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ABSTRACT 

The  Jokkmokk  granitoid is exposed in a large plutonic massif northwest of  Jokkmokk  in 
northern  Norrbotten.  It is light grey to white, fine-grained, with megacrysts of feldspar and 
glomeroporphyritic hornblende and biotite. Small enclaves of mafic rocks and synplutonic mafic 
dykes are products of mingling with a coeval and possibly cogenetic mafic magma. A couple of 
smaller occurrences of  Jokkmokk-type granitoid are known south of  Jokkmokk.  All are spatially 
associated with metasedimentary rocks of the Norvijaur formation. The  Jokkmokk  granitoid was 
previously considered to belong to the c.1.8  Ga  Lina  S-type intrusive suite, but the  Jokkmokk  
granitoid has a unique calc-alkaline to alkali-calcic, metaluminous to weakly peraluminous 
character with a steep REE-profile, positive  Eu-anomaly, and a low Zr content. U-Pb  TIMS  zircon 
dating of the  Jokkmokk  granitoid gives an age of 1882 ± 19 Ma which is within limits the same 
age as that obtained for the  Haparanda  suite, but contrary to the  Haparanda  suite it has a positive 
eNd  value of 2.8, indicating a more juvenile Palaeoproterozoic character similar to the  Jörn  suite in 
the Skellefte district. Compared to other granitoids in the  Jokkmokk  area it is geochemically most 
similar to the older 1.93  Ga  Norvijaur granitoid. 

This type of magma seems to be restricted to the palaeoboundary between the Archaean craton 
in the north and Palaeoproterozoic juvenile crust in the south. Spatial correlation with low angle, 
south dipping, WNW-ESE trending shear zones and NNE trending subvertical shear zones, 
highlight the possibility that this unique magma type is related to transtension in the overriding 
plate and partial melting in a sub-arc mantle wedge during NE directed subduction processes related 
to the early stages of the Svecokarelian  orogen.  Possibly magma was ponded in shallow chambers 
below pull-apart basins in a transtensional regime. This type of setting has been advocated as th: 
potentially most favourable tectonic setting for porphyry copper formation. 

The Cu-Au-(Mo)  mineralization at Vaikijaur northwest of  Jokkmokk  covers an area of 2 by 3 
km within the western part of the  Jokkmokk  granitoid  pluton.  The mineralization is characterized 
by dissemination and veinlets of chalcopyrite, pyrite, molybdenite, magnetite, pyrrhotite, 
and sphalerite. Quartz stockwork with or without sulphides occur in the mineralization. Gold 
occurs as free grains in silicate matrix, in contact with chalcopyrite, pyrite, and sphalerite, or as 
inclusions within the chalcopyrite. Porphyritic mafic dykes, with phenocrysts of plagioclase and 
porphyroblasts of magnetite, follow fractures in an almost concentric pattern in the mineralized 
area. The fabric in the granitoid, dykes, and mineralization shows that the mineralization predates 
the main regional deformation. 

Geophysical ground measurements indicate a strong conductive central zone in the mineralized 
area bordered by both conductive and magnetic zones. Restricted drilling campaigns were carried 
out in these zones in 1981-83. Chemical and mineralogical analyses of drillcores and outcrops 
indicate several stages of alteration and a metal zoning at Vaikijaur. The entire mineralized area is 
affected by potassic alteration. Hornblende is partly or totally replaced by biotite, and plagioclase 
is partly replaced by microcline. Light-coloured, irregular phyllic alteration zones, with quartz and 
sericite replacing plagioclase, overprint the potassic alteration. In irregular propylitic alteration 
zones that also overprint the potassic alteration, epidote has replaced plagioclase and hornblende is 
replaced by epidote and biotite. Biotite is partly chloritized and calcite is common. A metal zoning 
can be seen with a pyrite-rich inner part of the mineralized area surrounded by a zone with pyrite, 
chalcopyrite and gold. Molybdenite occurs in an irregular pattern within the chalcopyrite zone, and 
magnetite is present in both the pyrite and the chalcopyrite zone. 
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PREFACE 

This thesis Vaikijaur, a Palaeoproterozoic Cu-Au porphyry style mineralization in the  Jokkmokk  
granitoid at the Archaean—Proterozoic boundary in northern Sweden consists of the following 
papers: 

I. 	C.  Lundmark,  K.  Billström and  P.  Weihed. 2003. The  Jokkmokk  granitoid, an 
example of 1.88  Ga  juvenile magmatism at the Archaean—Proterozoic border in 
northern Sweden. To be submitted.  

C.  Lundmark,  P.  Weihed and  K.  Billström, 2003. Vaikijaur, a Palaeoproterozoic 
Cu-Au porphyry style mineralization hosted in the  Jokkmokk  granitoid at the 
Archaean—Proterozoic boundary in northern Sweden. To be submitted. 

The following extended abstracts have been published, but are not included in the licentiate 
thesis: 

Lundmark,  C.  & Weihed,  P.  2003: Vaikijaur, an intrusion hosted, porphyry style, 
Palaeoproterozoic Cu-Au mineralization at the Archaean—Proterozoic boundary in 
northern Sweden. In: Eliopoulos et al.  (eds.),  Mineral Exploration and Sustainable 
Development. Millpress, Rotterdam, p.1079-1082. 

Weihed,  P.  & Lundmark,  C.  2001: Metallogeny associated with accretionary and 
subduction related processes at 1.9-1.8  Ga  in northern Sweden with special emphasis 
on intrusive hosted Cu-Au±Fe-oxide mineralizations. In Williams, J.P.  (ed):  2002: A  
hydrothermal  odyssey. Extended conference abstracts, Townsville 19-19 May 2001. 
EGRU Contribution 59, 219-220. 
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INTRODUCTION 

This licentiate thesis covers the first part of a Ph.D. project. The aim of the project is to develop 
an exploration model for Cu-Au deposits in intrusive rocks in northern Sweden. An important 
part of the work is to understand the petrogenesis of the intrusive rocks as well as the large zoned  
hydrothermal  alteration systems associated with the mineralizations hosted within them. The 
project concentrates on the  Jokkmokk  area in northern Sweden. 

The northernmost part of Sweden is currently an important mining province dominated by 
Fe- and Cu-deposits, e.g. Kiruna,  Malmberget,  and Aitik. The bedrock includes an Archaean 
basement, which is overlain by Palaeoproterozoic rocks. The Skellefte district 200 km to the south 
is one of the other important mining provinces in Sweden and includes VMS deposits hosted by 
Palaeoproterozoic rocks. In the Skellefte region also porphyry copper (-J..-Au) mineralizations have 
been found in calc-alkaline intrusions. 

The area in between these two mining provinces has been very poorly investigated and the 
geological setting is not thoroughly understood. Recently, the extent of theArchaean continental crust 
in northern Sweden has been traced on a regional scale using Sm-Nd analyses. The results indicate 
that the Archaean-Proterozoic palaeoboundary is a relatively distinct transition zone trending in a 
north-westerly direction from the coast near  Luleå  to the  Jokkmokk  area. The granitoids on both 
sides of this palaeoboundary in the  Jokkmokk  area are dominated by  c.  1.93-1.87  Ga  granitoids. 
In some of these granitoids, varying in composition from granite to quartzmonzodiorite, Cu-Au-
(Fe-oxide) mineralizations occur. Very little is known, so far, regarding the evolution and genesis 
of these granitoids and the mineralizations hosted within them. 

General exploration work including mapping was performed in  Jokkmokk  1968-1976 by the 
Geological Survey of Sweden  (SGU). SGU  and the State Mining Property Commission (NSG) 
continued 1979-1983 with regional mapping and exploration including diamond drilling. As the 
author was a member of those exploration teams a lot of first hand observations from that time are 
still available. 

Detailed mapping during the ongoing Ph.D. project has updated prior knowledge in certain 
parts of the region and makes it possible to suggest new models for the geological evolution of 
the  Jokkmokk  area. From the Vaikijaur Cu-Au mineralization some drillcores have been stored at  
SGU;  the cores and the outcrops at Vaikijaur have been carefully remapped. 

The Cu-Au-(Mo)-(Fe-oxide) mineralization at Vaikijaur near  Jokkmokk  is situated totally 
within the  Jokkmokk  granitoid. The mineralization mainly outcrops in the northeastern part 
of a concentric magnetic structure, and mineralized outcrops are also found in the southern 
part of this structure. The concentric pattern can be interpreted as the expression of a zoned 
magmatic  hydrothermal  system. The mineralization is associated with  hydrothermal  alteration 
and is dominated by veinlets of sulphides together with weak sulphide dissemination. Systematic 
investigation of the Vaikijaur mineralization and comparison with similar deposits in other parts of 
the world will make it possible to identify characteristic features useful in exploration. 

The licentiate thesis consists of two papers. In the first paper entitled "The  Jokkmokk  
granitoid, an example of 1.88  Ga  juvenile magmatism at the Archaean—Proterozoic border in 
northern Sweden" the geological setting of the, granitoid is described in a regional scale. The 
age, provenance, and the geochemical character of the  Jokkmokk  granitoid are compared to the  
Haparanda  granite,  Jörn  granite, and granitoids in the  Jokkmokk  area. Structural and geochemical 
characteristics, especially the REE-composition, are discussed and compared with characteristics 
of productive, ore bearing  plutons  in other parts of the world. 

The second paper entitled "Vaikijaur, a Palaeoproterozoic Cu-Au porphyry style mineralization 
hosted in the  Jokkmokk  granitoid at the Archaean—Proterozoic boundary in northern Sweden" 
concerns the petrology, geochemistry, mineralogy, and alteration types within the Vaikijaur 
mineralization. The porphyry style model is discussed as well as the potential of using REE-
patterns as indicators for magmatic  hydrothermal  alteration systems. 
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Fe-oxide-Cu-Au deposits and porphyry copper deposits 
Both Fe-oxide-Cu-Au deposits and porphyry sulphide deposits are supposed to be derived from 
magmatic  hydrothermal  fluids in connection with intrusions of granitoids (Williams and Pollard 
2000; Tosdal and Richards 2001). It is possible that the sulphide deposits hosted by intrusive 
rocks of granitic-monzonitic-dioritic composition could be just one of the end-members of the Fe-
oxide-Cu-Au family. The porphyry system seems to be more reduced and higher sulphur activity 
results in a predominance of Fe-sulphides over Fe-oxides. In both systems the  hydrothermal  fluids 
are highly saline and metals are precipitated at high temperatures. Both systems cause extensive 
alteration, but of slightly different character. Potassic alteration is common in both cases, but 
sodic alteration with scapolitization and albitization seems to be restricted to the Fe-oxide-Cu-
Au system, and silification is mostly found in porphyry systems. Structural control seems to be 
important in both systems in many parts of the world and faults or shear zones that allow efficient 
fluid mixing and fluid-rock reaction are common. 

Proterozoic Fe-oxide-Cu-Au deposits occur in a range of geotectonic settings and display an 
extraordinary variation in local structural controls and host rock (Williams and Pollard 2000). In all 
deposits the associated granitoids are geochemically differentiated and oxidized with evidence of 
both lower crustal and mantle source components. Within this diversity of settings, many different 
igneous and sedimentary rock types are found. They range from barely to strongly metamorphosed, 
and can be significantly older than, or broadly contemporaneous with, mineralization. The deposits 
display a variety of structural controls and occur in a range of environments. In several areas 
the deposits are associated with mainly sodic regional-scale alteration. Mineralization-related 
alteration ranges from high temperature potassic-iron alteration, mafic silicate alteration, massive 
silification, and  skarn,  to low temperature hematite-sericite-chlorite-carbonate alteration. Fluid 
inclusion studies have revealed enormous variations in the bulk compositions of the ore fluid 
and conditions of ore deposition. Several different fluid types seem to have been present during 
the evolution of individual ore systems. Ore deposition have occurred over a wide range of 
temperatures from 200-300°C to 400-500°C. Stable isotope data and the presence of complex 
high salinity/high homogenization temperature fluid inclusions suggest that the ore-forming  
hydrothermal  systems contain a large component of magmatic fluids though fluids from other 
sources may also have been present (Williams and Pollard 2002). Another model for igneous-
related Fe-oxide-Cu-Au deposits formed by  hydrothermal  processes involves evaporitic sources, 
either coeval  salars  or older evaporites. These deposits are abundant in extensional continental 
and continent-margin settings. They commonly form in arid zones, but they also occur where 
magmatism is superimposed upon older evaporites. Hot S-poor brines generated by interaction 
with evaporitic materials are consistent with geologic settings and  hydrothermal  alteration (sodic, 
locally alkaline) found in these systems (Barton and Johnson 1996). 

Porphyry type deposits are mostly confined to destructive plate margins, either continental 
margin or island arc settings, or accreted island arcs. The temporal distribution, although a vast 
majority especially of productive deposits are found in Mesozoic or younger areas, is from the 
Archaean to present. Many papers have been published on Phanerozoic porphyry type deposits (cf. 
Lowell and Guilbert 1970; Titley and Beane 1981; Sillitoe 1997; Tosdal and Richards 2001, and 
references herein). A growing number of papers also describe Proterozoic and Archaean porphyry 
systems. (cf. Sikka and Nehru 1997). Porphyry deposits are the products of large intrusions and 
related  hydrothermal  systems (cf. Titley and Beane 1981; Hedenquist et al. 1998). The intrusions 
are generally considered to have been emplaced at depths as shallow as 1-5 km. On regional 
scale a majority of Phanerozoic deposits are distributed along major faults or fault systems. The 
geochemical characteristics of host  plutons  have been described in several papers (cf.  Dilles  1987; 
Hedenquist and Richards 1998). The host rocks are generally calc-alkaline and have a composition 
commonly ranging from quartz diorite to quartz monzonite or granite. Some host rocks are dioritic 
to syenitic in alkalic or dioritic suites. Copper, gold, and iron are first concentrated in a sulphide 
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melt during the magmatic evolution and then released to an ore-forming  hydrothermal  fluid 
exsolved late in the history of a magma chamber (Halter et al. 2002). The metal content in porphyry 
systems is different in different tectonic settings. Island arc settings generally are more gold rich 
and molybdenum poor compared to continental types. A common feature of porphyry systems is 
the extensive alteration, both hypogene and  supergene.  The main hypogene alteration types are  
K-silicate or potassic, phyllic, argillic, advanced argillic, and propylitic alteration. This has been 
extensively studied since the alteration patterns in porphyry systems are important exploration 
targets (cf. Beane and Titley 1981; Watanebe and Hedenquist 2001, and references herein). 
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Errata 

Vaikijaur, a Palaeoproterozoic Cu-Au porphyry style mineralization in the Jokkmokk 
granitoid at the Archaean-Proterozoic boundary in northern Sweden 

Table 1., p. 13 (Paperl) and Table 1., p. 11 and 12 (Paper 2): 

Oxides are in weight percent and trace elements are in parts per million. Au is in parts per 
billion. LOI = loss of ignition. 

