1877 ±21
1873 ±10
1876 ±4
1876 ±3
1873 +11
1874 +g
1877 ±8
1882 ±8
1886 +195
1888 +N
1894 +`2
1954 ±6

Skiöld 1988
Skiöld 1988
Skiöld 1988
Skiöld 1988
Skiöld 1988
Skiöld et al 1993
Skiöld et al 1993
Wilson et al 1987
Wilson et al 1987
Skiöld et al 1993
Welin 1987
Weihed & Schöberg 1991
Wilson et al 1987
Wilson et al 1985
Wasström 1993

Table 1. Age determinations of rocks from the Skellefte district and
adjacent areas.
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new age determination on zircons from a granitoid cutting the mafic
volcanic rocks as well as the metagreywackes, in the Knaften area
(Wasström 1993), indicate a primary age of intrusion at 1954±6 Ma,
suggesting that volcanic activity prior to 1950 Ma ago occured at least in
this part of the area (Fig 3).
The Jörn granitoid complex is representative of subvolcanic intrusive
activity and cogenetic with the felsic metavolcanic rocks of the Skellefte
Group. Four phases can be distinguished on the basis of geological,
geochemical and geophysical criteria and three different rock types of this
complex gives primary ages between 1888 -±N and 1873 ±1,1 Ma (Wilson
et al. 1987). Weihed & Schöberg (1991) presented U-Pb zircon data
which provided an age of 1886 ±195 Ma for a porphyritic stock which
intrudes the oldest phase of the Jörn granitoid complex and is associated
with a porphyry-type deposit, the Tallberg Cu-Au deposit.
Widenfalk et al. (1987) concluded that intrusive and extrusive rocks in the
Gallejaur area in the central part of the Skellefte district are separated in
time from the volcanic suite that hosts the VMS ores by the intrusion of
the Jörn granitoid complex. The Gallejaur area is underlain by gabbroic
to monzonitic intrusions intruding into a series of mainly mafic volcanic
rocks. Intermediate and felsic extrusive rocks occur as minor intercalations. Extrusive mafic rocks carry fragments of Jörn granitoids.
Associated clastic sedimentary rocks are turbiditic metagreywackes and
the supracrustal sequence terminates with alternating conglomerates and
lavas. The Abbortjärn conglomerate contains fragments of the Jörn
granitoids while the Dömanberg conglomerate contains fragments of
contemporaneous terrestrial metavolcanic rocks from areas to the north of
the VMS belt (Widenfalk et al. in prep).
U-Pb zircon age determination studies of intrusions within the Gallejaur
Group yielded an age of 1873±10 Ma for a monzonite (Skiöld 1988) and
1876±4 Ma for a gabbro (Skiöld 1993). The volcanic rocks belonging to
the Arvidsjaur Group, provide a U-Pb zircon age of 1876±3 Ma (Skiöld
1987 and Skiöld 1993). These data together with field relationships from
the Gallejaur area that demonstrate the intrusive relationship between the
granitoid and the mafic extrusives and the presences of bolders from the
Jörn granitoids in the mafic extrusives indicate a rapid uplift and deposition of the sedimentary rocks. It also indicates that the felsic-dominated
terrestrial volcanism of the Arvidsjaur Group is contemporaneous with
the Gallejaur intrusions, and that these events started simultaneosly with
the terminating stages of Jörn granitoid magmatism.
Other plutonic activities as the Härnö granite, (1822±5 Ma) dated by
Claesson & Lundqvist (1990), and those belonging to the so called
Revsund (c. 1.78 Ga) and Sorsele (c. 1.71 Ga) Groups dated by Wilson et
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al. (1985, 1987), Skiöld (1987, 1988,1993) are so much younger than the
above discribed rocks and are not included in this study.
PETROGRAPHY
The petrography of the metavolcanic rocks from the lower and middle
parts of the Skellefte Group was described by Claesson (1982, 1985b,
1986a). These results demonstrated a suite of felsic and mafic volcanic
rocks in the lower parts and mafic to ultramafic volcanic rocks in the
middle parts of the unit.
During the detailed studies of the metavolcanic rocks from the Malånäset
area belonging to the lower part of the Skellefte Group (Claesson 1986a
and Claesson in prep a), mineralogies typical of regional spilitization and
hydrothermal alteration were found. The spilitized felsic rocks contain
quartz, albite, sericite, calcite, chlorite, zoisite and biotite, while the
spilitized mafic rocks are rich in albite, chlorite, calcite, zoisite, titanite
and ilmenite. Local alteration, probably due to hydrothermal fluids, shows
the occurrence of corroded quartz phenocrysts in a matrix rich in sericite
and quartz or chlorite and quartz. Orthoclase porphyroblasts with biotite
and hornblende in a rim around the blasts also occurs in these alteration
zones.
The study of the mafic and ultramafic rocks from the northern parts of
the Bothnian Basin, the VMS belt and the transitional zone towards the
Arvidsjaur district (Claesson 1986b, 1987 and in prep b) shows that they
are partly different from each other. In the northwestern parts of the
Bothnian Basin as well as in the transitional zone, the rocks are basaltic to
andesitic and their spilitic equivalents. All are metamorphosed under lowgrade conditions. The transitional zone also contains felsic volcanic rocks,
usually with a spilitic mineral assemblage, i.e. albite, quartz, sericite,
calcite, chlorite and zoisite. A different volcanic rock (komatiitic) is a
chlorite-, tremolite- and augite-rich type which has been found all over
the studied area (Claesson 1985b, 1986a, 1986b, 1986c, 1987, in prep b,
Vivallo & Claesson 1987a and 1987b). It is, however, rare in the areas
dominated by felsic metavolcanic rocks. A few samples with olivine
phenocrysts have also been observed in the northwestern parts of the
Bothnian Basin. In the northeastern part of the Bothnian Basin,
amphibolitized metavolcanic rocks are most common. Subordinate felsic
to intermediate metavolcanic rocks are also present in this area.
The petrography as well as the field relationships and the geochemistry of
the Jörn granitoid complex has been studied by the present author (in
Wilson et al. 1987 and Claesson in prep a). It is a suite of plutonic rocks
ranging from granodiorite to granite which are comagmatic with the
felsic volcanic rocks of the Skellefte Group.
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The volcanic and intrusive rocks of the Gallejaur Group, studied by the
present author (in Widenfalk et al.1987), are dominantly mafic and
intermediate while felsic rock types are subordinate. The Arvidsjaur
volcanic rocks, also studied by the present author (in Skiöld et al. 1993),
are dominated by intermediate to felsic rock types with subordinated
mafic rocks. Most of these rocks are metamorphosed under low-grade
conditions.
Regional metamorphism under low-grade, green schist, conditions
predominate in the Skellefte district (Claesson 1982, 1985). Locally,
metamorphism under medium-grade conditions occur as well as contact
metamorphism around intrusions and along fault zones.
DEFORMATION
The deformation style in the metasupracrustal rocks of the Skellefte
Group is dominated by an older upright isoclinal folding phase with axial
surfaces oriented northwest in the western and central parts, and east to
northeast in the eastern part of the district (Lundberg 1980, Claesson
1985, Bergman et al. 1989a and 1989b). A second phase of folding
produced an interference structure involving antiformal culminations and
synformal depressions. The intrusive rocks of the Jörn and Gallejaur
complexes are also deformed by these two phases of deformation, but not
the younger granites of the Revsund Group.
GEOCHEMISTRY
Geochernical classification of metavolcanic and intrusive rocks

The geochemical results described in Claesson (1982, 1985a, 1985b) and
Vivallo & Claesson (1987a, 1987b) demonstrate the bimodal composition
of the metavolcanic rocks in the lower part of the Skellefte Group.
Most of these felsic rocks are calc-alkaline rhyolites or rhyodacites while
the mafic rocks are basalts or andesites. There are also distinctive
differences in basalt composition along the VMS belt (Vivallo & Claesson
1987a and 1987b). Basalts from the eastern area are tholeiitic while
basalts from the western part, the Kristineberg area, show a more calcalkaline character. Basalts from the central part are of a mildly tholeiitic
type.
In the Kristineberg area, andesites form the dominant mafic component in
the lower part of the Skellefte Group. Such rocks are scarce in the
Boliden-Långdal area (eastern part) and absent in the Malånäset area
central part). Basaltic rocks from the Kristineberg area show a wide
compositional range and a highly fractionated REE-pattern (Vivallo &
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Claesson 1987a,1987b and Vivallo & Willden 1988). It must, however, be
pointed out that the samples with the most fractionated REE-patterns and
high Mg-Cr values, are dykes. These should be compared with the
younger mafic volcanic rocks belonging to the middle part of the Skellefte
Group found in the metasediment-dominated areas west of Kristineberg
(Claesson 1985). The present author now believes that out of the samples
from the Kristineberg area used by Vivallo & Claesson (1987a, 1987b)
only two samples were basalts and the other were dykes. These basalts
display strong Eu-depletion and are interpreted to be strongly altered.
Thus, the conclusions by Vivallo & Claesson (1987a, 1987b) concerning
the mafic rocks in the Kristineberg area must be treated with considerable
caution.
The geochemical work of Claesson (1982,1985a,1985b,1986a) and Vivallo
& Claesson (1987a,1987b) provided no support for the hypothesis that the
felsic metavolcanic rocks in the lower part of the Skellefte Group are
differentiation products of the younger ultramafic-mafic rocks. In
particular, the mafic volcanic rocks of the Skellefte Group show higher Ti
and Fe contents at similar FeO/MgO ratios, higher Ti/Zr ratios and
lower Si02/Zr ratios than the felsic rocks. Similar plots for all the
ultramafic-mafic rocks show a continuous trend from komatiitic basalts to
felsic andesite probably of a calc-alkaline affinity. Thus, although the
ultramafic-mafic rocks occur at quite different stratigraphic levels, they
appear to be genetically related to each other and probably also to the
basaltic and andesitic rocks in the lower stratigraphic units.
The apparent discrepancy that the more primitive ultramafic-mafic rocks
lie stratigraphically higher than the more fractionated mafic rocks may be
explained by the later extrusion of a new batch of primitive magma
(Claesson 1982). It is believed that all the ultramafic-mafic rocks have
evolved from a common primitive melt by a high degree of partial
melting of mantle material. On the basis of the K content, in particular, it
is tentatively suggested that the felsic rocks are a product of partial
melting of basic material.
The high Mg-Cr basaltic rocks (komatiitic) in the eastern area of the VMS
belt (Vivallo & Claesson 1987a, 1987b) are also dykes and should be
compared with igneous rocks in the metasedimentary sequences. These
rocks have been documented west of Kristineberg and in the Malånäset
area (Claesson 1985) where they occur as sills or lava flows in turbiditic
metagreywackes. Subsequently dykes of this composition were discovered
cutting, for example, a massive sulphide ore body situated in the felsic
metavolcanic rocks at Maurliden in the Malånäset area (Claesson 1986a,
Claesson in prep. a).
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Both komatiitic basalts as well as tholeiitic basalts with high-Fe
composition were identified in the study of mafic metavolcanic rocks
from the northern part of the Bothnian Basin and from the Skellefte
district (Claesson 1986b, 1987, Claesson in prep. b) . The komatiitic rocks
show high contents of Mg-Cr and low contents of Ti-Y, while most of the
tholeiities display high contents of Ti-Y and low content of Cr.
The geochemistry of the rocks in the Gallejaur Group (Widenfalk et al.
1987) supports the hypothesis that the intrusive and extrusive rocks of this
group have a common calk-alkaline source. They vary continuously from
basaltic to rhyolitic in composition. In contrast to the older, bimodal,
basaltic-rhyolitic, VMS hosting unit (the Skellefte Group), the Gallejaur
Group is dominantly basaltic and andesitic.
The geochemistry of the Jörn granitoid complex (Claesson and Wilson
in Wilson et al.1985) shows rocks of granodioritic to granitic composition
with a calc-alkaline affinity. These rocks have undergone the same kind of
alteration and regional metamorphism as the volcanic rocks of the
Skellefte Group. They display similar geochemical characteristics as the
felsic metavolcanic rocks of the Skellefte Group, suggesting that they
could have a common origin (Wilson et al. 1985, Claesson 1985b, 1986a
and Claesson in prep. a).
Hydrothermal alteration and massive sulphide (VMS) ore-formation
The study of the Malånäset area rocks by Claesson (1986a) showed that
the volcanic pile had been enriched in Na and depleted in Ca and K by
processes related to sea-water alteration. Futhermore, an alteration type,
different from the spilitization mentioned above, occurs in the vicinity of
base-metal mineralizations. This alteration is probably due to ascending
hydrothermal solutions.
Estimates of the amount of gains and losses changed dramatically when
different values of volume change were assumed. Gains and losses of
elements during the different alteration processes were therefore
calculated in rocks from the Malånäset area with the assumption that the
total volume of the rock did not change during metasomatic alteration
(Claesson in prep a). During regional spilitization, the felsic rocks were
depleted in Si, K, Ba, Rb, and V, while Na, Zr and Zn were enriched.
Among the REE, La, Ce and Nd show a slight decrease. In the mafic
rocks, Si, Ca, Mg, Rb, Zn, Co and to some extent Pb decreased, while Al,
Na, Ba, Ni and Zr were added during spilitization. Among the REE, only
Nd and Sm show some tendency of enrichment.
Silicification of mafic rocks (now seen as amphibolitization), probably due
to local alteration close to base-metal occurrences, caused enrichment of
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Si, Na, Ba and Zr, while Ca, Al, Mg, Cr, Cu, Ni, Co and minor amount of
Zn and Pb were leached. Among the felsic rocks, a few samples are
extremely silica-rich. These rocks can be interpreted as late stage
extrusives in connection with the formation of lavadomes or they can be
local alteration products of the ordinary volcanic rocks. If the latter is
accepted, large amounts of Si, K, Ba and Zr were added, while Fe, Ca, V
and Zn were lost during the alteration. Among the REE, Ce, La and Nd
appear to have been added in minor amounts during silicification, in both
the mafic and felsic rocks.
Alteration in felsic, volcanic rocks due to reaction with ore-bearing
solutions decreased the amount of Na, Ca and, to some extent, Si, while
Fe, Mg, K, Zn, Pb, Cu, Ba, Rb, Sb and Zr were enriched. The REE
appear to have remained quite stable during this process.
It was concluded that the ore-forming elements in the Malå'näset area were
mostly leached from the older mafic volcanic rocks by hydrothermal
fluids, and that these ore-bearing solution reached the seafloor or other
suitable traps to form massive or disseminated sulphide ores at higher
levels of the volcanic pile (Claesson in prep a). The mafic and ultramafic
bodies that were emplaced at an early stage in the deeper parts of the
volcanic pile, and which subsequently intruded into and extruded on top of
the felsic-dominated volcanic pile, are thought to have created the heat
necessary to drive the hydrothermal activity (Claesson 1986a, 1986b and
Claesson in prep a).
Similar ideas concerning hydrothermal alteration and massive sulphide
ore formation were also presented for the entire VMS belt by Vivallo &
Claesson (1987a, 1987b). These authors stressed, however, that the oreforming elements show different mobility throughout the VMS belt and
that the amount of the elementmobility is linked to the local stratigraphy
as well as to the variation of the ore fluid composition. Futhermore, the
heat source is considered to be either a mafic or a felsic high-level
intrusion, varying between different areas. These ideas are in agreement
with those presented by e.g. Spooner & Fyfe (1973), Large 1977,
Stephens (1982).
Palaeotectonic setting

A chemical comparision with published data on bimodal suites similar to
the older parts of the Skellefte Group show several features in common
with modern destructive plate margins (Claesson 1982). The low Ti
contents at low Cr values are particularly characteristic for this environment. Claesson (1985) suggested that these rocks were deposited in a
volcanic arc setting. The granodioritic to granitic rock types of the Jörn
granitoid complex have major- and trace-element abundances similar to
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subduction-related granitoids from relatively immature Phanerozoic
volcanic arcs (Wilson et al. 1987).
The komatiitic rocks which occur stratigraphically above the bimodal
suite were suggested to be of volcanic arc affinity or represent the
transition to an inter- or back-arc situation (Claesson 1985). The geochemistry of mafic to ultramafic rocks from different areas in the
Skellefte district, and in the northern parts of the Bothnian Basin, demonstrated the presence of high-Fe, tholeiitic basalt. The trace-element geochemistry of those basalts indicates an affinity to Mid-Ocean Ridge Basalts
MORB, or within-plate basalt (Claesson 1986b, 1987 and in prep b).
The komatiitic rocks described by Claesson (1985) were compared with
basaltic komatiites or high-Mg/low-Ti basalts of modern-day fore-arc
systems in Claesson (1986b). In several Tertiary and recent western
Pacific ensimatic arc systems, high-Mg/low-Ti basalts and associated
boninites are thought to have erupted after arc magmatism and
immediately before eruption of MORB-type lavas. The critical
changeover into this type of volcanism is related to an extensional regime
involving arc rifting and inter-arc basin opening. Many authors have
emphasized the importance of rifting in the generation of VMS deposits
(e.g. Sillitoe 1982, Cathles et al. 1983). The nature of the mafic
metavolcanic rocks in the Skellefte district and in the northern parts of the
Bothnian Basin, considered in relation to the critical stratigraphic
relationships and the development of younger basins, argue strongly for
the operation of such an extensional regime during early Proterozoic time
in these areas (Claesson 1986b). In addition, typical within-plate and
MORB-type basalts were identified in the northern and middle parts,
respectively, of the Bothnian Basin by Pharoah and Pearce (1984). This
typical rift assemblage to the south should then have been situated in a
fore-arc position (Claesson 1987).
The evolution of the Gallejaur area indicates a dramatic change from
hemipelagic environments with volcanism, rifting, VMS-formation and
sedimentation on a subsiding sea-floor to continental conditions with
terrestrial volcanic activity (Widenfalk et al. 1987). The tectonic situation
in this part of the Skellefte district shifted from a marine island arc to a
continental arc shortly after the intrusion of the Jörn granitoid complex.
Simultaneously, the mafic volcanism changed from tholeitiic to calkalkaline.
The rocks of the Arvidsjaur Group were suggested to be of continental
arc affinity (Pharaoh & Pearce 1984). This has been confirmed by
Perdahl & Frietsch (1993) and by the present author (unpublished data).
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Discussion on stratigraphic problems versus tectonic setting
Claesson (1985b) discussed the presence of granodioritic gneisses that
were thought to form part of a basement complex relative to the Skellefte
Group. Such a hypothesis may imply that the high-Fe, tholeiitic basalts
and the ultramafic and mafic rocks hosting Ni-Cu sulphide deposits in the
nickel district are older than other mafic and ultramafic rocks in the
metasedimentary rocks in the Skellefte district as well as the rocks of the
Skellefte Group which are associated with massive sulphide deposits. The
Ni -Cu occurrences in the ultramafic and mafic rocks (komatiitic to
tholeiitic) in the nickel district are similar to Ni-Cu deposits of central and
southern Finland, i.e. ca 1900 Ma old (Nilsson 1985). Rickard (1986)
concluded that the Skellefte Group was deposited directly on oceanic
crust, as has been implied for the Bothnian Basin sedimentary rocks by
Eriksson & Henkel (1980).
Welin (1987) and Welin et al. (1993) did argue that the oldest
metasedimentary rocks in the Bothnian Basin must be older than 1930 Ma,
which is significantly older than the oldest dated rock from the area, the
Jörn granitoid complex (1890 ±1 Ma, Wilson et al. 1987). Sm-Nd isotopic
studies of the Jörn granitoid complex (Wilson et al. 1985, Wilson et al.
1987) and other early Proterozoic intrusive rocks in the area (Öhlander et
al. 1987) do not support the idea of an underlying Archaean basement in
the Skellefte district. Initial eNd values indicate that some material was
derived from a LREE-depleted mantle with a minimum contribution of
older crustal material.
The recently presented age determination of a granitoid from the Knaften
area (1954±6 Ma, Wasström 1993) that intrudes the mafic metavolcanic
rocks as well as the metagreywackes in that area, and which shows very
much in common with the Jörn granitoid complex, strongly argues for the
idea of an already existing oceanic crust at c. 1.95 Ga.
If there is a temporal- as well as source-difference between some of the
metasedimentary and mafic to ultramafic rocks in, for example, the
northeastern part relative to the northwestern part of the Bothnian Basin,
a revised model for the tectonic setting will be necessary. If we suppose
that the high-Fe, tholeiitic basalts, whose trace element geochemistry
indicates an affinity to MORB or within-plate basalts, as well as some of
the metasedimentary rocks in the northeastern part of the Bothnian Basin
is somewhat older, i. e. 1950-2000 Ma, than the the rocks of the Skellefte
Group, they may represent a remnant of a newly formed Early
Proterozoic crust (Claesson in prep b). This explanation will offer a
chance to find the "missing" ocean-floor that should be the remnants of an
early Proterozoic oceanic crust or marginal basin crust (Pharaoh &
Pearce 1984). The mafic and ultramafic rocks that resemble komatiitic
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rocks (Nilsson 1985) and which are associated with the Ni-Cu deposits,
could then either represent equivalents to the younger komatiitic rocks
that still marks a changeover to an extensional regime involving arc
rifting and inter-arc basin opening in the other parts of the studied area or
they could represent rifting around 1950 Ma of the oceanic crust and still
be slightly older than the arc volcanism in the Skellefte district.
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The geochemistry of early Proterozoic metavolcanic rocks hosting
massive sulphide deposits in the Skellefte district, northern Sweden
L. A. Claesson
Swedish Geological Company, Box 801, S-95128 Luleå, Sweden
SUMMARY: The Skellefte district, an early Proterozoic massive sulphide ore province in
Northern Sweden, contains a well-preserved volcano-sedimentary rock association, referred to
as the Skellefte Group, metamorphosed predominantly under low-grade conditions. The
volcanic rocks in the lower part of the succession host the massive sulphide deposits and
comprise a bimodal sequence, composed of a calc-alkaline group of felsic rocks and a tholeiitic
group of mafic rocks displaying a basaltic to andesitic composition. Derivation of the felsic
rocks by fractional crystallization from the mafic rocks is not supported by the geochemical
data. Application of tectonic environment discriminant diagrams involving the elements Ti, Zr,
Y and Cr suggests that these rocks were deposited in a volcanic arc setting.
Stratigraphically above the volcanic rocks hosting the massive sulphide deposits, there follows
a sequence of metamorphosed greywackes and pelitic sediments with intercalation of primitive
basaltic to ultrabasic volcanic and high-level intrusive rocks. The volcanic rocks show
geochemical similarities to both Archaean basaltic komatiites and Phanerozoic boninites. The
primitive nature of these rocks present difficulties in assessing their palaeotectonic setting. A
volcanic arc or transition to an inter- or back-arc rift situation is suggested.
The Skellefte district is a sulphide ore province in the
northern part of Sweden. It has been traced over a
distance of 200 km from the town of Boliden in the
southeast to the town of Sorsele in the northwest and
attains a width of between 15 and 45 km (Fig. 1). The
massive sulphide deposits and their host rocks formed
during a volcanic epoch prior to 1890 Ma (Wilson
1982).
During a recent re-mapping of this area by the
Geological Survey of Sweden, sampling was carried
out in the context of a geochemical study of the
volcanic rocks which host the massive sulphide
deposits. The aim of this paper is to discuss the
mineralogical and geochemical character of these
volcanic rocks. It has been of primary interest to assess
whether they belong to a single or several differentiation series and to speculate on their palaeotectonic
setting. Although a recent regional study has applied
geochemical data to assess the geotectonic setting of
early Proterozoic metavolcanic rocks in northern
Scandinavia (Pharaoh & Pearce 1984), the present
paper is concerned specifically with the volcanic rocks
of the Skellefte district.

Regional geology
A summary of previous work carried out in the
Skellefte district was recently presented by Lundberg
(1980). The district is principally defined by the rocks
of the Skellefte Group (Fig. 2). This group consists of
metamorphosed submarine volcanic and subvolcanic
rocks with associated metasediments and massive
sulphide deposits. The inferred lower part of the
Skellefte Group is dominated by felsic pyroclastic

rocks (LFSV) with minor intercalations of mafic rocks
(LMSV) and pelitic sediments. Entirely mafic and
ultramafic rocks (MMSV) and high-level intrusions
(MMSI) occur within the overlying greywackes and
pelitic sediments, the middle part of the Skellefte
Group. The inferred upper part of the Skellefte Group
is predominantly composed of mafic pyroclastics and
lavas with subordinate felsic pyroclastics. These volcanic rocks conformably overlie the greywackes and
pelitic sediments and can be traced into the terrestrial
volcanic rocks of the Arvidsjaur Group (Fig. 2). Most
of the sulphide deposits occur near the top of the felsic
volcanic rocks (LFSV) just beneath the overlying
sediments. However, some deposits also occur lower
down within the felsic pile while others occur together
with the interfingering mafic rocks. The bulk of the
massive and disseminated sulphide ores are stratiform
pyrite deposits deposited in a submarine environment
(Rickard & Zweifel 1975). They consist of varying
proportions of zinc, copper, lead, silver and gold.
Intense alteration of the volcanic rocks including
albitization, carbonatization, chloritization and sericitization were probably caused by pre-deformational
hydrothermal activity while the present mineralogy
was established during the subsequent Svecokarelian
deformational and metamorphic episode. The deformational style in the supracrustal rocks is dominated
by folding along fiat to moderately inclined fold axes
oriented both northwest-southeast and northeastsouthwest. These two phases of folding produce an
interference structure involving antiformal culminations and synformal depressions. Locally these directions are disturbed by granite intrusions and largescale faulting. Small-scale faulting, probably active
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FIG. 1. Generalized geological map of the Skellefte district and adjacent areas. Modified after Lundberg (1980).
during both syn- and post-volcanic episodes, is
recognized on the basis of coarsely fragmental volcanic
rocks and breaks in the local stratigraphy. On a
regional scale the degree of deformation of the
Skellefte district is relatively low but increases towards
the south. The metamorphic grade of these rocks is
usually low greenschist facies but amphibolite facies

occurs locally. Metamorphic hornfelsic and porphyroblastic textures are related to faulting and granite
intrusions.
Plutonic activity occurred several times in the
Skellefte district (Wilson 1982 and Wilson et al. 1985).
The granitoids of the Jörn Group, the oldest intrusions
in the district, have been considered to be comagmatic
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with the Skellefte volcanic rocks (Gavelin 1955), the
oldest granitoid containing copper—molybdenum deposits of porphyry type (Walser & Einarsson 1982).
New data (Wilson et al. 1985, pers. comm.) from these
I-type granitoids suggest that the oldest intrusions in
the outer part of the complex formed as a result of
partial melting of basic to intermediate rocks and that
the youngest inner diapir-shaped bodies are more
differentiated. Furthermore, the data reveal chemical
similarities between the granitoids and the felsic rocks
in the lower part of the Skellefte Group, suggesting
that they could have a common source. Zircons from
the different phases do not show significant differences
in U distribution or U—Pb age between the phases.
While pooled U—Pb (13 points) give an upper intercept
of 189019 Ma, a two-stage model for the outer zone
gives a more probable crystallization age of 1876 ± 2
Ma with significant lead loss at 1720 and 410 Ma
(Wilson et al. 1985, pers. comm.).
The supracrustal rocks occurring north of the
Skellefte district are dominantly terrestrial and belong
to the Arvidsjaur Group. They consist of andesites,
dacites, and, in particular, rhyolites (Grip 1935), and
are intruded by a variety of granitoids. Numerous
showings of epigenetic U-mineralization are associated
with the volcanic rocks (Adamek & Wilson 1977,
1979; Guzman et a/. 1980), while Mo-mineralizations
occur within granites and altered acid volcanic rocks
(Walser & Einarsson 1982). Southwards from the
Skellefte district, in the Bothnian basin (Hietanen
1975), the pelitic sediments increase while the felsic
volcanic rocks decrease to a minimum. Pelitic sediments of low metamorphic grade merge into a terrain
of migmatites and gneisses. Amphibolites, greenstones
and intrusive ultramafic and mafic rocks with minor
Ni—Cu sulphide mineralization occur in this environment (Nilsson 1980). These rocks have been consi-

dered as stratigraphic equivalents to the lower grade
metamorphic rocks of the Skellefte Group. However,
based on recent geological mapping by the Swedish
Geological Company, certain of the gneisses of
granodioritic composition are thought to form part of
a basement complex relative to the Skellefte Group.
Such a hypothesis may imply that the amphibolites,
greenstones and Ni—Cu sulphide hosting ultramafic
and mafic rocks are older than the massive sulphidebearing volcanic rocks of the Skellefte Group.
The tectonic setting of the Skellefte district was
discussed by Eklund (1923) who recognized it as a
border zone between a resistant continental block (a
craton) in the north and a deformed sedimentary
environment (an orogen) in the south. More recently,
a number of authors have compared the Skellefte
district with modern volcanic arcs. Hietanen (1975)
compared the differentiation suites of plutonic rocks
from Finland and the Sierra Nevada in the USA
Cordillera, while Adamek & Wilson (1977, 1979) dealt
with the total magmatic evolution of the rocks in the
cratonic area north of the Skellefte district. Rickard &
Zweifel (1975) pointed out the resemblance between
the massive sulphide deposits in the Skellefte district
and those of the Kuroko type in Japan. An earlier
review by Mitchell & Bell (1973) considered one of the
Skellefte deposits (Mensträsk ores) to be of Besshi
type, likewise deposited in a destructive plate margin
setting. Claesson (1982) presented preliminary geochemical data for the volcanic rocks hosting the massive
sulphide deposits in the Skellefte Group. He was able
to show the resemblance between these rocks and
those volcanic rocks formed in modern destructive
plate margins. A volcanic arc setting was also inferred
by Pharaoh & Pearce (1984) on the basis of a limited
number of geochemical analyses of volcanic rocks
mostly from the Arvidsjaur Group. The Skellefte
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district has been compared with the volcanic rocks of
similar age which occur in the Bergslagen area further
south in central Sweden (Lundqvist 1979; Rickard
1979).

Petrography of volcanic rocks
from the lower and middle
parts of the Skellefte Group

altered to actinolite and andesine partly altered to
albite which together constitute approximately 20% of
the rock. The matrix consists of amphibole, plagioclase, Mg-rich chlorite, sphene, zoisite, biotite and
opaque minerals. A few samples contain amygdules
filled with calcite.

Geochemistry
Sampling and analytical procedures

Lower felsic Skellefte volcanic rocks
(LFSV)
Volcanic rocks belonging to LFSV are predominantly pyroclastic, occurring as coarse fragmental rocks,
crystal tuffs and finely laminated tuffs. Brecciated
massive lavas are present at a few localities, probably
forming lava domes. Several types of primary texture
have been recognized including porphyritic, fragmental, massive, amygdaloidal, layered, spherulitic and
perlitic. Mineralogically, the LFSV rocks are characterized by varying amounts of quartz and/or oligoclase
phenocrysts in a felsic matrix of plagioclase and
quartz ± sericite, chlorite, biotite, zoisite, sphene and
calcite.
Lower mac Skellefte volcanic rocks
(LMSV)
Volcanic rocks belonging to LMSV mostly occur as
fragmental and massive lavas as well as agglomeratic
and banded tuffs. Primary textures include plagioclase
porphyritic lavas with amygdules, fragmental structures and finely laminated structures. The mineralogy
of these rocks is characterized by varying amounts of
oligoclase—andesine phenocrysts (maximum 60% in
the porphyritic rocks). Minor quantities of hornblende
and epidote (after pyroxene) and sphene (after
ilmenite) are present. The matrix consists of plagioclase ± quartz, zoisite, epidote, sphene, chlorite, calcite, biotite and ilmenite. Amygdules are often zoned
with quartz and calcite surrounding a chlorite-rich
central zone.
Mafic and ultramafic Skellefte volcanic
rocks in the middle part of the Skellefte
Group (MMSV)
The rocks belonging to MMSV mostly occur as
massive, brecciated or pillow lavas as well as lapilli
and ash tuffs. These volcanic rocks exhibit primary
textures suggesting the presence of pyroxene porphyritic lavas, pyroxene and plagioclase porphyritic lavas,
and tuffs. The first group contains phenocrysts of
augite partly altered to actinolite forming up to 50%
but generally lying between 20 and 25% of the rock.
The second group contains phenocrysts of augite