Fig. 6., p. 17 (Paperl): The last diagram in the middle column is Rb vs. Si02• 

Fig. 11., p. 22 (Paper 1): Cathodoluminiscence images of zircons from sample 0117. Crystal 
b55 is similar to the clear fractions zl and z5 and shows an undisturbed zonation. Crystal b47 
is similar to the turbid fractions z3 and z6 and here the zoned pattem is broken. Crystals b 11 
and b3 l comes from fractions not analyzed, several growth events are obvious in them. 

References, p. 28 (Paper 1): Gaål, G. and Gorbatschev, R., 1987: An outline ofthe 
Precambrian evolution ofthe Baltic Shield. Precambrian Research 35, 15-52. 

Fig 5., p. 13 (Paper 2): The title on the y-axis is Au (rum). 

Fig 7., p. 14 (Paper 2): The tick mark labels on the x-axis is Q, 0.004, 0,008, 0.012, 0.016. 
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Abstract 

The  Jokkmokk  granitoid is exposed in a large plutonic massif northwest of  Jokkmokk  in 
northern  Norrbotten.  It is light grey to white, fine-grained, with megacrysts of feldspar and 
glomeroporphyritic hornblende and biotite. Small enclaves of mafic rocks and synplutonic mafic 
dykes are products of mingling with a coeval and possibly cogenetic mafic magma. A couple of 
smaller occurrences of  Jokkmokk-type granitoid are known south of  Jokkmokk.  All are spatially 
associated with metasedimentary rocks of the Norvijaur formation. The  Jokkmokk  granitoid was 
previously considered to belong to the c.1.8  Ga  Lina  S-type intrusive suite, but the  Jokkmokk  
granitoid has a unique calc-alkaline to alkali-calcic, metaluminous to weakly peraluminous, 
character with a steep REE-profile, positive  Eu-anomaly, and a low Zr content. U-Pb  TIMS  zircon 
dating of the  Jokkmokk  granitoid gives an age of 1882 ± 19 Ma which is within limits the same age 
as that obtained for the  Haparanda  suite, but contrary to the  Haparanda  suite it displays a positive 
eNd  value of 2.8, indicating a more juvenile Palaeoproterozoic character similar to the  Jörn  suite in 
the Skellefte district. Compared to other granitoids in the  Jokkmokk  area it is geochemically most 
similar to the older 1.93  Ga  Norvijaur granitoid. 

This type of magma seems to be restricted to the palaeoboundary between the Archaean craton 
in the north and Palaeoproterozoic juvenile crust in the south. Spatial correlation with low angle, 
south dipping, WNW-trending shear zones and NNE-trending subvertical shear zones, highlight 
the possibility that this unique magma type is related to transtension in the overriding plate and 
partial melting in a sub-arc mantle wedge during NE-directed subduction processes related to 
the early stages of the Svecokarelian  orogen.  Possibly magma was ponded in shallow chambers 
below pull-apart basins in a transtensional regime. This type of setting has been advocated as the 
potentially most favourable tectonic setting for porphyry copper formation. 

Keywords:  Jokkmokk  granitoid, Proterozoic, U-Pb, zircon, titanite,  Eu-anomaly. 
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1 	Introduction 

A small copper mineralization was found near  Jokkmokk  in the late 1960s in a white fine-grained 
rock of uncertain origin during exploration by the Geological Survey of Sweden  (SGU).  The 
strong foliation and the fine-grained appearance led to the conclusion that the mineralized rock 
was of a supracrustal origin.  SGU  and the State Mining Property Commission (NSG) continued 
with regional mapping and exploration from 1979 to 1983, and the mineralization turned out to 
be situated totally within a granitoid, known as the  Jokkmokk  granite. It showed similarities with 
porphyry style mineralizations, characterized by veins and dissemination of chalcopyrite, pyrite, 
gold, molybdenite, magnetite, and pyrrhotite. The question regarding the genesis of the  Jokkmokk  
granite became of obvious interest, but unfortunately exploration ceased in the area and no 
thorough studies were performed at that time. 

Already during earlier studies the  Jokkmokk  granite had attracted special interest. In the 
description of the  Jokkmokk  area,  Högbom  (1931) divided the younger granites into two types. 
One was called  Lina  granite; a medium grained homogeneous rock without signs of deformation. 
According to  Högbom  (1931) the  Lina  granite has a characteristic red and white mottled 
appearance, and consists of quartz, microcline or microcline perthite, plagioclase, and biotite. The 
other type was a white, migmatitic, microcline perthitic, biotite granite with a diffuse foliation. This 
latter type Ödman (1957) named  Jokkmokk  granite in the description to the regional geological 
Nacrbottcn county map, where it was described as "a grey 	 luck which occurs iii 

some restricted massifs within areas of  Lina  granite to which it shows gradational transitions. It is 
generally inhomogeneous and often contains remnants of gneiss and migmatite". 

During the 1990s suggestions were presented that the boundary between the Archaean craton 
in the northeastern part of the Fennoscandian Shield and juvenile Proterozoic crust towards 
southwest is located along the Luleå—Jokkmokk zone in Sweden, where the  Jokkmokk  granitoid 
is situated, and along the Raahe—Ladoga (or Ladoga—Bothian Bay) zone in Finland (Vaasjoki and  
Sakko  1988; Öhlander et al. 1993; Nironen 1997; Mellqvist et al. 1999a,  b).  The boundary was, 
according to these authors, formed by accretion of arc complexes onto the Karelian craton margin 
during the 1.91-1.86  Ga  interval. This implies that the  Jokkmokk  granitoid is situated in an old 
convergent margin. 

Defining if and in what way the  Jokkmokk  granitoid differs from other coeval granites in  
Norrbotten  will give important clues to the geological evolution of the less well studied area 
between the northern  Norrbotten  ore province containing large iron and copper ores, and the 
Skellefte district hosting volcanogenic massive sulphide ores. This study aims at a characterization 
of the  Jokkmokk  granitoid with respect to age, geochemistry, and genesis. In this paper we also 
discuss the  Jokkmokk  granitoid in more regional context. 
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2 	Regional geology 

The northern part of the Fennoscandian Shield consists of the Archaean craton in the northeast 
with Palaeoproterozoic Svecofennian rocks to the southwest (cf. Nironen 1997). The Archaean is 
composed of 3.1-2.5  Ga  old greenstone belts and TTG (tonalite-trondhjemite-granodiorite) rocks 
exposed in the northernmost part of Sweden, north of Kiruna as intrusive rocks of tonalitic to 
granodioritic composition, and also as supracrustal rocks (Skiöld 1979; Witschard 1984; Öhlander 
et al. 1987b;  Martinsson  et al. 1999). 

The Archaean—Proterozoic boundary has been suggested by Öhlander et al. (1993) to be located 
along the Luleå—Jokkmokk zone in Sweden (Fig. 1) based on Sm—Nd studies. Subsequent Sm—Nd 
studies of  c.  1.9  Ga  calc-alkaline plutonic rocks in this zone (Mellqvist et al. 1999a,  b)  defined a 
boundary between intrusions with positive ENd  values in the southwest, interpreted as intrusions 
in a juvenile arc terrane, and intrusions with negative eNd  values in the northeast, interpreted as 
intrusions within the Archaean craton. Archaean protoliths are indicated for Palaeoproterozoic 
rocks between the exposed Archaean and the palaeoboundary in the  Jokkmokk  area. In the 
regional mapping performed by  SGU  remnants of Archaean rocks were noticed immediately north 
of  Jokkmokk  (SGU  1981). This was later confirmed by zircon dating of a porphyritic granitoid 
from that area, which was dated at  c.  2.6  Ga  (Mellqvist et al. 1999a). 

The Archaean craton was rifted in the earliest Proterozoic and the final break-up occurred, 
according to Nironen (1997), at  c.  1.95  Ga  when a pre-Svecofennian basin was formed. This is 
somewhat later than proposed by Gaål and Gorbatschev (1987) who suggested that a passive 
margin of the Archaean craton in the present southwest was formed by rifting at  c.  2.0  Ga,  which 
was followed by deposition of turbiditic sediments. According to Nironen (1997) arc complexes 
started to accrete to the craton margin at 1.91  Ga  in the eastern part (Finland) of the Fennoscandian 
shield. The basin between the first accreted arc complex and another arc complex closed in the east 
(Finland)  c.  1.87  Ga  ago, whereas sedimentation in the western part (Sweden) continued at least 
until 1.87  Ga.  Subduction beneath the Archaean continent led to the formation of rocks of a mantle 
origin, more or less contaminated by Archaean crustal components, during the Svecokarelian 
orogeny between  c.  1.90 and 1.80  Ga,  with a peak in igneous activity between 1.89 and 1.87  Ga  
(Patchett and Kouvu 1986; Skiöld 1987; Vaasjoki and  Sakko  1988; Skiöld et al. 1993). 

In  Norrbotten  several different Svecokarelian intrusive rock suites can be distinguished 
(Bergman et al. 2001). The alkali-calcic to calc-alkaline  Haparanda  suite,  c.  1.90-1.86  Ga  in 
age, consists of rocks of a wide spectrum from  gabbro  to granite, although rocks of intermediate 
composition dominate. The  Haparanda  suite is similar to modern volcanic arc granites. The Perthite 
monzonite suite is overlapping in age,  c.  1.88-1.86  Ga,  but has a more pronounced alkali-calcic, 
monzonitic, trend and is geochemically similar to volcanic arc and post-collision granites. At  c.  
1.81-1.78  Ga  large volumes of granitic melts of mainly two types were emplaced in the middle 
crust. The first type is the anatectic granite-pegmatite association, the so called  Lina  granite, 
which is usually massive, equigranular, light reddish grey or pink (Ödman 1957; Öhlander et al. 
1987a). The second type, the Edefors granite-syenitoid-gabbroid association is similar in field 
characteristics and chemical composition to the older Perthite monzonite suite, and sometimes it is 
difficult to distinguish these suites from each other. 

In the Skellefte district four important generations of intrusive rocks occur, of which three 
are related to the Svecokarelian orogeny (Weihed et al. 2002). The  c.  1.90-1.88  Ga  Jörn  type 
composed of calc-alkaline granodiorites to gabbros is similar to the  Haparanda  suite. The  Jörn  
type has been considered as comagmatic with the Skellefte Group volcanic rocks. Volcanogenic 
massive sulphide (VMS) ores occur in the upper part of this group. Age determinations of the  
Jörn  batholith and the frequent occurrence of subvolcanic quartz-phyric intrusions both within the 
volcanic rocks and the larger  Jörn  type  plutons  indicate a temporal relationship. The  c.  1.88-1.87  
Ga  Gallejaur-Arvidsjaur type intrusions are composed of alkaline granites-syenites-monzonites 
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similar to the Perthite monzonite suite. The c.1.82-1.80  Ga  Skellefte and Härnö type intrusions are 
late orogenic anatectic granites similar to the  Lina  type in  Norrbotten.  In the Skellefte district these 
granites are associated with gneisses and migrnatites formed during high grade metamorphism of 
turbidites and calc-alkaline intrusions. The  c.  1.80-1.78  Ga  Revsund  type intrusions considered 
to be postorogenic in relation to the Svecokarelian orogeny are typically composed of coarse-
grained, feldspar porphyritic, alkali-calcic granites-monzonites-diorites (Weihed et al. 2002), that 
are considered to be high temperature, lower crustal melts (cf.  Claesson  and  Lundqvist  1995). The  
Revsund  type intrusions have been included in the Transscandinavian Magmatic Belt (cf. Weihed 
et al. 2002) and in many respects the  Revsund  type resembles the Edefors suite to the north. 

2.1 	The  Jokkmokk area  

In the  Jokkmokk  area the oldest Palaeoproterozoic intrusive rock, the Norvijaur granitoid (Fig. 1), 
is dated at 1926 +13/-11 Ma (Skiöld et al. 1993). So far, the Norvijaur granitoid is the only dated 
Proterozoic rock older than 1.9  Ga  along the Archaean—Palaeoproterozoic boundary in Sweden, 
but in Finland several intrusions that are situated along this border are dated at 1.93-1.92  Ga  
(Vaasjoki and  Sakko  1988). Some more typical  Haparanda  suite intrusions situated near  Jokkmokk  
are probably somewhat younger than the Norvijaur granitoid. 

The eroded Norvijaur granitoid is overlain by the metasedimentary Norvijaur formation  
(Markkula  1977; Skiöld et al. 1993). The formation consists of arkose and interlayered 
polymict conglomerate with clasts from the granitoid, followed by fine-grained sediments with 
intercalations of mafic volcanic rocks, sulphide bearing graphitic horizons, large limestone units, 
and greywackes. Metamorphism in amphibolite facies has transformed the sedimentary rocks into 
marble and biotite schists/gneisses with garnet, cordierite, and sillimanite. Polyphase deformation 
has folded and boudinaged the rocks. The younger Jouksjokko granite has intruded the Norvijaur 
formation and is dated at 1876±6 Ma (Skiöld and  Larsson  1978; Skiöld et al. 1993). This granite 
shows similarities with the Perthite monzonite suite. 