The sampling for this study has been carried out on
a regional scale and includes all stratigraphic levels in
the lower and middle parts of the Skellefte Group, All
geochemical analyses have been carried out at the
Department of Economic Geology, University of
Luleä. The major elements (Si02 , TiO2, A1203, Fe O*,
MnO, MgO, CaO) and the trace elements Ba, Zr, Y,
Cr, Ni, V, Cu and Zn, were analysed on an ARL
33000 ICP spectrograph while P205 was analysed on
an ARL 35000 spectrograph (Burman et al. 1981).
Na20 and K20 were determined by atomic absorption. The precision of the analyses is usually about
10% relative error for the trace elements and between
0.6-5.2% for the major elements. 115 samples were
analysed from the LFSV, LMSV, MMSV and MMSI
sequences. Strict mineralogical control of the samples
has been of prime importance. Only samples with
primary relict textures and low metamorphic grade
have been studied geochemically. After mineralogical
control, the results from 73 samples were used for the
geochemical interpretation (Table 1). However, even
these samples show mineralogical evidence of alteration to a varying degree, which must be considered
when interpreting their chemistry.
Description of the whole rock chemistry
The three stratigraphically different sequences have
been marked with different symbols in the various
figures. A frequency diagram (Fig. 3) clearly shows the
bimodal distribution for the chemistry of the samples
in the lower part of the Skellefte Group, volcanic
rocks showing basaltic to andesitic (Si02 contents
between 50.9 and 59.1%) compositions being separated from felsic rocks with Si02 compositions greater
than 70%. The overlying volcanic and high-level
intrusive rocks show basaltic to ultrabasic compositions (Si02 contents between 43.6 and 53.6%).
According to Hughes (1973), normal magmatic rocks,
on the basis of their alkali content, lie within an
igneous spectrum (Fig. 4). Many of the volcanic rocks
from the Skellefte district plot outside this spectrum,
indicating alteration. For example, the LFSV and
LMSV rocks show a tendency to be Na-enriched, i.e.
quartz keratophyric (Fig. 4a) and spilitic (Fig. 4b),
respectively. The MMSV rocks show a depletion in Na
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TABLE 1: Representative chemical analyses of the LFSV, LMSV and MMSV groups, recalculated to 100% on a volatile-free
basis
LMSV

LFSV

MMSV

BVCB
78107

BVCB
78278

BVCB
78830

BVBA
78529

7159
101

7159
107

LC
77419

BVCB
78264

BVBA BVBA BVCB BVCB
78522 78581 78266 80023

Si02
TiO2
A1201
Fe0.
MnO
MgO
CaO
Na20
K20
P,05

72.96
0.31
14.10
2.70
0.06
1.00
1.73
5.01
1.86
0.09

74.56
0.38
12.34
3.54
0.08
0.92
2.68
4.03
1.03
0.25

75.03
0.28
12.25
3.64
0.08
0.90
2.90
3.29
1.35
0.10

71.97
0.20
15.59
1.86
0.04
0.71
2.27
5.02
2.04
0.13

54.09
0.84
19.01
9.54
0.10
4.96
7.19
2.81
0.97
0.21

52.63
0.85
18.54
8.42
0.15
3.30
12.86
2.43
0.30
0.22

55.95
0.94
17.47
9.98
0.16
3.98
7.46
3.12
0.51
0.19

53.02
0.96
17.92
9.88
0.19
4.52
8.36
3.30
1.25
0.35

52.08
0.90
14.43
12.83
0.18
9.00
7.93
2.47
1.75
0.39

49.88
0.66
15.51
9.67
0.16
9.97
9.36
2.54
1.55
0.48

50.78
0.77
13.60
9.17
0.17
13.08
10.59
0.92
0.26
0.39

52.50
0.63
13.92
7.88
0.16
11.26
8.39
2.76
1.84
0.25

Ba

3100
190
30
bd
40
60
10
80

190
170
30
10
bd
2
30
70

200
140
10
30
bd
bd
100
80

860
120
bd
30
10
50
20
70

230
76
16
110
bd
196
94
100

140
62
21
117
bd
238
69
90

120
120
25
50
16
220
57
94

510
80
31
30
bd
358
51
80

375
90
19
260
109
228
85
148

342
60
10
510
172
248
25
96

30
71
19
1000
247
203
59
109

907
81
15
910
315
191
9
117

Zr
Cr
Ni
V
Cu
Zn

Major elements in wt % and trace elements in ppm: bd =

below limit of detection.

Total Fe as FeO.

Number of s amples

and an enrichment in K compared with alkali normal
rocks (Fig. 4c, Table 1), the K being contained in
biotite aggregates. In subsequent diagrams, samples
lying outside the igneous spectrum of Hughes (1973)
are referred to as more altered while those lying within
the spectrum as less altered. The distinguishing of
less altered and more altered samples and the use,
wherever possible, of discriminant diagrams employing presumed less mobile minor and trace elements, should assist in reducing the alteration factor in
the assessment of the primary geochemical character
of the volcanic rocks.
On the basis of their distribution on the TiO,

versus Zr/P,05 diagram of Winchester & Floyd
(1976), the LMSV and MMSV volcanic rocks appear
to be subalkaline (Fig. 5). The LFSV rocks show a
calc-alkaline trend, the LMSV rocks a tholeiitic trend
and the MMSV rocks plot along the LMSV trend but
show very low FeO*/MgO ratios (Fig. 6). These trends
are most conspicuous when plotting Si02 and FeO*
against the fractionation index Fe0*/Mg0 and assessing the less altered samples alone. Gill (1981) defined
the tholeiitic trend as one having FeO*/MgO > 2.25 at
57.5% Si02. The trend of the less altered LMSV rocks
has a FeO*/MgO ratio of 2.7 at 57.5% SiO, The
tholeiitic trend for the LMSV rocks exhibits slowly

20 -1
18

Ultramafic and matic Skelette volcanics in the middle
LLA part of the Skellefte group ( MMSV)
1I Lower mafic Skelette volcanics (LMSV)

16 -I

[Z] Lower felsic Skelette volcanics (LFSVI

14
I2I0
8
6
4
2
0
46
50 54 58 62 66 TO 74 78 S 02( wt
Elasalt and
['mite
Rhyolite Anhydrous
Andesite
ultromafic rocks

FIG. 3. Number of samples versus Si02 diagram for those volcanic rocks of the Skellefte Group used in this
investigation.
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It has been pointed out that the two stratigraphically
distinct groups LMSV and MMSV partly overlap each
other on the element-fractionation index diagrams
employed here (Figs 6 and 7). However, they also
show significant differences in, for example, TiO2 ,
A1203, MgO and Cr contents. In particular, the
MMSV group contains basalts with high MgO, Cr, and
low TiO2, A1203 contents (Table 1).
In the past decade, magnesium-rich extrusive rocks
have been recognized with increasing frequency.
Description of several varieties of subalkaline magnesium-rich volcanic rocks can now be found in the
literature, i.e. komatiites, tholeiitic picrites and boninites. Komatiitic rocks have been discussed by several
authors (see. for example, Arndt & Nisbet 1982).
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increasing Si02 and TiO2, constant Fe0* and strongly
decreasing MgO contents with increasing fractionation
index. An important feature is that even at high
FeO*/MgO ratios the TiO2 contents are low. By
contrast, the calc-alkaline trend for the LFSV rocks
show virtually constant Si02, TiO2, FeO* and MgO
values at increasing FeO*/MgO ratios. Separate trends
for the LFSV and LMSV rocks are also apparent when
plotting Si02, TiO2, FeO* and MgO against the less
mobile fractionation index Zr and focusing attention
again on the less mobile samples (Fig. 7). The LMSV
rocks exhibit increasing Si02, TiO2, FeO* and strongly decreasing MgO values with increasing Zr contents,
whereas the LFSV rocks show fairly constant values for
these elements with increasing Zr contents. Furth-
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Si02 contents occur at Cape Vogel and in the Mariana
trench sites (Hickey & Frey 1982).
As was shown in Fig. 2, mafic to ultramafic volcanic
These authors stress the fact that intrusive and (MMSV) and high-level intrusive rocks (MMSI) occur
extrusive rock types often belong to the same in the metasediments in the middle part of the
sequence. The intrusive rocks are often perioditites Skellefte Group. The peridotitic intrusions occur as
while the extrusive types form pillow lavas and ash stratiform layers in the low-grade metasediments. The
tuffs in turbiditic sedimentary environments. From high-level intrusions at this stratigraphic level have
Archaean greenstone belts magnesium-rich volcanic been compared with the ultramafic host rocks to the
rocks have been described and divided into basaltic Ni—Cu sulphide deposits in the high-grade metamorkomatiites and tholeiitic picrites. The Phanerozoic phic environment which lies to the south of the
rock-type boninite resembles Archaean basaltic Skellefte district. Peridotites from the Skellefte district
komatiites petrographically but they are somewhat contain approximately 60% serpentinized olivine and
distinctive as far as their geochemistry is concerned. varying amounts of amphibole, biotite, chlorite and
Boninitic rocks from Bonin Island, Japan are characte- magnetite. In some instances, the peridotitic rocks in
rized by relatively high MgO (>9%) and high Si02 the high-grade metamorphic environment exhibit a
(>55%) contents, and extremely low TiO2 (<0.3%) characteristic "bird track" texture which results from
contents (Kurada & Shiraki 1975; Shiraki & Kurada the pseudomorphing of olivine by tabular serpentine
1977). Similar rock types has been found in several replacements (Nilsson 1980). The volcanic MMSV
places throughout the island arc systems in the western rocks have been described above as mainly pyroxene
Pacific Ocean (Hickey & Frey 1982). Suites of porphyritic or pyroxene and plagioclase porphyritic
boninite-like rocks with large variations in MgO and lavas and tuffs.
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A1203/1'i02 ratio for the MMSV and MMSI rocks is
close to 20 (Fig. 8b) which is the chondritic ratio (Jahn
et a/. 1980) indicating a very primitive composition for
these rocks. The spread of values for the tholeiitic
LMSV rocks on the A1203-Ti02 diagram (Fig. 8b) is
thought to be related to alteration. Relative to
boninites, the MMSV rocks are lower in Si02
(43.6-53.6%) and higher in TiO2 (0.36-1.0%).
However, as stated above, large variations in these
elements do occur in suites of boninite-like rocks, and
the major elements in. the MMSV rocks may have
been redistributed during alteration. Using the less
mobile elements Ti, Zr and Cr, it is apparent (Fig.
9a) that the Ti/Zr ratio for the MMSV rocks (50-80) is
lower than for komatiites (100, Nesbitt & Sun 1976)
but is similar to the Ti/Zr ratio for boninites (<70,
Cameron et al. 1983). By contrast, the Zr (30-130
ppm) as well as the TiO2 contents are higher than in
boninites. Furthermore, the high Cr and low TiO2
contents for the MMSV rocks (Fig. 9b) are in good
agreement with basaltic komatiites (Jahn et al. 1980).
It is inferred that the MMSV rocks display a highly
primitive composition and show geochemical similarities to both basaltic komatiites and boninites.
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paleotectonic environment
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FIG. 8. (a) Jensen Cation Plot involving the cation
percentages of A1203 versus FeO + Fe2O3 + TiO2
versus MgO. Fields after Jensen (1976). (b) A1203
versus TiO2 diagram, after Arndt et al. (1977),
with chondritic ratio marked (Jahn et al. 1980).
In Fig. 8, one MMSI sample has been plotted
together with the above-named volcanic rocks.
According to the Jensen Cation Plot (Jensen 1976,
Fig. 8a), the MMSV and MMSI rocks lie in the
komatiitic basalt and ultramafic fields, respectively,
while the LMSV rocks appear to be tholeiitic. The

In order to compare the paleotectonic setting of
volcanic rocks of the Skellefte district with modem
equivalents, several diagrams employing presumed
less mobile elements have been used. Pearce (1982)
dealt with the effects of fractional crystallization
within tholeiitic, calc-alkaline and shoshonitic suites.
He concluded that Zr, Nb, Ba, Th, Y and REF
elements behave as incompatible elements in each of
these series with the exception of Nb in the shoshonitic
series. For the tholeiitic series one may add P to the
more incompatible elements. Thus when comparing
the felsic and mafic rocks of the Skellefte Group with
analogous modem volcanic rocks one can, for example, employ the Ti-Zr diagram of Pearce (1982). Both
the felsic rocks (LFSV) and the mafic rocks showing
basaltic to andesitic compositions (LMSV) show a
similarity to modern volcanic arc lavas on the Ti-Zr
diagram (Fig. 9a). The MMSV rocks also lie within the
volcanic arc field on the Ti-Zr diagram, partly
overlapping the LMSV rocks.
Discriminant diagrams designed to distinguish between volcanic arc and mid-ocean ridge basalts employ
Ti or Y as an immobile incompatible element and Cr
as a fractionation index (Pearce 1975, 1982). The
LMSV group plot exclusively within the volcanic arc
basalt field in both diagrams (Figs. 9b, c). In the Ti-Cr
diagram, the MMSV basalts plot predominantly in the
mid-ocean ridge basalt field, a limited number of
samples showing an affinity to volcanic arc basalt,
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Flo. 9. (a) Ti versus Zr diagram after Pearce (1982). The fields of arc lavas, within-plate lavas and mid-ocean ridge
basalts (MORB) are shown as well as the chondritic ratio (Jahn et al. 1980). (b) Ti versus Cr diagram after Pearce
(1975), with the field of volcanic arc basalts (VAB), including island arc tholeiites (IAT) and calk-alkaline basalts
(CAB), separated from the field of ocean floor (OFB) or mid-ocean ridge basalts (MORB). (c) Cr versus Y diagram
after Pearce (1982) with the fields of volcanic arc basalts (VAB), mid-ocean ridge basalts (MORB) and within plate
basalts (WPB) outlined.
while in the Cr—Y diagram, the MMSV basalts show
an affinity to volcanic arc basalts (Fig. 9b,c). It is
possible that the predominant mid-ocean ridge basalt
affinity in the Ti—Cr is a function of their highly
primitive composition and is not specifically related to
paleotectonic setting. Alternatively, the MMSV rocks
may represent a transition between volcanic arc and
mid-ocean ridge basalts as observed in modern rifted
arc settings.

Conclusions
The volcanic rocks of the Skellefte Group discussed in
this study may be divided into a lower bimodal
sequence of dominating felsic (LFSV) and subordinate
mafic (LMSV) volcanic rocks, the latter showing
basaltic to andesitic compositions, and an overlying
sequence of mafic rocks showing primitive basaltic to
ultrabasic compositions. The absence of andesitic

rocks with Si02 content in the range 60-63% and
dacites as well as the overlapping trends on several
variation diagrams suggest that fractionation of the
LFSV from the LMSV rocks is unlikely. The relationship between the LMSV and MMSV is less certain
but overlap between these groups on the Si02,
and FeO* versus Zr diagrams suggests that the former
were not derived by fractionation from a MMSV-type
magma.
Most of the volcanic rocks have been altered to
quartz keratophyre (felsic rocks) and spilite (mafic
rocks). By focusing attention on less altered samples,
defined on the basis of the igneous spectrum diagram
of Hughes (1973), it is tentatively suggested that the
LMSV display a tholeiitic trend, the LFSV a calcalkaline trend and the MMSV geochemical similarities
to basaltic komatiites and boninites.
Use of tectonic environment discriminant diagrams
involving the elements Ti, Zr, Y and Cr suggests that
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the felsic and mafic rocks in the lower part of the
Skellefte Group (LFSV and LMSV) formed in a
volcanic arc setting. The setting in which the overlying
mafic MMSV rocks which are interbedded with
metagreywackes and pelitic metasediments, is less
certain. Volcanic arc characteristics are favoured on
the Ti-Zr and Cr-Y discriminant diagrams while the
bulk of the samples lie in the mid-ocean ridge basalt
field on the Ti-Cr diagram. The position of the MMSV
rocks on this diagram may be influenced by their
primitive character and not be related to palaeotectonic
setting. Alternatively, the MMSV rocks may represent
a transition between volcanic arc and mid-ocean ridge
basalts characteristic of a rifted arc setting. Such an

interpretation finds some support in the stratigraphic
evolution in the lower and middle parts of the
Skellefte Group, sediment-infilled basinal development with primitive mafic volcanism succeeding a
felsic-dominated volcanic sequence. Further work is in
progress to elucidate these alternatives.
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Intra-arc rifting and massive sulphide mineralization in an early
Proterozoic volcanic arc, Skellefte district, northern Sweden
W. Vivallo & L.-Å. Claesson
SUMMARY: The Skellefte district in northern Sweden consists mainly of pyrite-rich
massive sulphide deposits intercalated in an early Proterozoic volcano-sedimentary sequence.
The volcanic activity was predominantly submarine, and gave rise to abundant felsic rocks
with minor mafic volcanic rocks and rare andesitic volcanism. A few dykes and volcanic
flows of high Mg-Cr basalts, probably komatiitic, are also found within the volcanic pile.
The geochemistry of the volcanic rocks is of subalkaline character and displays slightly
tholeiitic to calcalkaline differentiation trends. The Ti, Zr, Y, Cr and rare-earth contents of
the basaltic and andesitic rocks are consistent with a subduction related volcanic arc setting.
The bimodal nature of the volcanic suite, the presence of highly primitive basaltic rocks
and the abundance of felsic pyroclastic material suggests that rifting occurred within the
volcanic arc. Long periods of tensional stress predominated and favoured the extrusion of
large volumes of felsic pyroclastics and the formation of tectono-volcanic depressions. The
convergence in time and space of a thick volcanic sequence with high permeability, a high
geothermal gradient related to the rising of basaltic magma, and synvolcanic faulting resulted
in extensive hydrothermal activity. The hydrothermal activity caused regional alteration of
the volcanic rocks and locally deposition of pyrite-rich massive sulphide deposits within
local, tectonically controlled, depressions.
The Skellefte district (Fig. I) is one of the most
important metallogenic provinces in Sweden. It
consists of a WNW—ESE trending volcanosedimentary sequence of early Proterozoic age.
This ore province is about 150 x 30 km, and

includes about eighty ore deposits and mineral
occurrences. The deposits are mainly stratabound
massive sulphide ores associated with calcalkaline to slightly tholeiitic volcanism. The Skellefte
district is limited in the north by the terrestrial
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volcanic rocks of the Arvidsjaur district, and by
migmatitic and granitic rocks in the south. The
volcanosedimentary sequence has been deformed, metamorphosed and intruded by granitoids (1890 Ma and 1760 Ma).
Hietanen (1975) interpreted this sequence as a
Proterozoic island arc (see also Claesson 1985
and references therein). Rickard & Zweifel (1975)
further suggested a volcanic-exhalative origin for
the massive sulphide ore deposits.
The aim of this paper is to discuss the
relationships between the arc volcanism, large
scale synvolcanic stress regime, hydrothermal
alteration and ore deposition.
Since all the rocks in the Skellefte district have
been deformed and metamorphosed to high
greenschist—lower amphibolite facies, the prefix
'meta' will not be used in this paper.

stratigraphic sequence (Fig. 2), and was limited
to the ore-bearing volcanic rocks from the lower
part of the Skellefte group (Claesson 1985).