The  Jokkmokk  granitoid was previously considered to belong to the  Lina  type intrusive suite, 
but in this paper we show that it is similar to older granite types, which are discussed below. 
Typical  Lina  granite is common south of  Jokkmokk.  One granite sample (88016) from this  Lina  
granite area was referred to as  Jokkmokk  granite by Öhlander et al. (1993) and Öhlander and 
Skiöld (1994). However, that sample is neither chemically nor petrographically of  Jokkmokk  type, 
why it is referred to as  Stenträsk  granite below. 

The alkali-rich undeformed Edefors granite is situated east of  Jokkmokk,  mainly south of the 
Archaean—Proterozoic palaeoboundary. Immediately east of  Jokkmokk  the  Larve  (Edefors type) 
quartzmonzonite has been dated at 1793±3 Ma (Öhlander and Skiöld 1994). This quartzmonzonite 
is a highly magnetic, coarse grained, microcline porphyritic rock with up to 7 cm long megacrysts, 
and is here interpreted as belonging to the Transscandinavian Magmatic Belt. 

2.2 	Tectonic and structural setting of the  Jokkmokk  area 

The oldest rock in the  Jokkmokk  area, the Norvijaur granitoid,  c.  1.93  Ga,  and the Norvijaur 
metasedimentary formation contains a north-south striking grain shape foliation and is folded 
around flat to moderately dipping fold axes plunging to the north-northeast or south-southwest. 
The  Haparanda  suite is penetratively foliated and often contains a pronounced lineation plunging 
to south-southwest, which is the same lineation that can be seen in the  Jokkmokk  granitoid (see 
below). The Jouksjokko granite, possibly belonging to the Perthite monzonite suite, is weakly 
foliated (Skiöld et al. 1993). 

In the area, east-west trending shallow south dipping deformation zones occur. Mineral 
stretching lineation of biotite plunges to the south-southwest in these deformation zones (Mellquist 
et al. 1999a). The north-northeast trending Karesuando—Arjeplog deformation zone is one of the 
most prominent deformation zones in Sweden (Bergman et al. 2001). In the northern part, from 
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Gällivare  to  Karesuando,  it is composed of an 8 kilometers wide array of anastomosing ductile or 
brittle-ductile shear zones. The main part of the  Jokkmokk  area is situated immediately east of the 
southern part of this deformation zone and it is possible that some of the NNE-trending shear zones 
in the area constitute splays from this zone. The c.1.79  Ga  Larve  quartzmonzonite is not visibly 
affected by deformation, but the intrusion is elongated in north-northeast. 

3 Methods 

New mapping of outcrops in the  Jokkmokk  area were combined with results from mapping 
carried out in the  Jokkmokk  area by  SGU  and  Sveriges  Geologiska  AB (SGAB) from 1968 to 
1983. Samples of intrusive rocks were collected to cover the  Jokkmokk  granitoid and some of the 
surrounding rocks (Fig. 2). Both polished and ordinary thin sections were prepared from these 
samples and have been investigated by optical microscopy. 

3.1 Geochemistry 

Samples for chemical analyses were taken along a 10 km long E—W profile in the  Jokkmokk  
granitoid intrusion immediately northwest of  Jokkmokk.  Outcrops of quartzmonzodiorite and  
gabbro  south of the  Jokkmokk  intrusion were also sampled. Sample points are shown in Figure 
2. Additional samples were taken from another probable  Jokkmokk  granitoid intrusion east of the 
area shown in Figure 2. In this paper it is referred to as the  Tilak  granitoid (cf. Fig. 1). 

Major and trace element analyses of eleven whole rock samples were performed at Activation 
Laboratories Ltd, Canada. The major elements were analysed by lithium metaborate/tetraborate 
fusion ICP-OES (inductively coupled plasma emission spectroscopy). For trace elements ICP-MS 
(inductively coupled plasma emission mass spectroscopy) was used, and in order to detect low 
gold content the samples were analysed by INAA (instrumental neutron activation analysis). 

3.2 Geochronology 

Zircons were separated from a 15 kg sample of  Jokkmokk  granitoid (sample 0117, see Fig. 2) with 
conventional heavy-liquid and magnetic techniques and sieved into fractions of different size. 
Zircons were handpicked from two size fractions and some selected grains were air-abraded in 
order to improve the concordancy of the data when plotted in a concordia diagram. The zircons 
were then washed in acetone, weak 1-IC1 and HNO3, and finally rinsed in double distilled water. 
One titanite sample was also separated from a 2 kg sample of the  Jokkmokk  granitoid, from the 
same locality, and the subsequent treatment basically followed that used for zircons although the 
HC1 cleaning step was not applied. Isotope dilution analysis was performed on four non-abraded 
samples and two abraded zircon samples and the single titanite sample. The zircon samples, 
weighing between 4 and 49 microgram, and the titanite were spiked with a 233-236U/205Pb solution 
and a mixture of  HF  and HNO3  was added. 

The samples were subsequently dissolved in Teflon bombs at  c.  200°C for 5 days. After 
evaporation and dissolution in HBr an initial ion exchange step was carried out from which purified 
Pb aliquots resulted. The uranium fractions went through a second ion exchange procedure in HCI 
where eventually remaining Fe was removed. Finally, Pb samples were loaded on single filaments, 
while the uranium samples were loaded using a double-filament arrangement, and the appropriate 
isotopic ratios were measured on a Finnigan MAT 261 spectrometer. The chemical procedures and 
mass spectrometry was carried out at the Laboratory for isotope geology at the Swedish Museum 
of Natural History (NRM) in Stockholm. A software package from Ludwig (1991) was used to 
calculate and plot relevant ages and associated errors. 
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3.3 Sm—Nd analysis 

The chemical procedures and mass spectrometry for a Sm-Nd provenance study was carried out 
at the Laboratory for isotope geology at NRM. About 150 mg of whole-rock powder from the  
Jokkmokk  granitoid, using crushed material from the geochronological sample, was dissolved in 
Teflon bombs and rare earth elements (REE) were separated as a group during a cation exchange 
process using Hd/HNO3, while  Sm  and Nd were separated from each other in a second step using 
a dedicated  Eichrom  ion exchange resin, following the principles outlined by Pin and Zalduegui 
(1997). The relevant isotopic ratios were measured on a Finnigan MAT 261 masspectrometer 
equipped with an array of Faraday cups. The  Sm  runs were normalised to a 149S  111/  ,152 

 
Sm  value 

of 0.51686 and Nd interference was monitored at mass 146. The Nd runs were normalised to a 
146Ndl144Nd value of 0.7219 and the  Sm  interference was checked by measurements on mass 149. 
Repeated runs of the La Jolla standard and the BCR-1 whole rock standard were carried out in the 
time period during which the  Jokkmokk  sample was analysed to ensure that reproducible results 
could be obtained. 

4 	Results 

4.1 	The  Jokkmokk  granitoid 

The  Jokkmokk  granitoid is exposed in a 12 by 10 km large plutonic massif immediately 
northwest of the  Jokkmokk  municipality (Fig. 2). A couple of smaller occurrences of  Jokkmokk  
type granitoids are known south and southeast of  Jokkmokk.  All are spatially associated with 
metasedimentary rocks of the Norvijaur formation. A previously supposed  Jokkmokk  type 
granitoid east of  Jokkmokk,  the  Tilak  granitoid, is in this paper separated from the  Jokkmokk  type 
intrusions due to a different geochemical and mineralogical composition. 

On airborne magnetic maps the main  Jokkmokk  granitoid is a homogeneous magnetic structure 
with pronounced high magnetic contacts towards north and west, while the southern contact is 
more diffuse. The  Jokkmokk  granitoid is also situated within a pronounced 20 by 45 km large 
positive gravimetric anomaly. As the average density of samples from the granitoid is 2650 kg/m' 
and not denser than the surrounding rocks, this implies that more mafic rocks exist at depth. 

The main massif occupies a slight topographic depression and is partly hidden under a lake  
systern.  From contact relationships it is clear that the  Jokkmokk  granitoid intruded the Norvijaur 
formation and that both are affected by deformation. The grain shape foliation is steep and strikes 
in north-northeast, and a mineral lineation plunges moderately towards south-southwest. The 
eastern and western contacts of the granitoid are bounded by NNE trending deformation zones and 
especially the western contact is partly strongly deformed. At the southern contact the granitoid 
is cut by several east-west trending, shallowly south-dipping, deformation zones, interpreted as 
thrusts. 

The granitoid weathers white, and on fresh surfaces it is light grey to white, fine-grained with 
a 1-2 mm grain size, in some places porphyritic with megacrysts of feldspar, and dark patches 
of hornblende and biotite (Fig. 3a). Although magnetite is present the rock has a low magnetic 
susceptibility. The average susceptibility of 46 samples is 5.0  x  10-3  SIu measured by the  SGU  
petrophysical laboratory in the 1970s, and the average from 46 measured outcrops in 2001 is 
4.1  x  10-3  Sju.  Small enclaves of mafic rocks, interpreted as products of mingling with a more 
mafic magma, are frequent. Synplutonic mafic dykes have intruded the granitoid (Fig. 3b). In the 
south-eastern part of the  pluton  some of the mafic dykes intruded before the final crystallization 
of the granitoid, while other intruded later into crystallized granitoid. All dykes intruded before 
deformation and some are strongly boudinaged. 
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An up to 1 km wide zone of gabbroic, dioritic, quartzmonzodioritic, granodioritic, and granitic 

rocks surrounds the granitoid to the west, east, and partJy to the south. At the northem contact no 

outcrops are known. Outcrops of biotite-rich paragneisses of unknown origin occur within this 

heterogeneous zone. Dykes and small massifs of red-white pegmatite are very common in the zone 

as well as in the metasedimentary formation. Pegmatitic dykes are also found in the Jokkmokk 

granitoid, especially in the western part of the pluton. 

Fig. 3. a. Photo of foliated Jokkmokk granitoid with white phenocrysts of feldspar and black elongated patches of 
glomeroporphyritic homblende and biotite. b. Photo ofwhite Jokkmokk granitoid and dark mafic synplutonic dykes. 
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4.2 Petrology 

Most samples of the  Jokkmokk  granitoid are fine grained, 1-2 mm in grain-size, and often 
exhibit a porphyritic texture with feldspar phenocrysts that are up to 10  x  10 mm in size and 
glomeroporphyritic hornblende and biotite in 5 mm patches (Fig. 4a). The granitoid is foliated, 
and the foliation is defined by a grain shape fabric of the dark minerals, and strained quartz grains 
(Fig. 4b,  c).  

The  Jokkmokk  granitoid is a granodiorite according to the modal classification for plutonic 
rocks recommended by TUGS (Le Maitre 2002). Plagioclase, microcline, quartz, homblende, 
and biotite are the main minerals. Accessories are apatite, titanite, zircon, and in places allanite. 
Sericite, epidote, and chlorite sporadically occur as products of weak  hydrothermal  alteration and 
regional metamorphic alteration. Magnetite, ilmenite, and pyrite are the main opaque minerals, 
and occasionally also chalcopyrite occurs. 

The plagioclase is subhedral and often twinned. The composition of the plagioclase varies 
from An24  in the eastern part of the intrusion, to Ani4  in the western part, determined by optical 
measurements. In some samples the more sodic plagioclase is partly altered to sericite, and a 
zonation in the plagioclase is in places evident. Inclusions of hornblende and biotite occur in the 
plagioclase. Myrmekite is found at the edges of plagioclase grains next to grains of microcline 
(Fig. 4d). Most of the microcline occurs as anhedral grains in the matrix, but can also occur as 
10 mm large irregular poikilitic grains that enclose altered plagioclase, quartz, hornblende, and 
biotite. The large microcline grains are sometimes perthitic. The quartz grains are anhedral and 
exhibit undulose extinction in bands or in irregular zones (cf. Fig. 4c). Inclusions of plagioclase, 
hornblende, and biotite can be seen in some quartz grains. In places hornblende occurs as euhedral 
grains, but it is often altered and partly replaced by biotite (cf. Fig. 4a) or in some cases by epidote. 
The biotite has a yellow-green to brown-green or yellow-brown to green-brown pleochroism and 
is partly altered and replaced by chlorite. The apatite occurs as 50-200 gm hexagonal prismatic 
crystals, often with a sub-rounded appearance. Titanite occurs both as 250 gm euhedral grains 
and as 50-100 gm subhedral somewhat rounded grains, commonly in clusters. An opaque core of 
irregularly rounded ilmenite can be seen in some of the titanite grains (Fig. 4e). Zircons, usually 
smaller than 75 gm, surrounded by dark pleochroic haloes are common in biotite and hornblende. 
Allanite occurs as yellow to brown cores in epidote grains. Euhedral to subhedral 300 gm 
magnetite grains commonly have a rim of small titanite grains. Pyrite is found in some samples 
as 50-200 gm subhedral grains, and chalcopyrite has been observed in contact with pyrite and as 
inclusions in pyrite. 

The synplutonic mafic dykes in the  Jokkmokk  granitoid are dark and fine grained and mostly 
recrystallized. They consist of a lepidoblastic matrix of hornblende, plagioclase, and 1-2 mm 
long laths of biotite (Fig. 40, in some cases with remnants of clinopyroxene phenocrysts. The 
plagioclase is andesine (An32, optically determined), with albite twins and is partly sericitized. 
Titanite, zircon, apatite, and in places quartz (200 gm) occur as accessories. The titanite is euhedral 
and occurs together with hornblende and biotite. The zircons are found in biotite and in hornblende 
surrounded by dark pleochroic haloes. The apatite occurs as 50 gm long thin prisms. Chalcopyrite 
and pyrite, <100 gm, occur as opaque minerals. 
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Fig 4. Photomicrographs in transmitted light of  Jokkmokk  granitoid and one mafic dyke. a. Glomeroporphyritic 
hornblende and biotite. In the middle, hornblende is replaced by biotite, plane-polarized light.  b.  Foliation defined 
by grain shape deformation of biotite and hornblende, plane-polarized light.  c.  Strained quartz grain with undulose 
extinction in bands, cross-polarized light.  d.  Myrmekite in plagioclase, cross-polarized light.  e.  Euhedral titanite with 
an irregular, rounded core of ilmenite, cross-polarized light. ,f  Mafic dyke with lepidoblastic texture. Hornblende is 
the dominant mafic mineral, cross-polarized light. 
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4.3 Geochemistry 

Geochemical analyses from samples of the  Jokkmokk  granitoid and some other rock types 
(Table 1) are in the geochemical classification and discrimination diagrams (Figs. 5-8) combined 
with older data from the  Jokkmokk  area (Öhlander and Skiöld 1994; Öhlander et al. 1999) and 
unpublished data by Öhlander. 