Chemical analyses
For samples from the eastern and western profiles,
major and trace elements were determined at the
Centre National de la Recherche Scientifique
(CNRS) in Nancy, France, by plasma excitationoptical emission spectrometry (CMP-OES) (Govindaraju et al. 1976). Samples from the central
part were analysed by the Swedish Geological
Company using a similar method (Burman et al.
1981). All rare-earths measurements were made
at the CNRS using CMP-OES.

Geology
Methods
Sampling
This work is based on sampling along three
different profiles in the eastern (Boliden—Långdal
area), central (Malånäs area) and western (Kristineberg area) parts of the district. The sampling
covers most of the lithologies within each local
Western area

Central area

The geology of the Skellefte district has recently
been discussed and revised by Lundberg (1980).
The general stratigraphy of the supracrustal rocks
from the Skellefte group is summarized in Fig. 2.
It comprises a lower ore-bearing volcanic pile, an
intermediate sedimentary sequence and an upper
volcanic unit with minor intercalation of sedimentary rocks. Locally restricted conglomerates

Eastern area

Skellefte group
Upper
Formation
Middle
Formation

Lower
Formation

Basaltic to rhyodacite
volcanic rocks

Me9
Sedimentary rocks with intercaI
lation of mettle and ultramafic rocks L

V/A

Matz volcanic rocks

Massive sulfide ore and
altered volcanic rocks
Felsic volcanic rocks with
intercalation of sedimentary rocks
Mafic and felsic volcanic rocks with
minor intercalation of sedimentary
and redeposited volcanic rocks

FIG. 2. Stratigraphic sections of the eastern (Boliden-Långdal) central (Malånäs) and western (Kristineberg)
areas of the Skellefte district compared with the general stratigraphy of the Skellefte group (modified after
Claesson 1985). The sampling was limited to the ore-bearing volcanic rocks from the lower formation.
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Geochemistry
In this paper we shall concentrate particularly on
the ore-bearing volcanic rocks of the lower part
in the stratigraphic sequence (Fig. 2). The work
is based on three different profiles containing
equivalent units in the eastern, central and
western part of the district. The whole rock
chemistry is summarized in Table 1.
The volcanic suite (Fig. 3) consists mainly of a
large felsic population with Si02 content higher
than 70 wt%, an intermediate population with
Si02 ranging between 54 and 60 wt%, and a mafic

component between 44 and 52 wt%. The mafic
and intermediate rocks are mainly Na-enriched
relative to K; within the rhyolitic volcanics,
however, there are both Na and K enriched
varieties. Rocks of andesitic and dacitic compositions are scarce and normally account for less
than 10% of the outcropping lithologies in the
district.
- The mafic rocks (Table 1) include a basaltic
group which has high Mg-Cr contents and low
Al, Ti and alkalis. They are found only in the
eastern part of the district. However, high MgCr volcanic and subvolcanic rocks are common
as intercalations within the sedimentary rocks
from the middle part of the stratigraphy in Fig. 2
(Claesson 1985).
In the differentiation diagrams shown in Fig.
4, major elements are plotted against Zr. The
volcanic rocks from the eastern and western areas
have bimodal distribution, whereas those from
the central area display a more continuous
differentiation trend. Several elements show
smooth trends reflecting the primary magmatic
history of the volcanic rocks. However, some
major and trace elements, especially the alkalis,
display a large spread. These disturbed differentiation trends reflect post-magmatic alteration
processes that affected the volcanic rocks. A
similar picture is obtained if trace elements are
plotted against Zr.
In a Ti02-Zr diagram (Fig. 5) the volcanic
rocks display a marked bimodal distribution. In
the western area the more mafic component is
dominated by andesitic compositions. Basaltic
rocks (field B in Fig. 5a) are of very limited
occurrence and consist both of lava flows and
synvolcanic dykes; they are characterized by
lower SiO, and higher TiO2 content than the
andesites. The dykes have a more primitive
composition characterized by high Cr-Mg contents (Table 1).
22

Number of samples

and sandstones, occur unconformably above the
volcanic and sedimentary rocks. The ore-bearing
volcanic rocks (Fig. 2) are predominantly rhyolitic, occurring as coarse fragmental rocks, crystal
tuffs and finely laminated tuffs. Rhyolitic lava
flows are scarce and in some cases they probably
represent lava domes. Mafic volcanic rocks are
subordinate and occur as fragmental and massive
lavas as well as agglomeratic and banded tuffs.
The large proportion of felsic pyroclastic rocks
without welded structures, and intercalation of
sedimentary rocks and massive sulphide deposits
of volcanic-exhalative origin suggest a submarine
environment of deposition for all the volcanic
pile.
The overlying sedimentary rocks (Middle formation in Fig. 2) are phyllites, arkoses and
greyvvackes. Graphite-bearing pelitic sediments
are common close to the contact with the
underlying volcanics. Mafic and ultramafic massive, brecciated or pillow lavas as well as tuffs are
intercalated within the sedimentary rocks.
Plutonic activity occurred at different times in
the Skellefte district, and it is represented by the
Jörn (1890 Ma) (Wilson etal. 1985) and Revsund
(1760 Ma) (Skiöld 1984) granitoids which intrude
the rocks of the Skellefte group. The granitoids
of the Jörn group are considered to have been
comagmatic with the Skellefte volcanics (Gavelin
1955; Wilson et al. 1985; Claesson 1986). Felsic
and mafic synvolcanic high level intrusives occur
within the volcano-sedimentary pile.
The ores are mainly stratabound massive
sulphide deposits and consist of major pyrite with
varying amounts of chalcopyrite, sphalerite,
arsenopyrite and galena. They occur at or near
the contact between volcanic and sedimentary
rocks. Alteration pipes in the stratigraphic
footwall of the orebodies are always present.
These alteration zones consist of quartz-sericite
rocks and chlorite schists. Based on the metal
content the ore deposits in the Skellefte district
may be classed as Zn-Cu deposits.
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TABLE 1. Average composition of volcanic rocks from the Skellefte district
Eastern area: Boliden-Långdal
Rhyolite
25 samples
I
SD

Si02 (wl%)
TiO2
A1203

FeO
Fe203
MnO
MgO
CaO
Na2O
K2 0
P205

CO2

H2 010,
Sc (ppm)
V

Cr
Co
Ni
Cu

Zn
Rb
Sr
Y

Zr
Ba
Pb
La

Ce
Nd
Sm
Eu
Gd
Dy
Er

Yb
Lu

75.21
0.26
11.81
2.29
0.50
0.06
1.47
1.65
1.98
2.73
Traces
0.17
1.26
13
<39
7
29
10
7
67
<55
114
24
138
429
16

2.37
0.06
1.17
0.63
0.22
0.03
0.71
0.98
1.24
1.00
0.10
0.47
2

7
15
8
6
22

66
6
20
206
6

12 samples
24.42
6.18
49.09
12.11
22.81
5.25
5.08
1.13
1.08
0.30
4.43
1.15
4.19
0.93
2.55
0.51
0.41
2.60
0.07
0.40

Andesite/Dacite
6 samples
I
SD

Basalt
13 samples
I
SD

High Mg-Cr basal
4 samples
X
SD

63.20
0.58
16.24
5.14
0.66
0.10
1.86
4.30
3.67
2.05
0.08
0.75
1.16

3.63
0.08
2.32
1.52
0.51
0.04
0.43
1.90
1.13
0.73
0.09
0.71
0.21

49.56
0.85
18.14
8.59
1.34
0.18
5.32
9.56
2.72
0.83
0.09
0.58
1.57

1.94
0.07
0.86
1.22
0.43
0.07
1.08
3.37
0.76
0.93
0.07
0.65
0.65

48.73
0.57
10.68
8.29
1.16
0.22
14.26
10.85
0.81
0.54
0.08
0.45
3.00

0.65
0.20
2.21
0.74
0.51
0.05
3.84
1.12
0.39
0.56
0.06
0.36
1.12

22
130
38
30
17
35
87
<63
292
17
100
349
20

5
34
17
12
12
20
24

47
293
94
53
26
43
103
<34
420
13
29
156
14

5
41
34
15
6
24
14

35
235
1590
100
499
7
118
<27
177
12
44
110
14

5
85
394
36
313
7
37

58
2
13
134
5

3 samples
14.70
3.74
31.84
7.01
17.08
3.55
3.29
0.85
0.99
0.19
2.81
0.56
2.69
0.53
1.67
0.36
1.69
0.37
0.25
0.06

119
2
8
194
2

11 samples
5.77
1.25
14.64
2.49
9.76
1.69
2.41
0.43
0.92
0.13
2.26
0.35
2.15
0.28
1.28
0.17
1.14
0.12
0.17
0.01

4 samples
6.98
1.80
3.51
18.61
9.52
2.29
0.52
2.59
0.14
0.67
0.60
2.55
1.97
0.51
1.13
0.30
1.03
0.23
0.04
0.17

SD standard deviation

In the central area (Fig. 5b) the volcanic rocks
include a subordinate mafic group and a large
population of felsic rocks clustering around
150 ppm Zr. This diagram suggests that the more
continuous trend observed in Fig. 4 is in part the
result of the alteration of the volcanic rocks.
The volcanic rocks from the eastern area of the
district consist of a large felsic population and a
subordinate mafic group. The high Mg-Cr basaltic rocks in this diagram display a completely
different trend (K in Fig. 5c) from the other
basalts, which suggests that they are not genetically related to the other volcanic rocks.

60
3
12
95
1

Rare earth elements (REE)

All the values were normalized against the
chondrite standard L-6 (Masuda et a/. 1973).
The chondrite-normalized REE patterns of all
the volcanic rocks display enrichment in light
REE (LREE = La to Sm) relative to the heavy
REE (HREE = Ga to Lu) and varying Eu
anomalies (Fig. 6). The mafic rocks have lower
total content of REE and La/Yb ratios than the
felsic rocks. Eu-enrichment is often minor or
absent; observed Eu-depletions could, in part,
reflect hydrothermal alteration. In contrast to the
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TABLE 1. (Cont.)
Central area: Malitnäs

Rhyolite
25 samples
X
SD

75.22 (6) 4.29 49.33 (6) 2.12
0.22
0.05 0.83
0.18
11.86
1.22 17.49
1.83
1.62
2.45
0.90 9.91
0.04
0.04
0.02 0.15
0.89
0.62 4.24
0.89
1.70
2.06
1.43 8.25
0.95
2.85
1.60 3.34
2.18
0.58
1.03 0.69
0.06
0.02 0.15
0.05
0.18 (6) 0.04 0.13 (3) 0.01
1.14 (6) 0.78 1.89 (3) 0.42
0.09 (6) 0.04 0.13 (3) 0.06

Sc (ppm)
V
Cr
Co
Ni

Y
Zr
Ba
Pb

9
14
3
3
2
13
56
50
79
23
154
451
19

La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

14 samples
16.79 3.60
40.53 5.76
19.45 2.59
5.07 0.78
1.01 0.24
4.98 0.84
5.70 1.10
3.47 0.66
3.97 0.88
0.61 0.15

Cu

Zn
Rb
Sr

Rhyolite
13 samples
SD
X

Basalt
8 samples
X
SD

Si02 (vit%)
TiO2
A1203
Fe203T
MnO
MgO
CaO
Na20
K20
,
P2 0
CO,
H2O
H 20

4
10
2
2
1
8
26
41
49
8
27
232
7

Western area: Kristineberg

44(4)
308
73
24(4)
22
70
85
17
240
17
58
160
12

2
96
53
5
19
37
18
7
92
6
24
90
4

6 samples
6.72 1.42
19.87 3.74
9.42 2.57
2.61 0.82
0.87 0.25
2.81 0.90
3.02 1.21
1.84 0.75
1.85 0.88
0.30 0.14

Si02 (wt%)
TiO2
A1203
FeO
Fe203T
MnO
MgO
CaO
Na20
K20
P205
CO,
H2O
H20

73.66
0.33
13.11
2.18
0.71
0.07
1.43
0.41
3.55
2.34
0.12
0.04
1.13
0.08

Sc (1313111)
V
Cr
Co
Ni

Y
Zr
Ba
Pb

9
<10
4
68
28
6
33
38
88
26
197
763
12

La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

39.26
80.45
33.83
6.45
1.24
4.49
3.55
2.09
2.45
0.39

Cu

Zn
Rb
Sr

Andesite
13 samples
X
SD

Basalt

Dykes

K-14 K-21

K-41 K-58

57.77
0.52
15.52
5.89
2.14
0.13
5.12
5.47
3.17
1.36
0.05
0.08
1.72
0.10

1.08
0.05
0.83
1.04
1.20
0.02
1.47
2.08
1.08
0.74
0.04
0.05
0.98
0.02

51.06 50.17
0.51 0.76
17.38 17.38
8.45 10.06
1.20 2.19
0.16 0.27
10.89 6.97
0.80 0.99
2.42 3.87
0.21 1.26
0.03 0.77
0.16 0.03
6.37 4.59
0.11 0.15

49.86
0.73
12.95
6.45
2.24
0.19
9.71
8.37
0.43
6.21
0.03
0.09
1.86
0.09

50.57
0.96
12.58
5.43
3.99
0.21
10.21
11.51
0.52
0.47
0.35
0.06
1.78
0.11

3
26
10
4
23
16
43
2
16
189
8

27
146
95
154
52
30
76
<27
265
18
64
338
14

3
28
51
106
13
24
35
178
2
7
260
4

22
155
87
85
65
42
94
<10
107
17
72
159
9

36
298
969
47
166
3
93
169
176
18
71
317
19

33
175
507
188
260
90
94
14
302
31
57
38
23

4.97
7.47
4.27
1.16
0.30
0.72
0.38
0.17
0.24
0.05

16.36
37.22
18.55
4,07
1.13
3.25
2.67
1.54
1.67
0.28

1.99
4.89
3.09
0.72
0.17
0.48
0.35
0.18
0.18
0.03

9.02 19.03
23.45 44.92
10.95 24.70
2.56 5.40
0.47 1.39
2.04 4.02
2.25 3.39
1.46 1.74
1.61 1.64
0.29 0.27

19.12
46.72
24.66
5.52
1.35
4.06
2.88
1.45
1.41
0.25

32.06
75.45
43.96
10.50
3.41
8.31
5.51
2.25
1.85
0.29

1.25
0.04
0.34
0.60
0.26
0.01
0.56
0.47
1.04
0.72
0.16
0.01
0.43
0.01
1

17
64
6
117
58
17
133
24
24
23
66
311
11

Number in brackets is the number of samples, Fe2031 is the total Fe.

eastern and central areas, the basalts of the
western area have a very large compositional
range and the most fractionated REE patterns.
Felsic rocks are characterized by high total
content of REE and varying Eu-depletion. Regionally the highest REE content is in the western
part of the district and lowest in the central.
Rocks of andesitic composition lack Euanomalies and display very similar REE distribution along the district. In the western area the
andesitic volcanic rocks have often lower total
content of REE than the basalts precluding a
common origin.