The Si02  content of the  Jokkmokk  granitoid ranges from 67 to 70 wt%. The granitoid is 
classified as a quartzdiorite—tonalite—granodiorite (Fig. 5a) using the Q—P classification diagram 
of  Debon  & Le Fort (1983). The mafic dykes within the granitoid have a gabbroic composition. 
The  Tilak  granitoid is in the same diagram classified as a granodiorite and the Norvijaur granitoid 
is classified as tonalite to granodiorite. The younger Jouksjokko granite (possibly of Perthite 
monzonite type) and the  Stenträsk  granite  (Lina  type) fall into the field of granite. 

In the diagram of Hughes (1973) all but one of the  Jokkmokk  granitoid samples plot inside 
and very close to the left border of the 'igneous spectrum' (Fig. 5b). The Norvijaur samples show 
a potassium enrichment trend. The  Tilak  granitoid plots on the Norvijaur trend. The  Jokkmokk  
granitoid contains a higher alkali content compared to the Norvijaur granitoid and the  Tilak  
granitoid, but in all these types the sodium content is twice the potassium content. The Jouksjokko 
and  Stenträsk  granite as well as the  Larve  quartzmonzonite plot close to the upper right border of 
the spectrum due to the high alkali content. All plotted samples are according to the diagram not 
significantly affected by  hydrothermal  alteration. 

The  Jokkmokk,  Tilak,  and Norvijaur granitoids plot (Fig.  Sc)  in the field for magnesian and 
the Jouksjokko and  Stenträsk  granite in the field for ferroan  plutons  in the diagram of Frost et 
al. (2001). This diagram can be used for distinguishing rock suites that undergo iron enrichment 
during differentiation without notable silica enrichment (ferroan) from those with silica enrichment 
and minimal enrichment of iron relative to magnesium (magnesian). The magnesian granitoids are 
commonly calcic and calc-alkalic, while ferroan are more often alkali-calcic and alkalic. Typical 
for anorogen, A-type, granitoids are that they are ferroan and often derived from reduced sources, 
while Cordilleran-type granitoids (volcanic arc or  I-type)  are magnesian and follow relatively 
oxidizing differentiation trends. In the diagram, dated samples from the  Haparanda  and Perthite 
monzonite suites mainly plot among magnesian  plutons  while the somewhat younger  Lina  type 
can be both magnesian and ferroan. The Transscandinavian Magmatic Belt intrusives including the 
Edefors and  Larve  types are clearly ferroan  plutons.  

The  Jokkmokk  granitoid is metaluminous (eastern part) to weakly peraluminous (western 
part) according to the A—B diagram (Fig. 5d) of  Debon  & Le Fort (1983). The  Tilak  granitoid is 
metaluminous and plot on the same trend as the  Jokkmokk  granitoid, while the Norvijaur granitoid 
is metaluminous with somewhat higher contents of femic minerals. Using the modified Shand's 
index from Maniar & Piccoli (1989) the  Jokkmokk  granitoid displays A1203/(Ca0+Na20+K20) 
molecular ratios between 0.94-1.01 and is metaluminous to weakly peraluminous (Fig. 5e). The  
Jokkmokk  granitoid shows a calc-alkaline trend (Si02  c.  58%) on the modified Peacock diagram 
(Fig. 50, while the  Tilak  and Norvijaur granitoids have a more calcic trend. When using the 
modified alkali-lime index of Frost et al. (2001) the  Jokkmokk  and Norvijaur granitoids shift 
towards more alkali-calcic and calc-alkaline affinity respectively (Fig. 5g). A mafic dyke in the  
Jokkmokk  granitoid and the  Jokkmokk  granitoid itself show a medium-K  trend in a K,0 vs. Si02  
diagram (Fig. 5h). 

12 



Table 1. Whole rock and trace elements analyses. 

Sample 0117 0118 1416 1457 1701 1760 1765 1652 2014 2024 2026 

E-coord 1675717 1675735 1672038 1668842 1673103 1686035 1678174 1666938 1668082 1672770 1678443 
N-coord 7398333 7398369 7399807 7401764 7397681 7397880 7398350 7399686 7397795 7396966 7397797 

Si02 66,61 48,67 69,82 70,40 69,56 72,58 69,31 57,39 46,70 61,69 58,01 
A1203  17,27 14,66 16,26 16,64 16,59 14,78 16,70 16,06 11,10 15,68 16,97 
Fe703  2,14 10,41 1,47 1,49 1,78 1,79 1,83 9,54 9,14 6,42 8,31 
MnO 0,048 0,176 0,035 0,029 0,039 0,036 0,039 0,164 0,146 0,110 0,171 
MgO 0,74 8,51 0,50 0,43 0,55 0,58 0,57 2,55 16,50 2,71 2,00 
CaO 3,17 10,22 2,18 2,00 2,40 2,28 2,57 5,56 13,02 4,65 5,13 
Na20 6,01 3,20 5,78 6,05 5,67 4,87 5,89 4,05 1,13 4,31 5,15 
K20 2,52 1,04 2,60 2,71 2,87 2,68 2,62 2,43 0,44 3,09 2,47 
TiO2 0,215 0,864 0,165 0,148 0,192 0,218 0,195 1,350 0,351 0,732 1,149 

P205 0,10 0,10 0,06 0,05 0,07 0,08 0,07 0,47 0,05 0,23 0,41 
LUI 0,17 0,79 0,23 0,26 0,33 0,27 0,18 0,62 1,74 1,47 0,29 
Total 98,97 98,64 99,09 100,20 100,05 100,17 99,95 100,08 100,32 100,07 100,07 

Ag <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 
As <0,5 <0,5 <0,5 1,7 1,3 2,3 1,8 2,1 4,4 0,5 1,7 
Au <2 <2 5 <2 <2 <2 <2 3 11 <2 <2  
Ba  1448 196 1438 885 1526 1045 1464 1288 97 1377 1063  
Be  1 <1 1 2 2 2 1 2 <1 2 2 
Bi <0,4 <0,4 <0,4 <0,4 <0,4 <0,4 <0,4 <0,4 <0,4 <0,4 <0,4  
Br  <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 1,5  
Co  4 43 3 4 3 3 5 16 61 14 12  
Cr  18 380 12 13 15 20 15 18 708 68 16  
Cs <I <I  <1 1 <1 2,0 2,0 3,6 0,8 1,2 2,9  
Cu  <10 75 <10 11 22 <10 <10 21 144 22 <10  
Ga  21 17 16 17 17 17 18 21 9 19 21  
Ge  1 2  <I <I  <1  <I  <1 1 1 1 2 
Hf 2,0 1,8 1,5 1,6 2,1 1,9 2,0 4,4 0.7 5,7 4,0 
In >0,2 >0,2 >0,2 >0,2 >0,2 >0,2 >0,2 >0,2 >0,2 >0,2 >0,2 
Ir <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5  
Mo  <1 <1 <1 <1 <1 4 <1 <1 <1 2 3  
Nb  4 3 3 3 4 6 3 10 2 10 13 
Ni 54 134 <20 <20 <20 <20 <20 20 175 22 <20  
Pb  15 6 12 32 10 31 27 <5 <5 13 12  
Rb  42 30 47 92 50 79 46 98 16 1 1 1 95  
Sb  0,2 0,4 <0,1 0,2 0,2 <0,1 <0,1 0,5 0,1 0,3 0,3  
Sc  3,2 37,3 2,3 2,2 2,7 2,9 2,8 21,8 44,6 15,5 17,3 
Se <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Sn <1 <1 <1 <1 <1 <1 <1 <1 <1 1 1  
Sr  1620 327 1410 1160 1440 648 1500 476 208 397 504  
Ta  0,3 0,2 0,2 0,2 0,2 0,6 0,2 0,7 <0.1 0,6 0,9  
Th  1,1 1,6 0,5 2,7 0,7 4,5 1,3 4,2 0,3 6,5 6,3 
TI 0,1 0,1 0,1 0,4 0,1 0,4 0,2 0,4 0,1 0,5 0,6 
U 0,8 1,4 0,3 3,6 0,4 2,5 0,7 1,8 1,7 3,3 2,2 
V 27 216 17 15 17 18 19 126 158 104 87 
W <1 <1 <1 <1 <1 <1 <1 <1 3 <1 <1 
Y 9 22 6 3 7 7 10 35 8 22 31  
Zn  64 89 <30 <30 <30 34 34 95 49 69 108  
Zr  88 63 60 64 83 75 81 165 23 210 138 

La 11,3 7,8 7,7 9,7 10,8 16,6 12,0 29,9 3,9 25,7 33,5  
Ce  21,7 16,0 15,9 15,9 22,2 32,1 27,5 68,1 8,1 56,3 72,0 
Pr 2,53 2,08 1,73 1,31 2,32 3,19 2,97 8,47 1,17 6,56 8,53  
Nd  10,3 9,9 6,7 4,0 8,8 10,8 11,4 35,6 5.4 25,6 34,2  
Sm  1,9 2,7 1,3 0,6 1.6 1,7 2,2 7,1 1,4 5,0 6,7  
Eu  0,52 0,87 0,44 0.23 0,56 0,5 0,63 2,65 0,56 1,50 2,38  
Gd  1,5 3,1 1,1 0,5 1.4 1,4 1,8 7,2 1,5 4,7 6,6  
Tb  0,2 0,6 0,2 <0,1 0,2 0,2 0,3 1,1 0,3 0,7 1,0 
Dy 1,2 3.6 1,0 0,4 1,1 1,0 1,7 6,2 1,5 3,9 5,6 
Ho 0,2 0,7 0,2 <0,1 0,2 0,2 0,4 1,3 0,3 0,8 1,1 
Er 0,8 2,5 0,6 0,3 0,6 0,6 1,0 3,5 0,8 2,2 3,2  
Tm  0,12 0,37 0,09 0,05 0,08 0,08 0,16 0,51 0,11 0,35 0,48  
Yb  0,8 2,1 0,6 0,4 0,6 0,7 1,1 3,3 0,7 2,3 3,2  
Lu  0,13 0.34 0,09 0,06 0,09 0,10 0,16 0,48 0,11 0,34 0,48 
Total  REE  53.2 52,66 37,65 33,45 50,55 69,17 63,32 175,41 25,85 135,95 178,97  

Oxides are in weight percent and trace elements are in parts per million.  LUI  = loss of ignition. 
Coordinates are given in the Swedish National Grid  (Rikets nät).  
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In Harker diagrams with Si02  plotted against major oxides and trace elements the  Jokkmokk  
and Norvijaur granitoids plot in different areas but have similar trends of decreasing A1203, Fe203, 
MgO, TiO2, and CaO, with increasing Si02  (Fig. 6). The  Jokkmokk  granitoid decreases in P203  
and increases in 1(20 with increasing Si02, while in the Norvijaur granitoid the 1(20 content 
remains the same. The Na20 content is fairly constant in all types. The  Tilak  granitoid falls either 
in the vicinity of the Norvijaur granitoid or between the  Jokkmokk  and Norvijaur granitoids. The 
quartzmonzodiorites in the  Jokkmokk  area constitute a more heterogeneous group. Plots of trace 
elements like Sr, Zr, and  Y  vs. Si02  separates the different granitoids into distinct groups. The  
Jokkmokk,  Tilak  and Norvijaur granitoids have very low Zr (<100  ppm)  and  Y  (<10  ppm)  contents, 
and the  Jokkmokk  and Norvijaur granitoids show a negative correlation between Zr and Si02. The 
Jouksjokko granite and the  Larve  quartzmonzonite have much higher Zr content compared to the  
Jokkmokk  and Norvijaure granitoids. 

The  Jokkmokk  and the  Tilak  granitoids (Fig. 7a) are enriched in low field strength (LFS) 
elements, and more depleted in high field strength (HFS) element cations compared to the  
Haparanda  suite. The quartzmonzodiorite shows a pattern more like the  Haparanda  suite. The HFS 
elements in the  Jokkmokk  granitoid are more depleted in the western part than in the eastern part 
of the  pluton.  The  Tilak  granitoid is similar to the eastern part of the  Jokkmokk  granitoid. The  
Jokkmokk  granitoid has low contents of incompatible trace elements (e.g. Th = 1-3  ppm),  and is 
depleted in  Ta,  Nb,  P,  and Ti as subduction related rocks. 

The  Jokkmokk  granitoid displays a moderately to steeply sloping REE pattern with a (La/Yb)n  
of 8-17, and is low in (Yb)n, 2-5. The  Jokkmokk  and  Tilak  granitoid and the quartzmonzodiorite 
are all enriched in LREE (Fig. 7b) and depleted in HREE. The  Jokkmokk  and  Tilak  granitoid have 
slightly upward concave HREE profiles. In the western part of the  pluton  the  Jokkmokk  granitoid 
displays positive  Eu  anomalies, Eu/Eu* = 1.13-1.38 (Eu/Eu* = Eun/(Sm.  x  Gdn)°5, Taylor and 
McLennan 1985), and virtually no anomalies in the eastern part, Eu/Eu* = 0.94-0.98. The  Tilak  
granitoid is similar to the easterly  Jokkmokk  granitoid with Eu/Eu* = 1.01. The quartzmonzodiorites 
in the vicinity of the  Jokkmokk  granitoid have no or small positive  Eu  anomalies. 