Regional hydrothermal alteration
Extensive regional alteration followed the deposition of the volcanic rocks in the district
(Claesson 1985). This is shown by the large spread
of data for the alkalis in the differentiation
diagrams (Fig. 4). During this early stage of
hydrothermal alteration the bulk composition
of the affected rocks was changed according
to the differential mobility of their
components.
The hydrothermal activity produced within the
felsic group a population of Na-enriched volcanic
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rocks and another characterized by Mg-K enrichment. Na-enriched rocks are commonly depleted
in Mg, K, Rb and Sr, whereas Mg-K -enrichment
is characterized by depletion of Na (Vivallo
1985a, 1985b; Claesson 1986). The behaviour of
Cu, Zn, Co, Ni in the volcanic rocks is in part
related to the stratigraphy; in general, the
volcanic rocks located stratigraphically below the
ores are more depleted in these elements, although
close to the ores they can be enriched. Pb is
normally enriched in the volcanic rocks of the
eastern area, whereas in the rest of the district it
may be enriched or depleted.
Si02 and A1203 show differing low degrees of
mobility, which hardly alter the smooth trends in
the differentiation diagrams (Fig. 4). Fe0u,
1.5 ja) Western area
1.0

(b)

Central area
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displays a similar behaviour but the Fe0/Fe203
ratio is more erratic.
REE, Sc and Ti always have low mobility and
may be considered as immobile elements. Zr and
Y show a more variable pattern. In the western
area during regional spilitization' they behaved
in an almost immobile way but were slightly
depleted in rocks affected by Mg-K metasomatism (Vivallo 1985a). In the eastern area they
were relatively immobile in Na-enriched rocks
and rather mobile in Mg-K-enriched volcanic
rocks; although their Ti/Zr ratios were not
changed. In the central area mafic rocks affected
by silicification display Zr and Ti enrichment
(Claesson 1986).
The alteration patterns observed in the region-
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sodes, on a regional scale, gave rise to the present
supracrustal mineralogy.
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FIG. 6. Chondrite-normalized REE pattern of the orebearing volcanic rocks from the Skellefte district.
Data from Vivallo (1985a, 1985b) and Claesson (1986).
ally altered volcanic pile are similar to those
observed in volcanic rocks affected by ocean floor
alteration, especially the spilitization of the mafic
and intermediate volcanic rocks (cf. Gelinas et
al. 1982).
The most intensely altered volcanic rocks are
found around the orebodies, especially in the
stratigraphic footwall. The original volcanic
rocks are altered to feldspar-free rocks (quartzsericite rocks and chlorite schists), chemically
depleted in Na and Ca and enriched in Mg
(Nilsson 1968; Svenson 1982; Trepka-Bloch
1985).
Subsequent isochemical metamorphic epi-

Chemical classification of the
volcanic rocks
Using the Winchester & Floyd (1977) classification system (Fig. 7) the felsic rocks display
compositional ranges from rhyodacite to rhyolite.
The spread observed among the rhyolitic-rhyodacitic rocks suggests that these were probably
affected by silicification; a similar conclusion is
suggested by the vertical spread of the andesitic
rocks from the western area of the district.
Basaltic rocks dominate the mafic volcanism in
the eastern and central areas, whereas andesitic
rocks are more common in the western area.
Furthermore, this diagram confirms the bimodal
nature of the volcanics and shows their subalkaline affinity.
Chemically the high Mg-Cr basaltic rocks from
the eastern area are similar to basaltic komatiitic
rocks found in the sedimentary rocks overlying
the ore-bearing volcanic rocks (Claesson 1985).
Ina Ti-Zr-Y diagram (Fig. 8) the basaltic rocks
spread from domains A (low K-tholeiites) to C
(calcalkaline). The basalts from the eastern area
show a tholeiitic affinity and those from the
western area have the most distinct calcalkaline
signature. The basalts from the central area
occupy an intermediate position but their affinity
is more uncertain. Based on major and trace
elements geochemistry Claesson (1985, 1986)
suggested a slightly tholeiitic affinity for these
basalts. Furthermore, the diagram precludes a
within-plate setting for all these basalts, and
stresses the longitudinal petrological variations
along the district, with tholeiitic rocks in the east
and calcalkaline in the west.
In the Ti-Cr plot (Fig. 9) most of the basalt are
concentrated in the volcanic arc field. The only
exceptions are two synvolcanic dykes from the
western area, which display an apparent oceanfloor affinity; such an affinity, however, is
precluded by their low Ti content and LREEenriched REE pattern.

Tectonic setting
Hietanen (1975) interpreted the Skellefte district
as an island arc environment; Rickard & Zweifel
(1975) agreed with this assumption and compared
the ore deposits of the Skellefte district with the
Kuroko deposits of Japan. More recently Rickard
(1978), Claesson (1982, 1985), Pharaoh & Pearce
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(1984) and Rickard & Svenson (1984) have
presented geochemical evidence supporting a
volcanic arc setting for this supracrustal sequence. The results of this work are also consistent
with this idea. The submarine nature of the
volcano-sedimentary sequence, the large abundance of pyroclastic material, the type of associated ore deposits, regional hydrothermal
alteration of the volcanic rocks, the east—west
variations in the petrology observed along the
district add weight to a submarine volcanic arc
setting related to a subduction zone.
The REE content of the andesitic rocks

(western area) and the Y, La/Yb ratio, Ti, Zr and
Sc contents (Table 1) are similar to orogenic
andesites of island arcs located on well-developed
continental crust or thin continental margins as
defined by Bailey (1981). This contrasts with the
isotopic evidence of Rickard & Svenson (1984)
which suggests that the volcanic rocks of the
Skellefte district were formed in a primitive
island arc environment, directly on oceanic crust.
Modern primitive island arcs (e.g. Mariana, Fiji,
Lesser Antilles), however, are dominated by
basaltic-andesitic volcanism, the rhyolitic component being subordinate.

Discussion
The ore-bearing volcanic sequence in the Skellefte district is characterized by bimodal volcanOcean-floor basalt

Volcanrc- arc basalt
111111

10
FIG. 8. Ti-Zr-Y plot (Pearce 8c. Cann 1973) for the
basaltic rocks from the Skellefte district. Ocean floor
basalts plot in field B, low-K tholeiites in field A and
B, calcalkali basalts in field B and C, withinplate
basalts in field D. Symbols as Fig. 6.
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FIG. 9. Ti-Cr diagram (Pearce 1975) for basaltic rocks
from the Skellefte district. Two synvolcanic dykes
display ocean floor basalt affinity. Symbols as Fig. 6.

Intra-arc rifting and sulphide mineralization
ism (Fig. 5). Rhyolite dominated bimodal
volcanism occurs in both continental margin arcs
and mature oceanic arcs, where it characterizes
the evolved stages (Thorpe et al. 1982; Dudas et
al. 1983). The geochemistry of the Skellefte
volcanic rocks has similarities to those found in
modern subduction related arcs, especially continental margin arcs or mature oceanic island
arcs.
Bimodal volcanism is normally associated with
crustal extension and normal faulting (Ewart
1979). In the Skellefte district intense acid
pyroclastic activity occurred during the initial
stages of arc evolution. It is well known that such
volcanism in the Phanerozoic is associated with
caldera structures, and is indicative of a tensional
stress regime (Ohmoto & Takahashi 1983). The
intercalation of genetically unrelated mafic volcanic rocks and dykes with predominantly felsic
volcanic rocks (Claesson 1985, 1986; Vivallo
1985a, 1985b) suggests that this tensional stress
probably derived in a period of rifting. The
presence of basaltic synvolcanic dykes with Cr!
Ti ratios similar to those of basalts extruded in
oceanfloor environments (Fig. 9) is consistent
with such a model and is indicative of a rifting
process, where deep-seated fractures allowed the
extrusion of a more primitive basaltic magma.
The presence of high Mg-Cr primitive basaltic
rocks suggests fractures propagated to great
depth, probably reaching to the upper mantle.
The contemporaneous extrusion of mafic lavas
implicated an increase of the thermal gradient in
this area and created favourable conditions for
the starting of convective hydrothermal systems
in the arc. This fact could explain the close
relationships between mineralization periods and
the compositional changes commonly observed
in the volcanic activity (cf. Fig. 2).

The model
The coincidence in space and time of (a) a
subduction related submarine volcanic arc, (b)
rifting processes as suggested by the bimodal
volcanism, (c) and related high level intrusions,
allows the following model to be proposed:

1

Initial extrusion of a large volume of felsic
pyroclastic material and normal faulting gave
rise to large tectono-volcanic depressions, probably of the caldera type. Further subsidence
allowed the accumulation of a thick volcanic pile.
2 At the waning stage of volcanism immediately
after the deposition of the volcanic pile, synvolcanic faults increased permeability of the volcanic
deposits allowing the development of convective
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hydrothermal systems driven by the emplacement
of subvolcanic intrusives and ascending mafic
magma. As a result, seawater circulated throughout the volcanic pile reacting with the rocks. This
activity regionally affected most of the volcanic
rocks and part of the high level intrusives. The
hydrothermal alteration produced a general redistribution of the rock components, specially of
the alkalis, Mg, Ca, Rb and Ba. Ore-bearing
hydrothermal solutions were formed at this time.
The geochemical data suggests that Cu and Zn
were leached from the volcanic rocks, but the
provenance of Pb is less certain, since this
element may be enriched in the volcanic rocks
and available isotopic evidence indicates a mantle
provenance (Rickard & Svenson 1984).
3 Ascending ore-bearing hydrothermal solutions, probably moving along synvolcanic faults,
altered the volcanic rocks under high water/rock
mass ratio conditions to feldspar-free rocks
commonly found in the footwall side of the
massive sulfide deposits. Chemically these
strongly altered volcanic rocks were depleted in
Ca and Na and enriched mainly in Mg, K, Fe,
Rb by the solutions. When the ore-bearing
solutions reached the seafloor they deposited
massive sulphide deposits.
4 Close to the ore-forming period and in part at
the same time, the volcanism changed in composition from felsic to mafic, which included
unrelated highly primitive basaltic rocks. These
compositional changes indicate the initiation of
the rifting stage and probable propagation of
fractures to a great depth. Moreover, the change
indicates an increase in the geothermal gradient
across the arc.
5 Volcanic activity was succeeded by sedimentation, but was occasionally interrupted by
extrusion of mafic and ultramafic volcanics
representing reactivation or continuation of the
rifting (cf. Claesson 1985).
6 Finally, both the volcanosedimentary sequence and ores were subject to deformation and
metamorphism, and intruded by granitoids.

Conclusions
The geochemistry of the ore-bearing volcanic
rocks from the Skellefte district is consistent with
a subduction related volcanic arc setting. The
bimodal nature of this sequence and the predominance of felsic pyroclastic rocks suggest that
tensional-stress dominated the evolution of the
arc. A probable rifting stage is indicated by the
extrusion of genetically unrelated mafic volcanic
rocks.
The ascending basaltic magma caused the
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geothermal gradient within the arc to rise, which,
combined with the presence of a thick sequence
of felsic volcanic rocks with high porosity and
the submarine character of the arc, initiated
regional hydrothermal activity and caused the
deposition of massive sulphide deposits on the
seafloor.
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Abstract
Wilson, MR., Claesson, L-Å., Sehlstedt, S., Smellie, J.A.T., Aftalion, M., Hamilton, P.J. and Fallick, A.E., 1987. Jörn:
an early Proterozoic intrusive complex in a volcanic-arc environment, north Sweden. Precambrian Res., 36: 201-225.
The Jörn complex is an early Svecokarelian granitoid suite intruded into a volcanic-arc environment on the southern margin of a major Proterozoic continental area. Both the complex and its country rocks have been affected by
hydrothermal alteration and low-grade regional metamorphism. Four phases can be distinguished on geological, chemical and geophysical criteria, in particular a heterogeneous, calcic, outer zone and a more evolved central diapir. The
rock types vary from granodiorite to granite and have major and trace element abundances similar to those Phanerozoic subduction-related granitoids from relatively immature volcanic arcs.
Zircon populations from the different phases are rather heterogeneous but do not show significant differences in U
distribution or U-Pb age between the phases. While pooled U-Pb data (13 points) give an upper intercept of
1890 ± 5 Ma, a two stage model assuming an age difference between cores and rims gives a more probable crystallisation
age of 1876 ± 2 Ma with significant lead loss at 1720 Ma and 410 Ma.
Epsilon-Nd values range from + 1.8 to +3.2 indicating that the source material for the Jörn complex was derived
from an LREE depleted mantle with a small contribution of older crustal material and had a relatively short crustal
residence period. Metaluminous compositions and oxygen isotope ratios suggest non-pelitic sources. The Jörn complex
probably originated as a series of subduction-related melts of basic to intermediate composition which underwent
varying degrees of subsequent differentiation and secondary alteration.

Introduction
The Jörn granitoid complex ( JGC ) is representative of subvolcanic intrusive activity
within the early Proterozoic Skellefte district
volcanic belt ( Claesson, 1985). It is situated at
the transition between two major crustal prov'Deceased.

0301-9268/87/$03.50

inces, one of continental affinity in the north
and one of marine affinity in the south ( Fig. 1 ) .
It has been suggested ( Hietanen, 1975; Adamek and Wilson, 1977, 1979; Rickard, 1979)
that these environments could relate to a
northward-directed subduction of oceanic crust
under an early Proterozoic continent. It is
therefore possible that the JGC is an early Proterozoic subduction-related volcanic-arc gran-
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Fig. 1. Precambrian bedrock of north Sweden showing main crustal provinces and location of granitoid suites discussed in
the text.

itoid, and could be compared to Phanerozoic
granitoids from analogous environments. This
account presents current views on the geological setting and petrology of the complex, based
on geological and geophysical surveys and on
mineralogical, geochemical and isotopic studies
and is part of a wider study of granitoid petrogenesis in Sweden, summaries of which are presented in Wilson et al. (1985 ) . The term
granitoid is used to cover a wide range of related

plutonic rock types, from granodiorite to granite (ss).

Regional geology
The JGC is situated 50 km WNW of the town
of Skellefte in northern Sweden, and is intruded
into the northern part of the Skellefte district,
an economically important sulphide mining
province.
The Skellefte district comprises acid pyro-
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clastic deposits and lavas intercalated with subordinate mafic volcanics, marine graphitic
schists, pelites and greywackes, ultramafic to
mafic volcanic and subvolcanic rocks, and stratiform pyrite deposits in a submarine environment ( Rickard and Zweifel, 1975; Lundberg,
1980; Rickard, 1986). The lower part of the volcanic suite includes calc-alkaline rhyolites and
tholeiitic basalts and andesites with volanic-arc
geochemistry ( Claesson, 1985 ) . These are
overlain by metasediments and mafic rocks
showing primitive basaltic and ultramafic compositions with transitional volcanic-arc to midocean-ridge affinities, possibly related to interor - back-arc rifting ( Claesson, 1985 ) . Welin
(1985) has dated a quartz porphyry of the Skellefte group as 1.88 Ga. We present a U-Pb zircon age of 1.88 Ga for the subvolcanic intrusion
JGC.
The metamorphic grade of the Skellefte district rocks is usually lower greenschist facies,
but amphibolite facies occurs locally. The timing of the metamorphism is not well-defined. It
is generally considered to predate late (1.75 Ga)
granites of the Bothnian basin. The rocks of the
Skellefte district are often intensely hydrothermally altered ( Vivallo, 1985a, b; Claesson,
1986 ) , with new growth of chlorite, carbonate,
albite and sericite. The majority of ore deposits
have also been remobilised. The degree of
deformation appears to be relatively low in the
north but increases southwards.
The Bothnian basin is a crustal province to
the south of the Skellefte district and comprises
medium grade metasedimentary gneisses, migmatites and late cross-cutting granites, such as
the Joran diapir (Fig. 1 ) . Some older granitoids and gneisses of unknown age also occur
( Öhlander et al., in prep. ) . The supracrustal
rocks in the Bothnian basin include greywackes, pelites, pillow-lavas and ultramafic
breccias. A zone of Ni-bearing ultramafic intrusions is intimately associated with the migmatites ( Nilsson, 1985 ) ; equivalent ultramafics in
Finland have been dated to 1.9 Ga.
The Bothnian basin may represent slices of

flysch and ocean floor in an outer-arc accretionary wedge south of the Skellefte volcanicarc or a back-arc situation between the Bergslagen continental margin in Central Sweden
( Vivallo and Rickard, 1984; Rickard, 1986) and
the Skellefte volcanic-arc. The higher metamorphic grade to the south may indicate a deep
crustal section through an outer arc, but it is
also possible that much of the deformation and
metamorphism relate to later orogenic events,
possibly caused by continental collision at
around 1.75 Ga.
The contrast in metamorphic grade and
degree of deformation between the Bothnian
basin, the Skellefte district and the province
north of the Skellefte district indicates that the
Bothnian basin has undergone considerable
relative uplift, and that much of the strain
accompanying this movement is seen to the
south of the Skellefte district.
The Karelian continent is a crustal province
to the north of the Skellefte district. It comprises gneisses, granitoid suites, minor sedimentary series of continental affinity and a
variety of volcanic rocks, dominantly, though
by no means exclusively, from continental
environments. The gneisses and some of the
granites occur in a number of large domains
surrounded by mobile zones comprising supracrustal rocks and diapiric granitoids.
The presence of 2.6-2.8 Ga-old Archaean
basement is well-established in the north of the
province through U-Pb zircon dating ( Welin et
al., 1971; Welin, 1979; Skiöld, 1979a; Öhlander
et al., in prep.) while the large Vettasjärvi granite (1.8 Ga ( Skiöld, 1981b ) ) (Fig. 1) has a major
Archaean crustal source component on Sm-Nd
isotope evidence ( Öhlander et al., 1987) . A belt
of subalkaline to alkali granitoids in the south
of the province ( e.g., the Avaviken suite, Fig.
1) show little or no trace of Archaean source
material although granitoids north of Arjeplog
may contain up to 30% Archaean ( Wilson et
al., 1985, 1986 ) .
The scarcity of reliable dates for the volcanic
suites of north Sweden is a serious ciisadvan-
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tage. Two recent dates by Skiöld and Cliff
(1984) gave 1932 ± 45 Ma (Sm-Nd) and
1909± lj Ma ( U-Pb ) , respectively, for mafic
and acid volcanics from the Kiruna area, while
Skiöld (1987) has determined a U-Pb zircon
age of 1876 ± 3 Ma for terrestrial acid volcanics
from the Arvidsjaur area ( Fig. 1 ) . The basic
volcanics from Kiruna have trace element signatures characteristic of magmas from zones of
crustal attenuation, while the acid volcanics
from both the Kiruna and Arvidsjaur areas
appear to be subduction-related ( Pharaoh and
Pearce, 1984 ) .
The majority of U-Pb zircon ages on intrusive suites fall into two groups, an early series
(1.89-1.85 Ga) of granitoids with wide compositional range ( dominantly mantle-derived
sources) and a younger series (1.80-1.75 Ga)
of granites with restricted composition ( crustal
sources ) , though plutonic activity continued to
at least 1.7 Ga ( Skiöld and Larsson, 1978;
Skiöld, 1979b, 1981a, b, personal communication, Wilson et al., 1985). The period 1.89-1.85
Ga was of great importance in the crustal evolution of this province, a view supported by
Sm-Nd isotopic data. It represents a significant stage of maturity in crustal evolution: the
stage when newly generated basic and intermediate crust had reached sufficient thickness
for the large scale development of plutonic
suites.
Plate tectonic models for north Sweden have
been presented by Hietanen (1975 ) , Adamek
and Wilson (1977, 1979 ) , Wilson (1982) and
Rickard (1979, 1986 ) . A recent geochemical
study on some of the early granitoids from the
mobile zones ( Öhlander, 1984) suggests that
they may have characteristics of subductionrelated volanic-arc intrusives and thereby raises
the possibility that the province represents a
mosaic of allochtonous crustal fragments with
some of the mobile belts representing sutures.
A trace element study of volanic rocks from the
region ( Pharaoh and Pearce, 1984) also supports such ideas.
An alternative model involving the entirely

ensialic evolution of northernmost Sweden has
been proposed by Witschard (1984). In this
model the mobile zones represent ensialic rifts
or transcurrent faults along which mantlederived magmas repeatedly intruded, providing
a heat source for regional reactivation of the
Archaean basement. However, the majority of
mantle-derived magmas appear to date from the
1.9-1.85 Ga period while the younger crustalderived granites give 1.8-1.75 Ga dates. The
authors prefer to envisage a separate crustal
reactivation event around 1.8-1.75 Ga possibly
related to continental collision. This probably
caused widespread metamorphism and deformation and the generation of crustal granites,
such as the Vettasjärvi ( Lina-type ) , Arvidsjaur
and Joran granites ( Fig. 1) and the formation
of the numerous uranium mineralisations in the
south of the Karelian continent at 1.75 Ga
( Adamek and Wilson, 1979 ) .

Field relationships and petrography
The JGC was first distinguished by Högbom
(1899). Older accounts of the region are
reviewed in Lundberg (1980 ) . The JGC is situated on the northern flank of the Skellefte district and intrudes the marine meta-sediments
and submarine volcanics of the Skellefte Group
( see stratigraphic table in Fig. 2 ) . On its south
side ( Fig. 3) the complex is directly overlain by
the Vargfors group, comprising locally-derived
arkoses and conglomerates with large rounded
boulders of granitoids from the outer parts of
the JGC. The Vargfors group, like the Skellefte
group and the JGC, is affected by regional
greenschist facies metamorphism, and this
indicates that the JGC was unroofed before this
regional metamorphism.
The JGC is a multiple intrusion comprising
at least four distinct phases ranging in composition from granodiorite to granite ( ss ) . It occupies an area of about 30 x 30 km around the
village of Jörn. The shape of the complex is
fairly irregular, but there is an elliptical central
diapir 17 x 25 km. These two divisions are
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Fig. 2. Stratigraphy of the country rocks to the Jörn granitoid complex, modified after Lundberg (1980) .

clearly defined on the aeromagnetic map ( surveyed by SGU in 1973) through the different
magnetic properties of the two units. It is quite
obvious from the aeromagnetic map that the
inner diapir ( GIII ) is younger than the outer
zone ( GI ) . The aeromagnetic map ( Fig. 4) also
indicates at least two areas of different magnetic character within the outer zone, one of
which ( GII ) could be sampled. It is also quite
clear that the central diapir cuts the Gil unit.
A further phase ( GIV ) can be distinguished
within the central diapir on geological and
petrographic grounds, while the GI zone can also
be subdivided into GIa and GIb on geochemical
grounds. The numbering of the phases GI—GIV
therefore indicates the authors' interpretation
of relative ages of the different units.
GI, the outer zone, is dominated by a heterogeneous coarse-grained grey granodiorite.
Quartz, oligoclase, biotite, hornblende and
microcline are the main minerals while epidote,

apatite, sphene, zircon and ore minerals occur
as accessories. There is evidence of secondary
alteration: the feldspars are sericitised and
hornblende is sometimes replaced by biotite and
chlorite.
Basic and felsic dykes are fairly common
within GI and there are numerous xenoliths of
both basic and acid supracrustals. At several
places disseminated copper and molybdenum
mineralisations occur in connection with quartz
brecciation to give extensive low-grade deposits
of porphyry copper affinity ( Walser and
Einarsson, 1982). Near to the contacts with the
surrounding volcanics, quartz appears as
rounded porphyroblastic aggregates which are
10-20 mm in size and exhibit an opalescent
bluish colour due to narrow crystals of rutile.
This was regarded as a characteristic feature of
the JGC in the older literature, and granitoids
with these quartz aggregates are easily recognized when present as boulders and pebbles in
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the overlying Vargfors conglomerate. Within a
zone a few hundred metres wide around the
granitoid, the volcanic host-rock sometimes
displays the same large quartz porphyroblasts.
Gil is located immediately around the village
of Jörn, and is a homogeneous grey granodiorite. It is petrographically similar to GI. Hornblende, biotite and ore minerals form mafic
aggregates.
GIII is an oval-shaped diapir some 17 by 25
km occupying the centre of the massif. It consists of homogeneous red to brown-grey granite. The major constituents are quartz, perthitic
microcline, oligoclase and biotite, while accessory minerals include epidote, sphene, zircon,

apatite and ore minerals. Quartz is subhedral
and exhibits undulatory extinction. Oligoclase
appears as euheciral—subhedral, weakly zoned
and sericitized crystals. Biotite is green to light
brown and occurs as euhedral crystals with ragged edges where hornblende has formed. Epidote normally occurs as small crystals
associated with biotite flakes. Narrow fissures
and small cavities are filled with hydrous iron
oxide.
GIV is a small, homogeneous diapir (5 x 10
km) in the centre of Gill. It is of granodioritic
composition and is grey to brownish grey with
a fine-grained, hypidiomorphic granular texture. The major minerals are quartz, microc-
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line, oligoclase and biotite. Accessory minerals
are epidote, sphene and ore minerals. The
quartz is anhedral and exhibits undulatory
extinction; inclusions of plagioclase are com
mon. The comparatively coarse microcline is
perthitic with anhedral crystals containing
inclusions of quartz and biotite. Oligoclase is
euhedral, weakly zoned and sericitized. A myr
mekitic texture of oligoclase and quartz can
sometimes be observed. Biotite is light brown,
subhedral and contains epidote crystals as
inclusions.

Geophysical characteristics
The JGC is verypoorly exposed and the land
scape has low relief. Geophysical methods were
therefore of considerable importance in defin
ing the nature of the different phases and their
distribution. As already mentioned, the air
borne magnetic survey allowed the subdivision
of the complex into several units. The petro
physical characteristics of the units were deter
mined through laboratory measurements of
density and magnetic susceptibility and in situ
susceptibility measurements. Density is closely
related to chemical composition and can be used
to distinguish between highly evolved granites
with high Si02 and granitoid suites with a wide

209
YJ':

.

Fig. 6. Bouger anomaly map of the Jöm granitoid complex covering the same area as Fig. 3. Simplified from a survey by
Boliden Mineral Company. Density values represent laboratory measurements on samples collected for this study.

(2) the Skellefte district has been affected by
greenschist, partly amphibolite, facies meta
morphism; (3) thin sections of the JGC sam
ples indicate a relatively high degree of
alteration with the formation of secondary ser
icite, chlorite, epidote and the replacement of
hornblende by biotite; (4) quartz porphyrob
lasts are commonly observed both in the outer
zone and in the surrounding country rocks.
The four units have distinctly different major
and trace element abundances, and further
more, GI can be subdivided into two parts, Gla
( samples 1, 2, 4, 7) and Glb ( 3, 5, 6, 8, 9, 10).
There are some similarities between Glb and
GII and between GIii and GIV although more

analyses would be required to understand the
relationships between these units.
The chemical data suggest that at least the
outer zone ( GI) has undergone alteration. The
main evidence is in the spread of major and
trace-element data and the existence of trends
which do not appear to be related to the pro
cesses of fractional crystallisation and assimi
lation. For example, in Fig. 7, Glb samples fall
along a horizontal trend highly oblique to the
usual differentiation trends ( Hughes, 1972, fig.
2). However, this diagram also illustrates that
all samples do lie within the general 'igneous
spectrum'. Some of the observed spread may
simply represent heterogeneities within this
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TABLE I
Chemical analyses from the Jörn granitoid complex
Sample

GI-1

GI-2

GI-3

GI-4

GI-5

GI-6

GI-7

GI-8

GI-9

GI-10

Coordinate

166340
722650

168606
722526

169285
722385

168368
723456

168827
724190

168866
722715

168356
722631

168866
722720

169262
722407

168813
722782

Si02
TiO2
A1203
Fe203
FeO
MnO
MgO
CaO
Na20
K20
H2O
P205
CO2
F

68.2
0.33
14.6
1.7
3.2
0.09
2.10
4.3
3.1
1.4

63.1
0.40
15.1
1.2
4.8
0.11
1.18
5.3
2.7
1.7
1.9
0.05
1.00
0.05

71.1
0.24
15.3
1.0
1.6
0.07
0.88
3.2
4.5
1.5
-

67.2
0.39
14.3
1.7
3.3
0.11
1.80
4.3
3.3
2.0
0.9
0.09
0.02
0.06

72.7
0.26
13.4
1.3
1.7
0.06
1.04
2.9
3.4
2.6
0.6
0.07

67.9
0.31
14.7
1.5
4.2
0.09
1.69
4.6
3.1
1.5

71.2
0.25
15.6
1.7
1.7
0.07
1.02
3.5
4.1
2.1
-

71.3
0.22
14.9
1.3
1.7
0.06
0.77
3.3
4.3
1.8
-

71.2
0.24
15.3
0.2
3.0
0.06
0.53
3.5
4.2
1.8
0.65
0.29
0

0.05

72.0
0.20
14.6
0.8
1.6
0.05
0.71
3.1
3.9
2.1
0.5
0.08
0.11
0.03

SUM

99.72

98.59

99.39

99.47

100.08

99.78

99.59

Ba
Rb
Sr

Pb
Th
U

0.7

46s
169s
5.9 r
2.7 r

Zr
Nb

-

Ta
Y
La

-

Ce
Nd
Sm
Eu
Gd
Dy
Er

Yb
Lu
Cu

Zn
Ga

-

315c
42o
188o
90
40
5.1 r
890
4.8o

-

5.9 r
1.1 r

6.3 r
4.3 n

-

23o
15.30 c
38.1 c
14.4s
3.1 s
0.69 c
3.46 c
3.61 c
2.2 c
2.52 c
0.41 c
290
57o
16o

584c
51s
197s

-

-

29c
17.98 c
46.2 c
20.2 s
4.2s
0.76 c
4.3 c
4.2 c
2.6 c
2.91 c
0.47 c

-

774c
51s
162s

22c
43.13 c
100.6 c
31.8 s
4.9s
0.73 c
3.8 c
3.18 c
2.0 c
2.28 c
0.39 c

101.24

99.65

39s
303s
16 o
150
2.3 n
94o
6o
1.2 i
11 o

23s
322s
16o
110
2.211
83o
5.50

-

39s
284s

-

10.7 r
3.5 n

-

10.9 r
3.2 n

-

31s
170s
13o
60
4.7 n
1410
5.90
0.87 i
27o

-

-

62o
13o

100.97
608c
32s
349s
13o
80
1.3 n
80o
6.2 o

7o

-

-

-

8o
52o
18o

8o
52o
17o

90
17.4 c
35.4 c
12.5 c
2.0 c
0.50 c
1.8 c
1.2 c
0.8 c
0.9 c
0.17 c

_

65o
18o

Major elements: XRF SGAB Lule, except GIII-18 (CRPG Nancy).
Trace elements: c: plasma CRPG Nancy; i: instrumental neutron activation ICI, UK; n: delayed neutron activation Studsvik,
Sweden; o: XRF Open University, UK; r: gamma spectrometry Risö, Denmark; s: isotope dilution SURRC, Scotland.

large complex. Element pairs, which strongly
suggest alteration, are Rb-Sr and U-Th. The
Sr isotope systematics are disturbed and both

0 and Nd isotope systematics may be disturbed. The range of ferrous-ferric ratios is
large.
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Sample

GII-11

GII-12

GIII-13

GIII-14

GIII- 15

GUI- 16

GIII-17

GIII-18

GIV-19

GIV-20

Coordinate

170053
722259

170040
722259

169194
723389

169435
722985

169237
724168

169076
722799

168723
723539

168733
722979

169347
724025

169700
724307

Si02
TiO2
A120,
Fe20,
FeO
MnO
MgO
CaO
Na20
K20
H20+
P20,
CO2
F

66.0
0.58
14.7
1.4
2.7
0.07
1.74
3.2
4.2
3.6
0.7
0.19
0.21
0.10

66.8
0.52
15.0
1.0
2.5
0.06
1.24
3.0
4.2
3.4
0.3
0.18
0.12
0.10

73.0
0.26
13.1
0.9
0.7
0.05
0.38
1.2
4.0
4.5
0.5
0.07
0.06
0.08

72.5
0.18
13.7
0.5
0.5
0.04
0.29
0.7
4.0
5.1

72.0
0.26
14.1
0.9
0.8
0.05
0.66
1.7
4.2
3.4
0.08
0.08
0.04
0.07

75.0
0.20
13.4
0.8
0.4
0.03
0.33
0.7
3.8
4.8
0.3
0.05
0
0.05

75.4
0.20
13.4
0.7
0.6
0.05
0.34
0.8
3.8
4.7
0.3
0.04
0.13
0.03

73.8
0.13
13.3
1.3
0.04
0.25
0.7
4.0
4.8
0.47
_

71.2
0.31
16.1
0.9
1.2
0.05
0.82
2.6
4.5
2.3
0.7
0.1
0.02
0.05

69.8
0.37
15.7
0.5
1.7
0.06
0.93
2.5
4.5
2.5
0.8
0.12
0.14
0.06

SUM

99.39

98.42

98.8

97.51

98.34

99.86

100.49

98.76

100.85

99.68

968c
95s
4448
10.1 r
3.3n
17c
27.8c
69.3c
27.4c
5.1 c
1.11 c
3.9c
2.6c
1.4c
1.49c
0.26c