For tectonic discrimination the Rb vs. Y+Nb (Pearce et al. 1984) and the modified R1—R2 
diagram (Batchelor & Bowden 1985) have been used (Fig. 8a,  b).  The  Jokkmokk,  Tilak  and 
Norvijaur granitoids all have very low  Y  and Nb values and plot as volcanic arc granites, but the 
Norvijaur granitoid plots closer to the  Haparanda  suite field and the  Jokkmokk  and  Tilak  granitoids 
closer to the field for Archaean rocks. The Jouksjokko granite and the  Larve  quartzmonzonite plot as 
post-collision intrusions similar to parts of the Perthite monzonite suite and the Transscandinavian 
Magmatic Belt rocks. 

The tectonic discrimination diagrams also distinguish the different granitoid suites. The 
Norvijaur and  Tilak  granitoids are related to pre-plate collision magmatic events while the  
Jokkmokk  granitoid is classified as a late orogenic type. The Jouksjokko and  Stenträsk  granite and 
the  Larve  quartzmononite are classified as late orogenic to anorogenic types. 
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4.4 	Geochronology, dating of zircons and titan ite 

Two types of zircons are distinguished optically. The first type is subhedral, clear with a pale 
pink colour and very few cracks (Fig. 9). The second type comprise zircons with white-grey to 
pinkish colours that are subhedral in shape. They are turbid and contain frequent fine cracks. It is 
not known if these zircon types represent two discrete generations or if they were formed under 
slightly different growth conditions during the same crystallizing event. There is a tendency that 
zircons of the two different types grade into each other, from clear to turbid with cracks. 

Fig. 9. Photo of zircons from the  Jokkmokk  granitoid, fraction zl, 100-150 gm. 

The results from the U—Pb analyses of the zircons are summarized in Table 2, and displayed in 
a concordia plot in Figure 10. Data from six fractions of sample 0117, for location see Figure 2, 
show variable discordance, the clear grains being more concordant than the more turbid grains. 
The abrasion led to an improved concordance for fraction z2, 100-150 gm, clear grains, which 
give a 207Pb/206Pb age of 1886 Ma. A regression including all six fractions defines an upper 
intercept age of 1882±19 Ma, and a lower intercept age of 364±-200 Ma. The MSWD value is 20 
suggesting a significant heterogeneity among the fractions used in the regression. A regression 
that only involves the three clear fractions yields an age of 1883±20 Ma and a slightly improved 
MSWD of 9.0. A regression that arbitrarily includes the two unabraded fractions with clear grains 
and the 100-150 gm, turbid fraction generates an upper intercept at 1870.1±4.4 Ma (MSWD = 
1.1). However, there is no justification to select these particular fractions and it is clear that the 
given data set depicts several growth episodes of zircon, a conclusion that is also supported by 
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Table 2.  U-Pb zircon  data from the  Jokkmokk  granitoid  (sample 0117).  

Fraction 

(my) 

zl. >100, clear 

z2, >100, clear.ab 

z3, >100, turbid 

z4, >100. turbid,ab 

z5. >74, clear 

z6, >74. turbid 

Weight 
(mg)  

U 
(ppm) 

Pb tot 	206pb/204pba206pb _ 207pb _ 208pb 

(ppm)  measured 	radiog.  Pb 	(at%)b 

206pb/238ub 207pb/235u5 207pb/206pbb 207pb/206pb 

age in Ma 

0.0333 502.39 166.2 1820 83.9 10.2 5.9 0.3202 5.0320 0.1140 1864 

0.0043 354.0 127.8 1160 80.3 9.9 9.8 0.3350 5.3056 0.1154 1886 

0.0487 430.4 124.9 3112 83.3 9.8 6.9 0.2797 4.3606 0.1131 1850 

0.0269 524.7 151.7 1682 84.0 10.1 5.9 0.2798 4.3421 0.1126 1841 

0.0344 341.4 108.5 3283 84.9 10.0 5.1 0.3123 4.9093 0.1140 1864 

0.0399 471.2 142.4 1259 83.5 10.3 6.2 0.2899 4.4928 0.1124 1838 

a: corrected for mass fractionation (0.10 °A,, per a.m.u.)  
b: corrected for mass fractionation, blank (maximum 8 ppt Pb) and common Pb (according to the 
model of Stacey and  Kramers  1975) 
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cathodoluminiscence photos (Fig. 11 ). Given that the abraded 100-150 µm clear fraction plots to 

the right of any regression line that excludes this fraction suggest that a relatively speaking young 

component has been partially removed <luring abrasion and that an older phase of zircon growth 

dominates in this analysis. In the simplest case where only two age populations are present it is 

not possible to quantify the importance or age of the respective component. Possibly inherited, 

magmatic, and metamorphic components are present. The best approximation of the age of 

emplacement of the Jokkmokk granitoid is given by the upper intercept age defined by data from 

all fractions. This regression may smooth out the effect of the presence of several age components 

being hypothetically both younger and older than the true magmatic age, i.e. an age close to 1.88 

Ga is indicated. The lower intercept cannot be given any meaningful geological interpretation. 

Fig. Il. Cathodoluminiscence images of zircons from sample O 117. Crystal b55 is similar to the clear fractions 
z2 and z4 and shows an undisturbed zonation. Crystal b47 is similar to the turbid fractions zl and z3 and here the 
zoned pattern is broken. Crystals b 11 and b3 l come from fractions not analyzed, several growth events are obvious 
in them. 
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Titanites from the  Jokkmokk  granitoid, sample 0117, are reddish brown, and euhedral to 
subhedral. The analysed single sample is moderately discordant with a 207pb/206p,  e  of 1803+1.7 
Ma. An age that is a better approximation of the true crystallization age of the titanite can be 
provided by forcing a regression through a fixed lower intercept. Such a lower intercept age at 
300±100 Ma, in agreement with typical disturbance ages in Svecofennian rocks  (Larsson  and  
Tullborg  1998), results in an upper intercept age of 1813.7±9.4 Ma. The upper intercept probably 
reflects the age of the peak of the youngest dominant metamorphic event in the area. 

4.5 Provenance study 

The Sm—Nd analysis carried out on the  Jokkmokk  granitoid, sample 0117, yielded the following 
data; 143Ndp44/Nd  = 0.511704, Nd = 10.17  ppm,  Sm  = 1.85  ppm,  147S ,144 Nd = 0.1097, TDm  = 1.96  
Ga  and TcHDR  = 1.63  Ga.  From an assumed crystallization age of 1.88  Ga  (U—Pb zircon age) the  
Jokkmokk  granitoid yields an ENd(t_ I 88) value of +2.8, which indicates a relatively juvenile character 
of the magma source. 

4.6 Tectonic interpretation 

The oldest dated rock known in the  Jokkmokk  area, besides remnants of Archaean granitoids and 
gneisses in the  Muddus  area (Mellqvist 1999a), is the 1926+13/-11 m.y. old Norvijaur granitoid 
(Skiöld et al. 1993). This granitoid was formed from magma in a subduction related volcanic 
arc environment outboard of the Archaean craton, where sediments eroded from the craton were 
deposited on the ocean floor. The arc was subsequently uplifted and eroded. Due to extension an 
intraarc basin formed, where arkose, conglomerate and shale with intercalation of mafic volcanic 
rocks were deposited. Continued extension gave rise to the development of an oceanic basin 
where turbidites were deposited. These sediments are now seen as the Norvijaur formation, which 
together with the Norvijaur granitoid has undergone polyphase deformation. A first deformation 
gave rise to a foliation, which is  subparallel  to the bedding in the Norvijaur formation  (Markkula  
1977). Subsequent deformation folded the metasedimentary unit around flat to moderately south or 
south-southwest plunging fold axes with steep NNE trending axial planes during  E-W shortening. 
The  Haparanda  suite intrusive rocks and the  Jokkmokk  granitoid which both are of volcanic 
arc type and possibly related to subduction beneath the Archaean craton margin during NNE-
SSW convergence, intruded the folded Norvijaur formation. According to Nd isotope data from 
Mellquist et al. (1999a) the  Haparanda  suite is, at least partly, derived from Archaean protoliths. 
The  Jokkmokk  granitoid formed from juvenile early Proterozoic magma with little involvement 
from Archaean crust. The  Jokkmokk  granitoid is deformed with a steep foliation striking in NNE 
and mineral lineation moderately plunging to SSW. In places, the  Jokkmokk  granitoid is also 
deformed together with the Norvijaur formation around fold axes plunging to SSW, implying that 
the area was affected by  E-W shortening also after the emplacement of  Jokkmokk  granitoid. 

The east-west trending deformation zones seen at the southern contact of the  Jokkmokk  
granitoid dip 20-40° to the south and contain a downdip mineral lineation. They cut the  Jokkmokk  
granitoid implying that the main direction of shortening shifted again to NNE—SSW. In the 
hanging wall of this possible thrust zone, granodioritic, granitic and dioritic rocks together with 
minor unidentified metasedimentary and metavolcanic rocks as well as pegmatitic dykes occur. 
Due to later brittle faulting the  Jokkmokk  granitoid is also exposed in a narrow zone south of one 
of the flat deformation zones (Fig. 2). 

The age of the peak metamorphism in the area is interpreted from the age determinations of 
titanites from the  Jokkmokk  granitoid to be  c.  1.81  Ga  in age. This overlaps with the age of the 
emplacement of the  Lina  type granites in the area. The  Lina  type granites are not much affected 
by deformation and the  c  1.79  Ga  Larve  quartzmonzonite that belongs to the Transscandinavian 
Magmatic Belt suite is not visibly deformed at all. The  Larve  type intrusions are however elongated 
in NNE, which is the same direction as the strike of the brittle and ductile deformation zones that 
parallel the Karesuando—Arjeplog zone. 
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5 	Discussion 

5.1 Provenance and age 

The  Jokkmokk  area is characterized by a complex geological evolution with many episodes of 
compression and extension, uplift and subsidence. The Archaean craton to the north was rifted ate. 
2.4  Ga  and sedimentary and volcano-sedimentary sequences were deposited when rift basins were 
opened and later deformed when they closed during the Svecokarelian  orogen.  Along the southern 
margin of the Archaean craton several volcanic arcs were formed which subsequently were 
deformed and accreted to the craton. It is still not well understood how extensive the pre-1.9  Ga  
crustal growth was in the  Jokkmokk  area and the origin of  c.  1.93  Ga  Norvijaur granitoid remains 
unclear (cf. Mellqvist et al. 2003). An ENd(t)  value of  c.  +0.7 and the geographical position of the 
Norvijaur granitoids fairly close to exposed Archaean rocks may indicate that the granitoid formed 
by mixing of juvenile mantle material and an Archaean crustal component. Skiöld et al. (1993) 
suggested that the Norvijaur granitoid represents a volcanic arc magma formed parallel to the 
margin of the Archaean craton. It shows characteristics of a rock formed above a subduction zone, 
i.e. a metaluminous, calc-alkaline geochemical character and a low content of  Y  and Nb (cf. Pitcher 
1997; Pearce et al. 1984; Pearce 1996). It was also suggested by Mellqvist et al. (1999a) that the 
Norvijaur granitoid and the Jouksjokko granite (1.87  Ga)  were derived from the same magmatic 
source (ENd  values = —0.3 to +0.8) and that they were formed in a long-lived arc. However, within 
the time-span 1.93-1.87  Ga,  the  c.  1882±19 Ma  Jokkmokk  granitoid, with a pronounced juvenile 
character (ENd  +2.8) excluding much involvement of Archaean material, intruded into the Norvijaur 
formation. The  Jokkmokk  granitoid is younger than the earliest deformation of the sedimentary 
formation, possibly indicating that the Norvijaur and  Jokkmokk  granitoids are subduction related 
intrusions from two different generations of volcanic arcs. 

The juvenile character of the  Jokkmokk  granitoid resembles the character of the 1.93-1.91  Ga  
gneissic tonalites from the Savo Belt adjacent to the Archaean craton in Finland (Raahe—Ladoga 
zone) which have EN, values of +1.1 to +3.1 indicating that no or only minor Archaean crust was 
involved in the formation of those rocks (Lahtinen & Huhma 1997). Also the synvolcanic  c.  1.90-
1.88  Ga  Jörn  type granitoids within the Skellefte district to the south show positive EN, values at +2 
to +4 (Wilson et al., 1987; Billström & Weihed 1996). The  Jörn  granitoids were probably derived 
by mixing of juvenile fractionated mantle melts with rather primitive continental crust that was not 
much older than  c.  2.0-1.9  Ga  (Weihed et al. 2002). The  c.  1.89-1.87  Ga  Haparanda  suite on the 
other hand shows mainly negative EN, values (Mellqvist et al. 2003), which indicates involvement 
of Archaean material during magma generation, probably in a continental volcanic arc. 

Synplutonic mafic dykes are common in the  Jokkmokk  granitoid. Some of the dykes intruded 
and were disrupted before the final crystallization of the granitoid, while others intruded later into 
the crystallized granitoid. According to Pitcher (1997) synplutonic dykes are the final phase of the 
continuous process of mafic magma injection into a  pluton,  and when a mafic magma invades an 
unconsolidated, yet relatively cooler granitic host it is common with backveining of the host and 
disruption of the dykes. A deeper-seated mafic intrusion is a probable cause for the pronounced 
positive gravity anomaly in the area of the  Jokkmokk  granitoid and the surroundings. The small 
outcropping  gabbro  intrusions in the  Jokkmokk  area may be a surface expression of this. The 
mafic magma source could be derived from a basaltic underplate that was partially melted and 
provided calcium-rich, relatively potassium-poor tonalitic and granodioritic magmas (cf. Pitcher 
1997). According to Rickards et al. (2001 and references therein) magma will pool near the 
base of the lithosphere during periods of compression and there interact with the lower crust. 
During subsequent periods of stress relaxation localized zones of extension may be generated 
in a transtensional environment and the evolved magmas will be able to intrude along structures 
cutting the lithosphere and pond in the upper crust. 
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The thrust zone in the southern part of the  Jokkmokk  granitoid cuts the  pluton.  The hanging wall 
of the thrust consists of  Haparanda  type intrusions of approximately the same age as the  Jokkmokk  
granitoid, or only slightly older. These thrust zones formed after the emplacement of the  c.  1.88  Ga  
Jokkmokk  granitoid, and the parallelism with the palaeosuture may indicate a reactivation of the 
latter. The occurrence of frequent dykes and small massifs of pegmatite near the thrust zone may 
indicate a temporal relationship with the  Lina  granites, i.e.  c.  1.8  Ga.  It was suggested by Öhlander 
et al. (1999) that the accretion of juvenile and essentially mantle derived rocks to the Archaean 
cratonic margin took place between 1.87 and 1.80  Ga.  The  Lina  type granites and the  Stenträsk  
granite (sample 88016) have negative eNd  values (Öhlander and Skiöld 1994) and are largely the 
result of partial melting of continental crust with minor input of juvenile material. 

5.2 Geochemistry 

The Fe0/(Fe0+Mg0) ratio of a felsic rock suite can give information regarding the differentiation 
history of a granitic magma. If there is iron enrichment during the differentiation the granite will 
plot in the ferroan field of Frost et al. (2001), which is more typical for A-granites compared to 
granites of Cordilleran or  I-type,  which plot in the magnesian field. According to this distinction 
the  Jokkmokk,  Tilak  and Norvijaur granitoids (Fig. 5b) belong to the Cordilleran or  I-type.  The 
Jouksjokko and the  Stenträsk  granite plot in the field for ferroan  plutons  in the diagram, but as 
they have >70 wt% Si02  they may also be of Cordilleran or  I-type.  One exception is the  Larve  
quartzmonzonite, which is more like A-type granites. 

Hornblende and biotite occur together as phenocrysts in the metaluminous to weakly 
peraluminous  Jokkmokk  granitoid which displays positive-Eu  anomalies. The  Tilak  granitoid 
shows similar characteristics. As the samples show no significant negative-Eu  anomalies, feldspar 
fractionation does not seem to be the sole mechanism for the observed Ca-depletion (cf. Richards 
et al. 2001). This implies that the magma that formed the  Jokkmokk  granitoid probably underwent 
a hornblende fractionation. When CaO concentrations in the melt fall below the level required for 
hornblende crystallization, biotite will replace this mineral as the supersolidus mafic phase. 

REE are particularly useful in tracing geologic processes because of their coherent geochemical 
behaviour. REE patterns can be used to determine relative variations in extent of partial melting in 
the mantle and changes in residual mantle mineralogy. The  Jokkmokk  granitoid has a lower total 
REE content compared to the dated  Haparanda  suite intrusions in  Norrbotten  and also compared 
to the quartzmonzodiorites of  Haparanda  type in the  Jokkmokk  area. 

The REE can also be used to understand the  hydrothermal  evolution in altered rocks. The  
Jokkmokk  granitoid displays lower total REE contents and steeper LREE profiles compared to 
the  Haparanda  suite intrusions that are of approximately the same age as the  Jokkmokk  granitoid. 
This is especially pronounced in samples from the western part of the  pluton  where the Cu-Au-Mo  
mineralization occurs. Positive  Eu-anomalies in the  Jokkmokk  granitoid are also more pronounced 
in the western area. Investigations of the Laramide magmatic complexes which host porphyry 
copper deposits in Arizona (Lang and Titley 1998) showed that REE profiles of productive, 
ore bearing  plutons  differ consistently both from those of the barren intrusions within the same 
complexes and those from non-productive stocks in other completely barren complexes. The 
productive  plutons  have steeper REE profiles, lower total REE concentration, and less negative to 
positive  Eu  anomalies. 

Lang and Titley (1998) also found that productive and barren igneous rocks exhibit differences 
in other trace and minor elements. The high field strength elements  (Hf,  Ta,  Zr, and Nb),  Mn,  and  
Y  are depleted in productive stocks relative to barren. A similar pattern is found in the  Jokkmokk  
granitoid which is depleted compared to the  Haparanda  suite intrusions. It is more depleted in the 
western part of the  pluton  where the Cu-Au-Mo  mineralization occurs, compared to the eastern 
part. 

25 



Mellqvist et al. (2003) have shown that there is an overlapping geochemical character between 
the  Haparanda  suite with a calc-alkaline trend and mainly negative EN,, and the  Jörn  suite with a 
slightly more calcic, calc-alkaline trend and mainly positive £Nd  values when they are plotted in a 
Q—P diagram after  Debon  and LeFort (1983). Chemically, the  c.  1.93  Ga  Norvijaur granitoid with 
a weakly positive eNd  is similar to the early phases of the  Jörn  suite and like them plots outside the 
overlapping field. Other samples from the  Jokkmokk  area with weakly positive  e  

Nd(t=1 87-1 89) values 
plot inside the overlapping geochemical field, and the  Jokkmokk  granitoid (cf. Fig. 4a) with a 
pronounced positive CNd(t-1 88) value of +2.9 also plots inside the overlapping field. This strengthens 
the impression gained from the other geochemical data of the  Jokkmokk  granitoid that it forms a 
unique magma type among the granitoids in northernmost Sweden. 

5.3 Mineralization 

Porphyry style mineralizations are considered to form in convergent plate margins, and most 
known porphyry deposits are interpreted to have formed along destructive plate margins above 
zones of subduction of oceanic crust (Titley and Beane 1981), and occur in strongly deformed, 
faulted, and uplifted regions. The Archaean—Proterozoic palaeoboundary may represent a margin 
of this type and many crustal scale fault systems have been active along the boundary during the 
Svecokarelian orogeny. Like in younger orogens (cf. Rickards et al. 2001) these fault systems 
may have played an active role in the emplacement of  plutons  hosting porphyry copper deposits, 
especially conjugate fault systems during stress release. Magma will pool in the upper crust and 
contains a large amount of volatiles and volatile transported metals. The hornblende and biotite 
phenocrysts in the  Jokkmokk  granitoid indicate a relatively high magmatic water contents. These 
hydrous minerals require at least 3 wt% H20 in the melt and that is one important condition for the 
generation of magmatic—hydrothermal systems (cf. Burnham 1997). 

A Cu-Au-(Mo)  mineralization is situated within the western part of the  Jokkmokk  granitoid  
pluton.  A similar type of mineralization is found further to the north, associated with the Aitik 
quartzmonzonite, 70 km NE of  Jokkmokk  (Wanhainen et al. 2003). In the Skellefte district, 150 
km south of  Jokkmokk,  porphyry type Au-Cu-Mo  deposits are hosted in the oldest parts of the  
Jörn  suite (Weihed 1992). The quartz-feldspar porphyries that are related to the  hydrothermal  
alteration in the  Tallberg  deposit display no or weakly positive  Eu-anomalies, like the  Jokkmokk  
granitoid. The volcanic arcs that once were formed outboard of the Archaean craton margin were 
favourable environments for formation of intrusion hosted mineralizations, like the mineralization 
in the  Jokkmokk  granitoid. Therefore, it is tentatively suggested that other intrusion hosted Cu-Au 
mineralizations are likely to be located in the Luleå—Jokkmokk zone. 
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6 	Conclusions 

Chemically the granitoids in the  Jokkmokk  area form several distinct groups. The  Jokkmokk  
granitoid forms a unique variety with a calc-alkaline to alkali-calcic, metaluminous to weakly 
peraluminous character with a steep REE profile, positive  Eu-anomaly, and very low Zr content. 
Compared to the other granitoids in the  Jokkmokk  area it shows most similarities with the older 
1.93  Ga  Norvijaur granitoid and the  Tilak  granitoid, and displays some similarity with the 
quartzmonzodiorites in the  Jokkmokk  area of presumed  Haparanda  type. The  Jokkmokk  granitoid 
is dated at 1882±-19 Ma which is within limits the same age as the  Haparanda  suite. It resembles 
granitoids of the  Haparanda  suite and the Archaean granitoids in  Norrbotten,  but contrary to these 
two suites it has a positive £Nd  value at +2.8 indicating a juvenile character similar to the  Jörn  suite 
in the Skellefte district. 

A red granite south of  Jokkmokk,  described as  Jokkmokk  granite by Ödman (1957) and 
Öhlander et al. (1994), is here discarded as a  Jokkmokk  granitoid. In this paper it has been referred 
to as the  Stenträsk  granite. The chemical composition indicates that it belongs to the  Lina  suite 
dated at  c.  1.80  Ga.  

The long and complex geological evolution of the Archaean—Proterozoic palaeoboundary 
with many episodes of compression, extension, uplift, subsidence, and active faulting favours the 
formation of mineralized intrusions. The  Jokkmokk  granitoid is calc-alkaline to calc-alkalic, shows 
signs of high magmatic water content, displays steep REE pattern with positive  Eu-anomalies, is 
enriched in LREE, and is depleted in HREE and HFS elements. These characteristics are generally 
regarded as important for the formation of porphyry style mineralizations similar to the Cu-Au-
(Mo)  mineralization in the western part of the  Jokkmokk  granitoid  pluton.  Other intrusions with 
mineralizations of the same type are probable in the Luleå—Jokkmokk zone along the Archaean—
Proterozoic palaeoboundary in northern Sweden. 
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Abstract 

The Cu-Au-(Mo)  mineralization at Vaikijaur northwest of  Jokkmokk  in northern Sweden covers 
an area of 2 by 3 km within the western part of the  Jokkmokk  granitoid  pluton.  The mineralization 
is characterized by dissemination and veinlets of chalcopyrite, pyrite, molybdenite, magnetite, 
pyrrhotite, and sphalerite. A quartz stockwork with or without sulphides is part of in the 
mineralization. Gold occurs as free grains in silicate matrix, in contact with chalcopyrite, pyrite 
and sphalerite, or as inclusions within the chalcopyrite. Porphyritic mafic dykes, with phenocrysts 
of plagioclase and porphyroblasts of magnetite, follow fractures in an almost concentric pattern 
in the mineralized area. The fabric in the granitoid, dykes, and mineralization shows that the 
mineralization predates the main regional deformation. 

Geophysical ground measurements indicate a strong conductive central zone in the mineralized 
area bordered by conductive and high magnetic zones. Restricted drilling campaigns were 
carried out in these zones in 1981-83. Chemical and mineralogical analyses of drill core and 
outcrop samples indicate several stages of alteration and a metal zoning at Vaikijaur. The entire 
mineralized area is affected by potassic alteration. Hornblende is partly or totally replaced 
by biotite, and plagioclase is partly replaced by microcline. Light-coloured, irregular, phyllic 
alteration zones, with quartz and sericite replacing plagioclase, overprint the potassic alteration. In 
irregular propylitic alteration zones that also overprint the potassic alteration, epidote has replaced 
plagioclase and hornblende is replaced by epidote and biotite. Biotite is partly chloritized and 
calcite is common. A metal zoning can be seen with a pyrite-rich inner part of the mineralized 
area surrounded by a zone with pyrite, chalcopyrite, and gold. Molybdenite occurs in an irregular 
pattern within the chalcopyrite zone, magnetite is present in both the pyrite and the chalcopyrite 
zone. The mineralization is classified as a porphyry style deposit. 

Keywords: Cu-Au mineralization, porphyry style,  hydrothermal  alteration,  Eu-anomaly,  
Jokkmokk  granitoid, northern Sweden. 
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1 	Introduction 

The Vaikijaur copper-gold mineralization is situated in the  Jokkmokk  area in northern Sweden (Fig. 
1). The  Jokkmokk  area in turn is situated between two of the major ore districts in Sweden; the 
northern  Norrbotten  ore province to the north, and the Skellefte district to the south. Exploration 
campaigns performed by the Geological Survey of Sweden  (SGU)  in the 1960s and by the State 
Mining Property Commission (NSG) in 1979-1983 discovered the Vaikijaur mineralization that is 
totally hosted within the  Jokkmokk  granitoid (Fig.1). The deposit shows similarities with porphyry 
style mineralization: e.g. veinlets and dissemination of chalcopyrite, pyrite, gold, molybdenite, 
magnetite, and pyrrhotite. 

The present study of the Vaikijaur mineralization concerns the relationship between the  
hydrothermal  alteration, mineralization, and host rock. A genetic interpretation of the mineralization 
type is given and the potential for mineralizations in intrusions along the Archaean—Proterozoic 
palaeoboundary is discussed. For a general discussion on porphyry style mineralization see the 
introductory chapter to this thesis. 

2 	Regional geology 

The northern part of the Fennoscandian Shield consists of the Archaean craton in the northeast 
with Palaeoproterozoic Svecofennian rocks to the southwest. The palaeoboundary between the 
partly heavily reworked Archaean craton in the north and the more juvenile Palaeoproterozoic 
domains to the south is located along the Luleå—Jokkmokk zone in Sweden and along the Raahe—
Ladoga (or Ladoga—Bothnian Bay) zone in Finland (Öhlander et al. 1993; Vaasjoki and  Sakko  
1988; Nironen 1997). This palaeosuture was formed by accretion of arc complexes onto a passive 
craton margin (Öhlander et al. 1993; Nironen 1997; Mellqvist et al. 1999a,  b).  The  Jokkmokk  
granitoid was emplaced in this old convergent zone during the Svecokarelian orogeny (Lundmark 
et al. Thesis paper 1). The Archaean craton is exposed in the northernmost part of Sweden and 
is composed of greenstone belts and TTG (tonalite-trondhjemite-granodiorite) rocks with an age 
between 3.1 and 2.5  Ga  (Skiöld 1979; Öhlander et al. 1987;  Martinsson  et al. 1999). Archaean 
protoliths are indicated for Palaeoproterozoic rocks north of the palaeoboundary in the  Jokkmokk  
area. Remnants of Archaean rocks were interpreted to occur immediately north of  Jokkmokk  in the 
1980s  (SGU  1981), and was later confirmed by zircon dating (Mellqvist et al. 1999a). 