108s
249s
14.8 r
2.1 n
-

662 c
88s
3848
14.9 r
6.7 n
_

389 c
1188
1508
14.1 r
6.7n
13 c
33.1 c
79.1 c
37.5s
5.5 s
0.62 c
2.9 c
1.97c
1.1 c
1.22 c
0.18c
-

114s
178 s
12.1 r
4.1 n
-

71s
616s
190
6o
5.1 r
135o
6.2o
6o

569c
75s
524s
22o
110
12.8r
162o
90
2.25i
6o
24.4 c
59.4c
29.7s
4.6s
0.82c
2.6c
1.25c
0.6c
0.49c
0.11 c
70
63o
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Ba
Rb

Sr
Pb
Th

U
Zr
Nb

Ta
Y
La
Ce
Nd
Sm
Eu
Gd

Dy
Er
Yb
Lu

Cu
Zn
Ga

28s
321s
18o
110
6.4o
217o
14.7o
190
22 o
700
22 o

_

24.2s
3.7s

_
_

_
_
_

_
14.2r
_
_
_
_

Differences between the major element
abundances of the groups are shown in Figs. 8
and 9. Figure 8 projects the compositions of
quartz, feldspar and biotite at the apices and is
an attempt to relate the chemistry of the JGC
to the most common minerals ( de la Roche,
1980 ) . Distinct differences can be seen between
GIa, GIb, Gil, and GIII and GIV. GIa shows a

9c
25.8 c
68.4 c
22.6 c
3.5 c
0.7c
2.4 c
1.5 c
0.8c
0.83 c
0.15 c

-

410 c
1118
187 s

12c
36.1 c
85.5c
27.8c
4.3c
0.62c
2.7c
1.74c
0.98c
1.13c
0.18c

--

-

-

90
52o
190

slight vertical trend which could indicate Si02
enrichment.
Figure 9 plots the CaO/ ( Na20 + K20) ratio
against Si02 to give the alkali-lime index of
Peacock (1931). Brown (1982) demonstrated
that this diagram discriminates between granitoid suites from volcanic arcs of differing
degrees of maturity. JGC data are plotted
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Fig. 7. Plot of K20 x 100/ ( K20 +MO) against
K20 + Na20. In igneous rocks the Na -K ratio commonly
changes systematically with increasing alkali content.
Although all Jörn granitoid complex samples do fall within
the igneous spectrum of Hughes (1972), defined by the
curved lines, there is a considerable scatter of data, suggesting heterogeneous sources or secondary alteration.

FELDSPARS

MICA

Fig. 8. On the Q3, B3, F3 diagram of de la Roche (1980) the
apices represent the most common minerals in granites:
quartz, feldspar and mica. The diagram is constructed using
all major elements according to the following formula:
Q3 =-Si+ 7 (A1/2)-9Ca--13 (Na+K)/2; B3 = — 7
(A1/2 )+7Ca+7 (Na+K)/2+8 (Mg+Fe+Ti)/3;
F3 =A1+3Ca+4 (Na+K) —5 (Mg+Fe+Ti)/3. The different phases of the Jörn granitoid complex occupy different areas and the discrimination between GIa and GIb is
shown.

together with data from the Avaviken suite,
some 50 km WNW of the JGC. The GI samples
are clearly `calcic', with a high alkali-lime index
of 68% Si02 and are comparable with granitoids from the most primitive Phanerozoic
magmatic arcs, e.g., Panama ( Kesler et al.,
1977) or New Britain ( Brown, 1982, fig. 10).
GIa and GIb differ in Si02 content, the latter
having relatively high Si02 content. Alteration
through increase of Si02 and/or CaO could be
partly responsible for this high alkali-lime
index. Because of the high CaO content all the
samples are classified as granodiorite, despite
Si02 contents up to 72%. The Gil, GIII and GIV
data are not as calcic as GI and fit more with
the Avaviken data which are comparable with
typical data from Phanerozoic magmatic arcs.
Trace element data reflect the heterogeneous
character of the JGC and indicate that alteration has affected the abundance of several elements, notably U and Rb or Sr. However, the
less mobile elements indicate similarities with
relatively primitive volcanic-arc granitoids.
Differences between the units are seen clearly
in Fig. 10, Rb vs. Sr. Gil, GIII and GIV fall on
a well-defined trend related to feldspar fractionation, while the GI data lie in a diffuse
unrelated field with distintly low Rb and Sr. The
spread of GI data strongly suggest secondary
alteration. Relative to many other granitoid
suites in northern Sweden ( Wilson et al., 1985) ,
all the JGC samples have high Sr and low Rb.
Y, Nb, Yb and Ta contents are low, a feature
often found in subduction-related magmas, and
which has been related to the trace element
composition of the mafic precursor magma. Low
contents of HFS elements may be caused by the
retention of these elements in minor phases
which are stable under hydrous melting conditions ( Tarney and Saunders, 1979 ) . These elements are used by Pearce et al. (1984) to
distinguish between 'volcanic-arc' and 'withinplate' granites. However, Brown et al. (1984)
point out that there is often a gradual transition across active continental margins from
subduction zone magmas with low HFS ele-
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ment contents to magmas with a 'within-plate'

chemical character: the choice of a cut-off may
be arbitrary. The discriminant diagrams of
Pearce et al. (1984) do not distinguish between
Cordilleran granites with a 'within-plate' com-

'

'
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Y+Nb ppm
Fig. 11. Plot of Rb vs. (Y + Nb), showing discriminant fields
for granites from different tectonic environments proposed
by Pearce et al. (1984) from studies of Phanerozoic granites. Alteration may have affected the Rb contents of the
Jörn granitoid complex samples.

ponent and the very different anorogenic granites formed during intracontinental rifting.
The JGC samples plot well within the field of
'volcanic arc' granites in the Rb vs. ( Y +Nb )
(Fig. 11) and Rb vs. ( Ta + Yb ) diagrams of
Pearce et al. (1984 ) , in contrast to the 'within-
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ilar REE fractionation but Gil is richer in REE.
GIV presents the highest La/Yb ratio. No simple evolution can be drawn between these different groups on Eu/Eu* vs. Gd/Yb or La/Yle
or Y diagrams or on sum REE vs. Si02 or CaO.
It therefore seems most probable that no direct
genetic relationships exist between the different facies established from the trace element
diagrams.

U-Pb zircon age determinations
Mineralogy and uranium contents of the
zircons

13

13

14

15

16

17

Fig. 12. Plot of A1203 against Ga for the Jörn granitoid complex and the Avaviken granite, in comparison to the I-type
Bega batholith and the A-type Gabo-Mumbulla suites of
Australia ( Collins et al., 1982).

plate' character of granitoids from the south
part of the Karelian continent, e.g., the Avaviken suite ( Fig. 1 ) . Although the Rb contents
may have been affected by alteration, it is
unlikely that this would seriously affect the use
of this diagram. Ga contents are low (13-18
ppm) comparable to the I-type Bega batholith,
Australia ( Collins et al., 1982 ) , again in contrast to the Avaviken suite ( Fig. 12 ) .
U and Th data suggest U-loss. U and Th contents in igneous suites usually show positive
correlation. In the JGC the Th increases with
evolution, but the U content is highly variable.
Rare earth element ( REE ) analyses indicate
two main groups of samples, corresponding to
GIa ( 2, 4 and 5) and GM (15, 16, 18 ) , with
clearly distinct REE patterns ( Fig. 13 ) . GIa
presents less fractionated REE patterns than
GIII and is much richer in HREE. Negative Eu
anomalies are, however, of the same order in
the two groups. The remaining samples have no
significant Eu anomaly. Gil and GIb show sim-

There can be severe difficulties in the interpretation of U-Pb zircon data in cases where it
can be demonstrated that the zircons, or the
cores of the zircons, have been inherited from
older material and have retained an isotopic
memory of their source ( e.g., Pidgeon and Aftalion, 1978 ) .
Zircons used for U-Pb age determinations
from GI, Gil and Gill have been examined
mineralogically, and the distribution of the
uranium in the crystals studied using the fission-track method ( Smellie, 1982 ) . There is no
significant difference in zircon morphology or
uranium distribution between the three granitoids. The larger zircons are mainly euhedral to
subhedral while the smaller zircons are anhedral to rounded. In plane polarised light the zircons are colourless to pale brown with some
degree of correlation between intensity of colouration and uranium enrichment. The majority of zircon crystals examined are optically
zoned but show no marked uranium variations.
Nevertheless variations in uranium content do
occur; occasionally the cores are enriched, occasionally the outer zones.
The larger zircon grains sometimes contain
cores which are unzoned, mottled in appearance and weakly metamict. These cores are
mostly rounded but are sometimes euhedral-subhedral in shape and can be uranium-rich
( up to 1000 ppm) compared to the margins
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Fig. 13. Plot of REE for the Jörn granitoid complex showing different groups with distinct patterns. Chondrite normalisation
after Herrman et al. (1974).

(100-500 ppm) ( Fig. 14 ) . In contrast with these
zircon types are zoned ( and some unzoned )
varieties devoid of an optically distinct core and
with uranium contents of up to 900 ppm U in
the margins, contrasted with 100-450 ppm U in
the central parts of the zircons. Detailed
descriptions of the individual samples are given
in Smellie (1982 ) .
The zircons in the JGC represent a rather
heterogeneous population indicating a complex
history of zircon crystallisation. Some crystals
may have inherited older lead, but the overall
effect of this on the U-Pb ages is probably small.
U-Pb results and discussion
The results from the U-Pb isotopic analyses
are presented in Table II and in the concordia
diagram Fig. 15. The data points are all discordant. The upper and the lower intecepts of the
chords defined by these points and the MSWD
values calculated by regression analysis ( York,
1969) are listed in Table III.
The data points for sample GI-7 are the least
discordant. Their uranium content increases
with the size fraction as does their discordance.
Sample GI-4 differs slightly from GI-7. The
uranium content decreases with increasing
grain size, there is also no correlation between
discordance and grain size. The alignment of

the data points of both samples is good ( MSWD
0.45). The upper intercept age is calculated to
be 1888 ±i!,), Ma.
In sample GII-12, the uranium content of the
zircons shows no trend with grain size. The discordance of the data points increases with
decreasing grain size. The alignment of the
points is reasonable ( MSWD 1.34 ) . The upper
intercept age is 1874 -± ‘g Ma.
The zircon fractions from sample GIII-13
show a decrease of U content with increasing
grain size but their discordance decreases with
increasing grain size. The upper intercept is
computed to be 1873 +12 Ma. The alignment of
points is good ( MSWD 0.49 ) . The lower intercepts of the chords with the concordia indicate
a disturbance at Caledonian times or later,
although these apparent ages show large uncertainties. The GIII zircons are slightly more discordant than most of the other zircons. This
may relate to the different character of GIII
without necessarily indicating any significant
time difference. The upper intercept ages for the
different phases of the complex are identical
within the error limits. If the 12 data points from
all three phases of JGC are used to calculate a
best fit chord, it shows a reasonable alignment
( MSWD 1.19 ) , and an upper intercept age of
1890 -± 5 Ma. The grouping of the data points,
in the upper 20% of their chord, suggests that
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Fig. 14. Zircon from-specimen GI-7. (a) Subhedral zircon consisting of an unzoned rounded core surrounded by a fractured,
zoned overgrowth area. The fractures, many of which are radiating from the core, have probably resulted from metamictization of the uranium-rich core. Plane-polarised light ( x 400). (b) Low fission-track density map of the same zircon showing the uranium-rich core (average 1025 ppm U) contrasting with the overgrowth margin (average 260 ppm U). Other
types of zircons from the Jörn granitoid complex show reverse zoning or no U zoning at all.

this date is close not only to the age of the zircon crystallisation but also to the intrusive age
of the JGC.
However, the large scatter of the Rb-Sr isotope data as outlined below could indicate a

multi-episodic Pb-U loss from the zircon population. The geological environment of the JGC
supports this assumption. There are two events
which affected this region after the crystallisation of the Jörn zircons. Firstly, regional Sve-
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TABLE II
U-Pb age data on zircons
Atom percent
radiogenic lead
Size Fraction
(M)

Pb
ppm

U
ppm

206 Pb
"'Pb

Sample GI-4
-106 NM
-84+61 NM
-53+42 NM

134.9
174.5
214.4

429
566
682

6224
6930
9303

Sample GI-7
-106+84 NM
-70+65 NM
-53+42 NM

226.6
220.2
217.3

735
699
683

32370
43000
67000

Sample GII-12
+ 106 NM
-84 + 70 NM
-53+42 NM

143.7
182.7
152.2

462
596
506

Sample GIII-13
+ 106 NM
-84 + 65 NM
-53+42 NM

177.6
205.6
231.7

206

Apparent ages ( Ma)

Atom ratios

Pb

207

Pb

207 ph

208 ph

2"

Pb

Pb
238 u

206

207 ph
2"

U

20,ph

sosph

207pb

2°6 Pb

238U

2"U

0.11435 0.31076
0.11414 0.30337
0.11424 0.30859

4.9001
4.7743
4.8609

1870
1866
1868

1744
1713
1734

1802
1780
1796

86.1047 9.8334 4.0619
86.1098 9.8496 4.0405
86.0524 9.8838 4.0638

0.11420
0.11439
0.11486

0.30879
0.31569
0.31860

4.8626
4.9791
5.0458

1867
1870
1878

1735
1769
1783

1796
1816
1827

8728
3971
6732

84.3174
84.3282
84.0412

9.6211 6.0615
9.5872 6.0846
9.5644 6.3944

0.11411 0.30505
0.11369 0.30034
0.11381 0.29376

4.7996
4.7082
4.6098

1865
1864
1861

1716
1698
1660

1785
1769
1751

614
12320
10685
671
732.8 8098

82.9432
82.7146
82.5682

9.3457 7.7111
9.3563 7.9291
9.3809 8.0510

0.11268 0.27910
0.11312 0.29466
0.11361 0.30343

4.3362
4.5959
4.7536

1843
1850
1858

1587
1665
1713

1700
1749
1777

0,35

206 Pb
238u

84.9510
84.6487
84.4298

9.7145 5.3345
9.6622 5.6891
9.6450 5.9253

JORN
UI 1891+ 7 Ma
-6
LI 400± 70Ma
GRAIN SIZE UNIT
a.106
• b1
b 106-84
GIL
c 84-70
c, 6111
d 70-65
e 84-65
f 53-62

b
0,30

207 pb / 235 u

0,25
40

2 6 ERROR
4,5

5,0

5,5

Fig. 15. U-Pb concordia plot for zircons from the Jörn granitoid complex.

cokarelian metamorphism has strongly affected
the Rb-Sr isotope systematics and has also
caused mobilisation and mineralisation of uranium in the south part of the Karelian continent ( Adamek and Wilson, 1979 ) . Secondly, at
a much later stage there may have been disturbances in connection with the Caledonian

orogeny: the Caledonian thrust front lies about
100 km west of the JGC.
The six data points of the oldest phase GI
were therefore used to compute a two event
model assuming an age difference between cores
and rims ( Allegre et al., 1974; Aftalion and van
Breemen, 1980). Several combinations of ages
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TABLE III

TABLE IV

U-Pb concordia intercepts

Rb-Sr and 0 isotopic data

Sample

GI-4
GI-7
GII-12
GIII-13
All phases

No.
Upper
Lower
points intercept intercept
(Ma)
(Ma)

MSWD

6

1888' r,

341 + 250

0.45

3
3
12

1874'23
187312
1890'5

184 + 456
275 + 158
387± 83

1.34
0.49
1.19

for the first and the second events were used.
The best calculation of the overall loss factor as
well as the primary age were achieved by taking
the first event at 1720 Ma and the second at 410
Ma. The resulting primary age is 1876 ± 2 Ma
and the overall loss factor - 0.91 -± 10% ( 2
sigma error ) . The calculated primary age is
somewhat lower than the age of the upper intercept of GI ( 1888 + i2 Ma) but still within the 2
sigma error of this age. The negative overall loss
factor results from uranium loss exceeding lead
loss during the first event ( Wetherill, 1956 ) . In
the second event lead loss exceeded uranium
loss. Both events had only a weak influence on
the isotopic system of the zircons. The effect of
the first event was slightly stronger than that
of the second event.