The Archaean craton was rifted in the earliest Proterozoic, at  c.  2.44  Ga,  and the final break-up 
occurred at  c.  1.95  Ga  when a pre-Svecofennian basin was formed (Nironen 1997). According to 
Nironen (1997), arc complexes were accreted to the craton margin at  c.  1.91  Ga  in the eastern part 
(Finland). A basin between the oldest accreted arc complex and another arc complex closed in the 
east at  c.  1.87  Ga,  whereas sedimentation in the western part (Sweden) continued at least until 1.87  
Ga  (Nironen 1997). Subduction beneath the Archaean continent took place in the early stages of 
the Svecokarelian orogeny between  c.  1.90 and 1.80  Ga,  with a peak in igneous activity between 
1.89 and 1.87  Ga  (Patchett and Kouvu 1986; Skiöld 1987; Vaasjoki and  Sakko  1988; Skiöld et al. 
1993). 

In northern Sweden several different Svecokarelian intrusive suites can be distinguished 
(cf. Bergman et al. 2001). The  c.  1.90-1.86  Ga,  alkali-calcic to calc-alkaline  Haparanda  suite, 
spans a wide compositional range although intermediate rocks dominate. The  Haparanda  suite is 
chemically similar to modern volcanic arc granitoids. The c.1.88-1.86  Ga  Perthite monzonite suite 
overlaps in age, but has a more pronounced alkali-calcic, monzonitic, differentiation trend and 
plots as volcanic arc to post-collision granites. Ate. 1.81-1.78  Ga  large volumes of granitic melts 
were emplaced into the middle crust: the anatectic  Lina  suite that are granitic in composition; 
and the Edefors granite-syenitoid-gabbroid suite, similar in composition to the older Perthite 
monzonite suite. 
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In the Skellefte district south of the  Jokkmokk  area four important generations of plutonic rocks 
occur, three of which are related to the Svecokarelian orogeny. The calc-alkaline  Jörn  type,  c.  
1.90-1.88  Ga,  dominated by granodiorites to gabbros is similar to the  Haparanda  suite (Mellqvist 
et al. 2003). The  Jörn  type intrusions have been considered as comagmatic with the VMS bearing 
Skellefte Group volcanic rocks. In  Jörn  type intrusions, mineralizations of porphyry Cu-Au style 
occur (Weihed 1992). The Gallejaur-Arvidsjaur type is similar to the Perthite monzonite suite, 
and the Skellefte and Härnö types are late orogenic anatectic granites. Finally, the  c.  1.80-1.78  
Ga  Revsund  type, dominated by alkali-calcic granites-monzonites-diorites, is considered to be 
younger than the Svecokarelian orogeny and form part of the Transscandinavian Magmatic Belt. 
The  Revsund  granitoids resemble the Edefors suite to the north (Weihed et al. 2002). 

In the  Jokkmokk  area the oldest Palaeoproterozoic granitoid, the Norvijaur granitoid, is dated 
at 1926 +13/-11 Ma (Skiöld et al. 1993). In Finland several intrusions, in the same tectono-
stratigraphic position, are dated at 1.93-1.92  Ga  (Vaasjoki and  Sakko  1988). The Norvijaur 
granitoid is overlain by the Norvijaur formation that consists of arkose and interlayered polymict 
conglomerates with clasts from the granitoid. Pelitic sedimentary rocks with intercalations of mafic 
volcanic rocks, sulphide bearing graphitic horizons, limestone units, and greywackes are situated 
on top of the arkoses. The rocks are polydeformed and metamorphosed in amphibolite facies. The  
Jokkmokk  granitoid has intruded the Norvijaur formation and preliminary age determinations 
on zircon indicate an age of  c.  1.88  Ga  for the granitoid, and a positive + 2.8 EN, value indicates 
a relatively juvenile Palaeoproterozoic source (Lundmark et al. Thesis paper 1; Lundmark and 
Weihed 2003). 

3 	The  Jokkmokk granitoid  

The  Jokkmokk  granitoid is exposed in a 12 by 10 km large area near  Jokkmokk  (Fig. 1). Airborne 
magnetic measurements show the  Jokkmokk  granitoid as a relatively homogeneous magnetic 
structure with pronounced high magnetic contacts towards north and west, while the southern 
contact is more diffuse. Samples of the granitoid show a low average susceptibility although minor 
amount of magnetite is present in most samples. The average density of samples from the granitoid 
is 2650 kg/m3, and the granitoid is situated within a 20 by 45 km, positive gravimetric anomaly, 
indicating that denser, mafic rocks exist at depth. The  Jokkmokk  granitoid is light grey to white, 
fine-grained with plagioclase phenocrysts, <10 mm in size, and patches of hornblende and biotite. 
The matrix consists of plagioclase, quartz, microcline, hornblende, and biotite. Titanite and apatite 
are common as accessory minerals and magnetite occurs in places. Small mafic enclaves indicate 
mingling with a mafic magma and synplutonic mafic dykes have intruded the granitoid. In the 
south-eastern part of the  pluton  some of the mafic dykes intruded before the final crystallization 
of the granitoid, while other intruded later into crystallized granitoid (cf. Lundmark et al. Thesis 
paper 1). Mafic porphyritic dykes, 5-50 m in width, occur within and outside the mineralized area 
at Vaikijaur. All dykes intruded before deformation of the  Jokkmokk  granitoid and some of them 
are strongly boudinaged. 

The  Jokkmokk  granitoid was previously considered to be part of the  Lina  intrusive suite, and 
consequently  c.  1.8  Ga  old  (Högbom  1931; Ödman 1957). However, the typical  Lina  granite is 
a medium grained granite s.s., usually only weakly foliated close to deformation zones like the  
Karesuando-Arjeplog  deformation zone. Recently, in Thesis paper 1, the  Jokkmokk  granitoid was 
defined as belonging to the older calc-alkaline intrusive rocks in northern Sweden. The granitoid 
is classified as a granodiorite according to the modal classification of plutonic rocks recommended 
by IUGS. The Si02  content ranges from 67 to 70 wt. % and using the  Q-P  classification  (Debon  
and LeFort 1983) it is classified as a quartz diorite-tonalite-granodiorite. It is chemically similar to 
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volcanic arc granites in most tectonic discrimination diagrams (cf. Lundmark et al. Thesis paper 
1). The  Jokkmokk  granitoid display a more fractionated total rare earth elements (REE) pattern 
compared to the  Haparanda  suite and a positive  Eu-anomaly (Eu/Eu* = 1.1-1.4) of samples from 
the western, mineralized part of the  pluton  is characteristic (Lundmark et al. Thesis paper 1). 

Several regional deformation events have affected the  Jokkmokk  granitoid as well as the 
adjacent metasedimentary rocks. The granitoid is deformed with a steep grain shape foliation 
trending in NNE and a mineral lineation plunging moderately SSW. In places, the  Jokkmokk  
granitoid is also deformed together with the Norvijaur formation around fold axes plunging towards 
SSW, indicating that the area was affected by roughly  E-W shortening after the emplacement of  
Jokkmokk  granitoid. At the southern contact of the  Jokkmokk  granitoid shallowly south-dipping 
thrust zones occur. These thrust zones formed after the emplacement of the  c.  1.88  Ga  Jokkmokk  
granitoid, and the parallelism of the thrusts with the Archaean-Proterozoic palaeoborder may 
indicate that the thrusts constitute a reactivation of the latter (cf. Lundmark et al. Thesis paper 1). 

4 	Vaikijaur mineralization 

The Cu-Au mineralization at Vaikijaur is situated within the western part of the  Jokkmokk  granitoid  
pluton  (Fig. 1). The mineralization covers an area 2 by 3 km and is partly hidden under a lake. 
Geophysical measurements indicate a strong conductive  (IP-anomalous) central zone bordered by 
both conductive and magnetic zones. Interpretations of geophysical data suggest that the magnetic 
zones dip towards the centre of the mineralized area (Sundbergh and Niva 1981). Diamond drilling 
campaigns were carried out in 1981-83 in the northern part of the mineralized area. 17 holes with 
a total of 2744 metres were drilled (cf. Lundmark and Hålenius 1982; Lundmark 1983; Lundmark 
1984). 

The mineralization (Fig. 2) is characterized by disseminations and veinlets of chalcopyrite, 
pyrite, molybdenite, magnetite, and pyrrhotite, and is in places associated with a quartz-sulphide 
stockwork. The mineralization is zoned with pyrite in the  IP-anomalous central zone, bordered by 
a high magnetic zone with magnetite, pyrite, chalcopyrite, and in places molybdenite. In this zone 
the highest grade of copper and gold occurs. High-grade mineralization, consisting of chalcopyrite 
with accessory bornite and gold, is indicated by assays of up to 5% Cu and 7  ppm  Au in  1-
meter-sections in drill core (see Appendix  B).  A zone characterised by disseminated secondary 
magnetite, 1-5 mm in size, occurs in the eastern part of the mineralized area close to the copper-
rich mineralization. This grades outwards into a heterogeneous zone with pyrite, chalcopyrite, and 
molybdenite. The latter zone generally displays low magnetisation and high resistivity and grades 
into the surrounding homogeneous, non-mineralized  Jokkmokk  granitoid. In the mineralized 
area porphyritic mafic dykes with phenocrysts of plagioclase, and secondary magnetite occur. 
Pegmatites of at least two generations are common in the Vaikijaur mineralization. 
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5 Results 

Outcrops in the mineralized area were remapped and sampled for geochemistry. Drill cores saved 

from earlier diamond drilling carried out by NSG through SGU and Sveriges Geologiska AB in 

1981-1983 were re-logged and sampled for age determination and thin section studies. Sample 

points and profiles with drill holes are shown in Figure 3. Both polished and ordinary thin sections 

were prepared from the samples and have been investigated by optical microscopy. Major and trace 

element analyses of whole rock samples were performed at Activation Laboratories Ltd, Canada. 

The major elements were analysed by lithium metaborate/tetraborate fusion inductively coupled 

plasma emission spectroscopy, ICP-OES. For trace elements inductively coupled plasma emission 

mass spectroscopy, ICP-MS, was used, and in order to detect low gold contents the samples were 

analysed by instrumental neutron activation analysis, INAA. The sulphur content was analysed by 

infrared spectrometry technique. 

o-t Drill hole 

A-H Profile

® Sample point 

F 

\ 

Fig. 3. Sample points, drill holes, and profiles at Vaikijaur mineralization. 
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Titanites, one single crystal 7 mm long and several smaller crystals were separated from a 
pegmatite cutting the mineralization in drill hole VAI83002 (see Appendix A5). The titanites were 
washed in acetone and HNO3, and finally rinsed in double distilled water. Isotope dilution analysis 
was performed on two titanite samples. The titanite samples were spiked with a 233-236U/205pb 

solution and a mixture of  HF  and HNO3  was added. The samples were subsequently dissolved 
in Teflon bombs at  c.  200°C for 5 days. After evaporation and dissolution in HBr an initial ion 
exchange step was carried out, from which purified Pb aliquots resulted. The uranium fractions 
went through a second ion exchange procedure in HC1 where eventually remaining Fe was 
removed. Finally, Pb samples were loaded on single filaments, while the uranium samples were 
loaded using a double-filament arrangement, and the appropriate isotopic ratios were measured on 
a Finnigan MAT 261 spectrometer. The chemical procedures and mass spectrometry was carried 
out at the Laboratory for isotope geology  (LIG)  at the Swedish Museum of Natural History (NRM) 
in Stockholm. A software package from Ludwig (1991) was used to calculate and plot relevant 
ages and associated errors. 

The  Jokkmokk  granitoid in the mineralized Vaikijaur area is affected by  hydrothermal  
alteration. Secondary potassic feldspar, 10 mm in size, is common, and the amphibole in the 
glomeroporphyritic amphibole and biotite patches, 5 mm in size, is altered to biotite or epidote, 
and the biotite in places is altered to chlorite. Veinlets of amphibole or biotite occur irregularly 
while veinlets with sulphide or magnetite are restricted to the more intensely altered parts of the 
mineralized area. Thin, not interconnected veinlets of quartz, 1-5 mm in width, are unevenly 
distributed without preferred orientation throughout the mineralized area and also outside the 
mineralized area.  Stockworks  with quartz veins, 1-50 mm in width, are found in connection with 
the best mineralized zones. 

The mafic porphyritic dykes in the mineralized area are magnetic and contain 1-3% magnetite 
which is 1-5 mm in size. Phenocrysts of euhedral plagioclase 5-30 mm in size, in places rounded, 
constitute up to 10% of the rock. At the margins of the dykes plagioclase phenocrysts in places 
are absent. Magnetite is, however, present everywhere in the dykes, although sometimes more 
fine-grained near the contacts. The porphyritic dykes found outside the mineralized area lack 
magnetite megacrysts. Quartz-feldspar veinlets and quarts veinlets, <10 mm in width, occur in 
the porphyritic dykes and are in places sheared and folded. A quartz rich pegmatite at the contact 
between the  Jokkmokk  granitoid and a porphyritic dyke contains magnetite megacrysts, 5-10 
mm in size. A mafic porphyritic dyke is in one outcrop partly brecciated with a pale pink quartz-
feldspar pegmatitic matrix. In the western part of the area the dykes are mainly trending in NE and 
dip moderately to  E.  In the eastern part of the mineralized area the direction change into N—S and 
they dip moderately or steeply towards west. 

Pegmatitic veins within the mineralized area at Vaikijaur are of at least two generations: 
The older type is white to pale pink, and occurs in irregular, winding bodies with microcline, 
plagioclase, quartz, and <5% biotite; and the younger type is red-white and occurs as late cross-
cutting veins. Where the older type of pegmatite occurs in the mineralization it, in places, contains 
titanite, magnetite, chalcopyrite, pyrite, pyrrhotite, and molybdenite. 