Rb-Sr isotope studies
The aim of Rb-Sr isotopic studies was partly
to gain an independent age estimate and partly
to determine the initial Sr isotope ratios of the
different phases with the object of discriminating possible different magma phases and their
sources.
Analytical data for whole-rock samples from
all four phases are given in Table IV, the regression data in Table V and the data plotted in Fig.
16.
The data do not define isochrons. There is a
considerable scatter of data for GI, as might be
expected from the non-linear Rb-Sr element

Sample Rb
Sr
"Rb/mSr
(ppm) (ppm) at ratio
±1%

o5'50

"Sr/Sr
at ratio
±2c

%o

GI-1
GI-2
GI-4
GI-5
GI-6
GI-7
GI-8
GI-9
GI-10

46
38
51
51
39
31
39
23
32

169
169
197
162
284
170
303
322
349

0.478
0.647
0.747
0.909
0.401
0.522
0.370
0.210
0.267

0.71544±4
0.71903 + 4
0.72093±5
0.72512 + 3
0.71264 ± 3
0.71589 + 5
0.71410±4
0.70958 + 3
0.70991 ± 7

GII-12

95

444

0.618

0.71873 + 3 +7.0

GIII-13
GIII-15
GIII-16
GIII-17
GIII-18

108
88
118
114
111

249
384
150
178
187

1.253
0.664
2.274
1.871
1.722

0.73523 + 5 +8.4
0.71970 + 5 +5.8
0.75937 ± 5 +8.5
0.74970 + 4
0.74732 + 6

GIV-19
GIV-20

71
75

616
524

0.333
0.416

0.71055 + 4
0.71332 ± 4 +8.0

+6.8
+7.6
+6.6
+5.8
+6.9

data ( Fig. 10) and the generally altered and
heterogeneous character of GI. The closest fit
( GIII ) is still far from a strict isochron, it has
an MSWD value of 16. There is no significant
difference between the two subgroups within GI,
but several of the GI samples plot above the GIII
regression line suggesting addition of crustal Sr
or alteration of Rb/Sr ratios. The apparent age
of Gil, 1-754 ±72 Ma, is significantly lower than
the U-Rb zircon date. This phenomenon has
been noted several times before in the Swedish
Precambrian ( Skiöld, 1979b, 1981a, 1981c;
TABLE V
York analyses of Rb-Sr data
Phase

n

Age in Ma
(±2a)

57Sr/55Sr
initial

MSWD

GI
GIII
GIII + GIV

9
5
7

1562 + 230
1754± 72
1798± 66

0.7046± 12
0.7031 ± 12
0.7022± 3

229
16
30
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metamorphosed Vargfors conglomerate indicates that the intrusion must have been exposed
prior to the Svecokarelian metamorphism.
The apparent initial Sr isotope ratio for GIII
at 1750 Ma is low ( 0.703 + 1) and is in accordance with Sm-Nd isotopic evidence (below) for
a short crustal residence time. However, the
system is so disturbed that no conclusions can
be drawn concerning differences in initial ratio
between the different phases, nor concerning
the relationship between initial ratio, oxygen
isotopes and major element chemistry.
Sm-Nd isotopic studies

Fig. 16. Rb-Sr isochron diagram for the Jörn granitoid
complex. The reference line marked 1754 Ma is the best fit
through the GIII data, but is not an isochron.

Skiöld and Larsson, 1978; Welin et al., 1980)
and can be interpreted in different ways. One
alternative is that the JGC was intruded at
about 1890 Ma and metamorphosed at about
1750 Ma, the metamorphism having a profound
effect on the Rb-Sr system but little effect on
the U-Pb system in the zircons. This view is
supported by the results of the two-event model
for the zircon data of GI, described above.
A second alternative is that the JGC represents part of a 1890 Ma basement which was
remobilised and intruded about 1750 Ma. A
third alternative that is geologically attractive
is that only GIII ( and GIV) were remobilised
at 1750 Ma. Although the GIII zircons are
slightly more discordant than most of the others, there is not a marked difference between
the phases. A fourth alternative is that suggested by Welin et al. (1980) for a similar situation in central Sweden: that the granitoid
complex did not cool below the minimum temperature for Sr isotopic homogenisation until
1750 Ma. However, the well-documented presence of boulders of Jörn -type granitoid in the

Sm-Nd isotopic data for six samples are given
in Table VI. A general discussion of the interpretation of Sm-Nd data is given in Wilson et
al. (1985). For an assumed crystallization age
of 1.89 Ga ( U-Pb zircon age) the JGC data yield
epsilon-Nd values between +1.8 and +3.2
( -± 0.5 ). They are slightly lower than most
recent estimates of the composition of the contemporary mantle such as the epsilon-Nd value
of + 4 determined by Patchett and Bridgwater
(1984) from the Ketilidian of Greenland, the
value of +3.6 determined by Skiöld and Cliff
(1984) from Kiruna, north Sweden and our
unreported data on penecontemporaneous volcanics from the Skellefte and Arvidsjaur districts ( + 3.7 ).
Assuming that the contemporary mantle had
epsilon-Nd values of around + 4, two possible
interpretations of the data are: (1) that the
source material for the JGC has had a crustal
residence period of around 100 Ma, during
which the epsilon value has decreased to the
calculated values, and (2) incorporation of
older crust, the contribution of which can be
modelled from between a few percent to about
25% depending on the nature of the components being mixed. These interpretations are
not mutually exclusive. Archaean granitic
gneiss of 2.6-2.8 Ga age occurs in northernmost
Sweden, Fig. 1 ( Skiöld, 1979a ) , and at 1.9 Ga
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TABLE VI
Sm-Nd isotopic data
Sample

Sm (ppm)

Nd (ppm)

1475m
144

GI-2
GI-4
GI-5
GIII-13
GIII-16
GIV-20

3.105
4.188
4.884
3.687
5.479
4.564

14.45
20.19
31.79
24.17
37.49
29.70

Nd

0.1299
0.1254
0.0929
0.0922
0.0883
0.0929

would have an epsilon -Nd value of about -11
( Wilson et al., 1986, fig. 3 ) .
A lack of evidence for significant old inherited components from the U-Pb zircon data is
in keeping with minimal contribution from preexisting crust. Source materials derived from
depleted mantle with little contribution from
Archaean crust and with a comparatively short
average crustal residence time are also indicated from Sm-Nd data for other granitoids in
Norrbotten ( Wilson et al., 1985) and from
Lu-Hf data on Finnish granitoids ( Patchett et
al., 1981 ) .
The range of epsilon-Nd values is slightly
greater than analytical uncertainty. There is no
significant difference in epsilon-Nd between the
phases and no correlation with SiO2 nor with
oxygen isotopes ( below ) . Differences in epsilon-Nd are not related to differences in Sm/Nd
ratio. The spread of data suggests heterogeneous sources with variable incorporation of
older material. The possibility of slight disturbance during alteration cannot be excluded.

Oxygen isotope studies
The oxygen isotopic composition of an
igneous rock is related to the provenance of the
rock but can also be strongly affected by
hydrothermal and meteoric alterations ( Taylor, 1977, 1980 ) . In view of the degree of alteration and the disturbances of the Sr isotope
systematics, it is unlikely that the measured 0
isotope ratios are primary. Ten whole-rock

'43 Nd
'44

Nci ( ± 2 sigma)

0.511960 + 18
0.511862 ± 18
0.511438 ± 25
0.511463 + 28
0.511428± 17
0.511510 ± 22

Epsilon)

+3.0
+2.1
+1.8
+2.4
+2.7
+3.2

2.0
2.0
2.0
2.0
2.0
1.9

samples ( Table IV) give values of delta 180
between +5.8 and +8.5 per mil. The GI and
Gil samples give relatively low values, while
GIV and two of the three GIII samples give the
higher values. In unaltered rocks such values
suggest precursors of dominantly igneous character or immature sediments of igneous provenance such as volcanogenic greywackes. The
range is only slightly wider than that caused by
fractional crystallisation. Although the two
samples with the highest oxygen isotope ratios
do have high Si02 contents, there is generally
little correlation with SiO2 content, the degree
of alumina saturation or with Nd isotopic composition. Other metaluminous granitoids from
the south part of the Karelian continent give
oxygen isotope ratios in the same general range
( Wilson et al., 1985 ) . Indeed, the observed oxygen isotope ratios may tell more about the
regional predominance of igneous rocks in the
crust than about the origin of specific intrusions.

Petrogenetic discussion
Despite uncertainties about the effects of
alteration, the chemical and isotopic data place
important constraints on the source material of
the JGC. The Nd isotopic composition rules out
the possibility of major involvement of sialic
Archaean crust. The age of the source material
is dependent on the degree of LREE depletion
in the mantle at that time and the amount of
contamination. An average crustal residence
period of up to about 100 Ma is feasible. Major
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element data suggest that contributions of pelitic sediments are minimal as the samples show
a normal igneous evolution from metaluminous
to weakly peraluminous compositions and this
is supported by the oxygen isotope data. However, the contribution of immature volcanogenic sediments cannot be assessed. The Nd
isotopic evidence for fairly rapid evolution from
mantle sources supports attempts to use trace
elements to characterise the tectonic environment. The low contents of Ta, Nb, Y and Yle
are compatible with a source material of the
JGC formed by melting of the mantle under
hydrous conditions above a subduction zone,
and this is supported by the highly calcic nature
of the major element chemistry. The major element and Rb-Sr abundance data show that the
GI phase consists of two unrelated magma
types, and GIV and GIII together form one consistent differentiation series from granociiorite
to granite ( ss )

of compositions from granodiorite to granite
( ss ) and were intruded at about 1.9 Ga. The
complex has suffered hydrothermal alteration
and low grade metamorphism with loss of U and
disturbance of the Rb-Sr isotopic systematics
at about 1.75 Ga. The Si02 and CaO contents
may have been increased and the alkali element
abundances and 0 isotope ratios disturbed. A
porphyry copper mineralisation occurs in conjunction with the hydrothermal alteration.
It is therefore concluded that the JGC represents a relatively primitive plutonic suite,
intruded into a subduction-related volcanic arc,
at around 1.9 Ga. The volcanic-arc geochemical
characteristics are in contrast to the withinplate characteristics of coeval suites from further north in the Karelian continent, such as
the Avaviken suite and it is suggested that the
latter may have formed in response to ensialic
spreading behind the Skellefte district volcanic
arc.

Conclusions

Appendix — analytical methods

The JGC was intruded into a volcanic belt at
the transition between provinces of marine and
continental affinity. Its country rocks show
geochemical affinities with volcanic-arc and
inter-arc or back-arc environments. The complex has evolved from rocks of basic to intermediate composition of dominantly igneous
origin with possible contributions of immature
sediments. These precursors had been derived
in turn from a mantle source with a depleted
LREE composition shortly before 1.9 Ga and
were probably contaminated by small but variable amounts of older sialic crust. The low contents of HFS elements ( particularly Nb, Y and
Ta) suggest partial melting of the mantle in a
hydrous environment resulting from the subduction of hydrated oceanic crust. The geophysical and geological data indicate that the
outer zone of the JGC is heterogeneous and
trace element geochemistry indicates that the
JGC is derived from at least three different initial magmas. These magmas evolved to a range

In this multidisciplinary study the division of
responsibility has been as follows: field-work
and petrography LAC, geophysics SS, geochemistry LAC and MRW, zircon mineralogy
JATS, U-Pb dating MA, Sr, 0 and Nd isotopes
AEF and PJH, integration and petrogenesis
MRW.
Major and trace elements
Major elements in most samples were analysed at SGAB using X-ray fluorescence on
lithium tetraborate fused samples complemented with conventional wet chemical methods. U was analysed by delayed neutron
activation at Studsvik, Sweden, or by gamma
spectrometry at Risö, Denmark. Rb, Sr, Nd and
Sm were analysed by isotope dilution at SURRC
and Ta by neutron activation at ICI, England.
REE were determined by plasma spectrograph
at CRPG, Nancy, France, and the other trace
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elements by XRF at the Open University, England ( Potts et al., 1985).
Isotopic determinations
All isotopic determinations were carried out
at SURRC, East Kilbride, Scotland. The decay
constants used follow the LUGS convention
( Steiger and Jäger, 1977), with lambda 147Sm
5.54 10 -12 year'.
U-Pb
Twenty to 40 kg rock samples ( depending on
the assumed zircon concentration) were
crushed, ground by a disc mill and sieved to a
particle size <500 1a. The heavy minerals were
separated from this rock powder using a Wilfley table. Heavy liquids and magnetic separation were used to recover the zircons from the
heavy mineral fraction. The zircons were split
into various size fractions by sieving and the
individual size fractions were further separated
by their magnetic susceptibility into non-magnetic and several magnetic fractions. The least
magnetic fractions were then used for analyses.
The analytical procedure follows closely the one
given by Krogh (1973 ) . After the separation of
Pb and U from the zircons, the Pb was analysed
on a single Re-filament with Si02-gel in a
MM30 ( Micromass ) semi-automatic solidsource mass spectrometer. The U was loaded on
a W-filament with Ta0. The NBS -radiogeniclead-standard SRM 983 gave the following
results:
207 pb/206
0.071208 ±- 4,
208 pb/2°6 Pb = 0.013666 -± 2 and
204 pb/206 Pb = 0.0003644 -± 4.
The errors ( 2-sigma ) assumed for the calculation of the concordia intercepts are
207 Pb/235U = 0.6%, 206Pb/238 U = 0.4%, with a
correlation coefficient of 0.8. For these calculations a modified York regression analysis was
used. The 2-sigma in the ratios were used to
construct the error box in the concordia
diagram.

0, Rb-Sr, Sm-Nd
Analytical methods for 0, Rb-Sr and Sm-Nd
isotopic analyses have recently been described
in detail by Halliday et al. (1983, 1984 ) . Whole
rock oxygen isotopic data were obtained by
fluorination after the technique of Clayton and
Mayeda (1963) but as modified by Borthwick
and Harmon (1982) for C1F3 usage. Oxygen
isotope ratios are reported in the usual delta per
mil notation relative to SMOW. Isotope compositions were determined on a V.G. Micromass 903 triple collecting mass spectrometer,
with a working standard CO2 calibrated against
water, silicate and carbonate oxygen standards.
Delta 180 values of + 16.2 + 0.2%o and
+ 9.56 + 0.2%o were obtained for the Snowbird
Quartz and African Glass Sand ( NBS 28)
standards, respectively.
Rb, Sr, Sm and Nd concentrations were
determined by isotope dilution. Sample powders were digested in HF + HNO3 and dissolved
in HC1 for aliquoting and spiking with 117Rb,
8'1Sr, 149Sm and 145Nd tracers. Rb, Sr and REE
were separated using 2.5 M HC1 elution through
columns of Biorad AG5OWX8 cation exchange
resin. Subsequent separation of Sm and Nd
from the REE fraction closely followed the
techniques of O'Nions et al. (1977) with REE
separation from Ba on anion exchange resin
eluting with an acetic acid/nitric acid mixture
and with 2 M HNO3. Sm and Nd were separated on anion exchange columns maintained
at 25 ° C for Sm elution and at 35 ° C for Nd elution using mixtures of acetic acid and nitric acid,
methanol and water. Procedural blanks ( e.g., 1
ng Nd, 5 ng Sr) were low enough not to merit
blank corrections to the isotopic data.
All isotopic measurements were made on a
fully automated V.G. Isomass 54E mass spectrometer. The Sr/88 Sr and 143Nd/144 Nd were
88 Sr/ Sr = 0.1194 and
normalised to
— respectively. During the
146 Nd/144 Nd= 0.72 iv,
course of this work the Sr/" Sr ratio obtained
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for NBS 987 SrCO3 was 0.710275 ±- 7 ( 2 sigma
m, N=79) and the 143 Nd/1" Nd ratio for Nd
separated from USGS standard rock BCR-1 was
0.512633± 12 ( 2 sigma m, N.-- 5 )
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