The  Jokkmokk  granitoid including the mineralization and the mafic dykes, are deformed. The 
foliation is defined by preferred orientation of the dark minerals, and the foliation trend change 
from nearly E—W with a steep southerly dip in the western part, to N—S with a steep westerly 
dip in the eastern part of the mineralized area, and thus follows the oval-shaped pattern of the 
mineralization. Quartz and amphibole±biotite veinlets are sheared and folded. In the western 
part of the mineralization the fold axes plunge gently towards west, while in the eastern part the 
fold axes plunge steeply to the south. A system of ductile-brittle faults cross-cuts the mineralized 
area. One set of N—S trending sinistral strike-slip faults is cut but by another set of NNE trending 
sinistral strike-slip faults. Shearing is mostly observed in the eastern part of the mineralized area 
in the vicinity of the fault systems. 
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5.1 	Petrology 

The  Jokkmokk  granitoid in the Vaikijaur area is mainly composed of microcline, quartz, and 
plagioclase. Amphibole and biotite are the main mafic minerals and define the grain shape foliation. 
Titanite, apatite, zircon, and occasionally allanite are accessory minerals. Epidote, calcite, chlorite 
and some of the microcline and biotite are of  hydrothermal  or metamorphic origin. The plagioclase 
is an oligoclase, An24_29, and in places displays bent twinning lamellae. Microcline occurs both as 
poikilitic perthitic grains, >1 cm in size, and as smaller grains in the matrix. Both brown magmatic 
biotite flakes and  hydrothermal  brownish-green fine grained biotite occur. 

•Dominant opaque minerals are pyrite, chalcopyrite, and magnetite. Other opaque minerals, such 
as ilmenite, pyrrhotite, sphalerite, molybdenite, and arsenopyrite are relatively common in some 
of the samples but are not found in others. Accessory opaque minerals are bornite, galena, and 
native gold. Epidote with graphic texture occurs as coronas around veinlets of pyrite, magnetite, 
and minor chalcopyrite. 

In the mafic enclaves the main minerals are plagioclase (oligioclase, An29) and hornblende that 
in places is altered to biotite. Pyroxene and microcline occur in minor amount as well as titanite 
and apatite. In some places, epidote and calcite occur. Pyrite occurs as euhedral grains, <500 gm in 
size, while chalcopyrite is anhedral and occurs as free grains (<20 gm in size) and as inclusion in 
or adjacent to pyrite. The pyrite is sometimes surrounded by a rim of magnetite which also occurs 
as euhedral grains (<100 gm in size) in contact to pyrite. 

The mafic porphyritic dykes in the mineralized area consist of plagioclase phenocrysts, up to 
10  x  20 mm in size, in a fine-grained matrix (0.5-1.0 mm) of hornblende, plagioclase, and minor 
quartz and biotite. The plagioclase phenocrysts have an andesine composition (An33) and are 
deformed, subgrained and in places display bent twin lamellae. The plagioclase in the matrix is 
oligoclase (An28). The hornblende is euhedral to subhedral, and 1 mm long laths of parallel brown 
biotite grains define a grain shape foliation. Secondary magnetite, 5 mm in size, with intergrowths 
of ilmenite, is surrounded by a rim of discrete titanite grains (<200 gm) that separates the 
magnetite from plagioclase and amphibole. Light coloured haloes, 1-3 mm in width and without 
dark minerals, surround the magnetite grains. Accessory minerals are titanite, apatite, and zircon. 

	

5.2 	Mineralization in drill holes 

Most of the diamond drilling at Vaikijaur in 1981-1983 took place in the north-eastern part of the 
conductive and magnetic anomaly. The drilling was concentrated in an area  c.  200 by 250 m large, 
with holes inclined 60°, 80°, or 85° towards east (Profile A—D, and  H,  in Fig. 3 and Appendix Al—
A8). Only one hole was drilled in the north-western part of the anomaly and towards northwest and 
a 60° inclination (Profile  G).  Two more holes were drilled further to the north on the outer rim of 
the anomaly, one inclined 60° towards east (Profile  E)  and one 60° towards south-east (Profile F). 
The cross sections based on information from drill holes are described in Appendix A. 

5.3 Geochemistry 

Geochemical analyses of samples from the Vaikijaur mineralization are shown in Table 1.  
Hydrothermal  alteration, and changes in the major element chemistry in the mineralized area 
in comparison with the non-mineralized  Jokkmokk  granitoid involve an increase in 1(20, Fe2O3, 
TiO2, and in places in MgO, CaO, and SiO„ and losses in A1203,  Na»,  CaO, and in places in 1(20 
(Fig 4). There is an increase in Rb,  Ba,  and a loss in Sr in the altered samples. All samples from the 
outcrops in the mineralized area except one, including those without visible sulphides and those 
from the mafic porphyritic dykes, are gold anomalous (Fig. 5 and Table 1). The altered granitoid 
in the mineralized area displays a moderately to steeply sloping REE pattern with (La/Lu). = 
8.7-42.5. The mineralized zone is enriched in light rare earth elements (LREE) and depleted 
in heavy rare earth elements (HREE). The HREE-profile is flat with a slight upwardly concave 
pattern. Compared to samples from the non-mineralized  Jokkmokk  granitoid the samples from 
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Tablel. Whole rock and trace element analyses. 

Sample 122 123 126 127 130 136 140 142 143 145 148 1004 1099 1105 1109 1123 1126 1152 

E-coord 714 1276 1331 1211 1207 1063 991 898 415 563 609 599 1040 915 846 839 758 669 
N-coord -1181 -1171 -1192 -1222 -1163 -1218 -1177 -1156 -1267 -1278 -1260 -1231 -1266 -1272 -1262 -1171 -1240 -1138

Si02 50,87 68,46 67,62 68,47 68,22 69,25 68,07 69,17 73,54 67,78 63,35 68.66 67,92 68,2 64,45 69,00 67,74 70,77 
Al203 14,16 16,89 16,54 14,55 16,27 16,05 16,74 16,40 13,25 16.11 13,97 15.91 16,22 16.59 17,3 16.56 16,26 16,01 

Fe203 14,23 2,00 2,26 4,05 3,47 2,63 2,16 2,15 1,51 2,18 7,34 2.51 2,65 2,55 2,62 1,68 2,83 2,03 
MnO 0,214 0,038 0,032 0.002 0,023 0,017 0,033 0,008 0,022 0,012 0,129 0,044 0,026 0,019 0,01 0,046 0,063 0,021 

MgO 4,13 0,74 0,81 0,()7 1,04 0,63 0,74 0.49 0,59 0,35 1,1 0,66 0,64 0,71 0,42 0,72 1,25 0,64 

CaO 8,22 2,50 1,98 0,71 2,21 1,73 2,85 1,24 1.00 0,98 6.26 3,51 1,91 1,89 0,93 2,44 2,90 1,71 

Na20 3,4 5,98 5,73 6.63 5,50 5.53 5,69 6.08 3,69 5,45 4,86 4,70 5,22 5,61 3,31 5,69 5.30 5,09 

K20 1,9 2,49 3,31 1,47 2,14 3,04 2,68 3,03 4,33 4,38 0,57 3,30 3,53 3,26 8,79 2,59 2,93 3,09 

Ti02 2,077 0.229 0.208 0.195 0,236 0.213 0,229 0,204 0,164 0,225 0,179 0,196 0,223 0,249 0,249 0,225 0,282 0,215 

P205 0,48 0,09 0,09 0,04 0,08 0.08 0,09 0,()7 0,09 0,16 0.11 0,08 0,09 0,()9 0,10 0,09 0,12 0,08 
LOJ 0,34 0,45 0,52 2,7 1,00 0,95 0.87 1,27 0,75 1,15 1,41 0,36 1,11 0,85 1,58 0,37 0.38 0,57 
Total 100,03 99,87 99,11 98,90 100,2 100,12 100,14 100,10 98,95 98,78 99,28 99,93 99,53 100,02 99,75 99,42 100,06 100,22 

Ag <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 1,2 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 

As 7,7 8,6 4,6 5,1 8,3 8,1 6,4 6,7 5,6 8,1 13,3 13,4 7,1 4,6 4,2 6,3 4,6 7,6 
Au IS 16 172 13 845 26 14 27 151 240 359 99 26 23 40 Il 9 <2 
Ba 616 1222 1381 507 952 1391 1362 1222 1086 2453 196 2217 1644 1599 3617 984 1346 1419 
Be 2 2 2 2 <I <I 2 I I 2 <I 2 2 I 
Bi 0,5 <0,4 <0,4 <0,4 <0,4 <0,4 <0.4 1,3 0,7 0,5 4.6 0,9 <0,4 0,5 0,7 <0,4 0,5 0,5 
Br <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 <0.5 <0,5 <0,5 <0,5 <0,5 <0,5 <0,5 
Co 33 3 5 22 8 6 6 11 4 7 7 3 5 3 35 3 5 4 
Cr 70 31 JO 8 26 21 20 <5 15 19 14 19 18 20 22 18 55 16 
Cs <I <I 2 <I 3 3 <I <I 2 <I <I <I <I <I 2 2 <I 2 
Cu 221 454 1390 185 1330 55 38 123 1640 2410 1190 391 36 97 161 29 18 43 
Ga 22 20 21 16 19 18 19 18 18 16 21 17 18 20 17 19 20 19 
Ge 2 2 <I <I <I 2 4 2 9 3 <I <I 2 <I 
Hf 6,3 2,1 2,2 1,8 1,8 2,5 2,1 2,1 1,7 2.1 2,0 1,7 2,0 2.1 2,0 2,0 2,2 2,5 
In <0,2 <0,2 <0,2 <0,2 <0,2 <0.2 <0,2 <0,2 <0,2 <0,2 0,3 <0,2 <0,2 <0,2 <0.2 <0,2 <0,2 <0,2 
lr <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 
Mo <I 4 4 12 16 7 <I 6 2160 7 32 45 6 I <I <I 2 <I 
Nb 13 4 5 3 4 4 3 4 4 4 3 3 4 4 4 4 4 4 

Oxides are in wt% and trace elements are in parts per million. LOI = loss or ignition. Coordinates are given in the local grid. 



Tablel. cont. 

Ni 54 <20 164 <20 <20 <20 <20 <20 <20 <20 22 <20 <20 <20 <20 <20 <20 <20 
Pb Il 23 9 <5 <5 6 9 12 JO 8 8 6 JO 9 20 13 13 22 
Rb 59 45 71 22 67 68 51 65 126 85 Il 71 77 75 188 70 52 83 
s 0,09 0.19 2,82 0,93 0.69 0,38 1,00 0,48 0,92 0,12 0,07 0,81 0,79 1,38 0,07 0,05 O,D3 
Sb 1,1 2,8 1.4 l.l 1.6 1,5 1,9 2.2 2.8 2,3 1,3 2,9 3.2 0,5 0.8 l,J 0,5 2,5 
Se 36,8 3.4 3,5 1,5 3.8 3 3,2 2,4 1,8 1,9 3,1 2,5 2,5 3,1 3,9 9,1 4.9 3,1 
Se <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Sn 3 I 2 <I <I <I <I <I 4 I 7 2 <I <I I <I <I <I 
Sr 247 1380 1290 651 1700 1110 1430 917 727 2610 1480 1400 1580 1420 1150 1260 1380 1160 
Ta 1,0 0,3 0,3 0,3 0,2 0,3 0,2 0,3 0,3 0,3 0,2 0,2 0.3 0,3 0,3 0,3 0,3 0,3 
Th 8,5 <0,1 1,5 0,9 <0.1 2,0 I.I <0.1 0,9 1,8 2,6 1,3 1.5 1.2 1,9 1,5 1,3 1,5 
TI 0.1 0.2 0.2 <0.1 0.2 0.2 0,2 0,2 0.3 0.2 <0,1 0,2 0,2 0.2 0.4 0,2 0,2 0,3 
u 3,0 1,2 1,5 1,9 2,1 2,3 1,1 1,2 2.9 4,1 3,3 1,2 1,7 1,7 9,1 1,6 1,3 1,2 
V 249 28 28 9 32 26 25 23 17 22 35 24 23 29 34 30 38 25 
w I <I <I 16 16 9 Il Il 25 Il 321 3 16 6 83 2 I <I 
y 55 8 7 2 4 7 7 6 5 6 Il 6 7 7 4 7 8 5 
Zn 148 53 49 <30 <30 <30 <30 <30 32 70 107 <30 <30 31 176 <30 35 <30 

N Zr 262 89 95 74 78 98 89 91 72 86 75 80 86 87 87 90 90 101 

La 34,8 13,6 12.5 3.8 10.6 15,7 15.3 16 6.6 16.9 45,9 18,6 16,5 13,7 10,1 16,4 16.0 8.2 
Ce 69,6 27,9 22,6 6,6 19 29.6 30,4 28,6 12.7 27,5 81,3 40.2 32,2 28,5 19,8 30,5 32,7 18,3 
Pr 8,42 2.95 2,50 0,73 1,81 2.85 3.15 2,76 1,58 2,83 8,51 4,33 3,24 2,99 2,06 2.92 3,26 1,72 
Nd 36,0 11.6 9,8 2.9 6.2 10.2 11.7 9,9 7 Il, I 31,9 15,9 12,0 10,6 7,5 10,2 12,0 6,5 
Sm 7,6 2,1 1.8 0,6 1,1 1,8 2,0 1,7 1,4 1,9 5,1 2,5 2,0 2,0 1,4 1,8 2,1 1,2 
Eu 1,67 0,72 0,48 0,16 0,45 0,63 0,71 0,55 0,35 0,32 1,28 0,68 0,7 0,74 0.45 0,63 0,72 0,46 
Gd 8.3 1,7 1.3 0,4 0,8 1.4 1,7 1,2 1,1 1.3 3,6 1,6 1,6 1,6 1,0 1,3 1,7 0,9 
Tb 1.5 0,2 0.2 <0,1 0.1 0,2 0,2 0.2 0.2 0,2 0,5 0,2 0,2 0,2 0.1 0,2 0,2 O,J 
Dy 8,5 1,3 1.0 0,3 0.6 I. I 1.3 1,0 0,8 1,0 2,1 1,0 1,1 l.l 0,7 1,2 1,3 0,8 
Ho 1,8 0,2 0.2 <0.1 0.1 0,2 0,3 0,2 0,2 0,2 0,4 0,2 0.2 0,2 0,1 0,2 0,2 0,2 
Er 5.8 0,7 0,6 0,2 0,3 0,6 0,7 0,6 0,5 0.6 1,0 0.5 0,6 0,6 0,4 0,7 0,7 0,5 
Tm 0,85 0,10 0.1 <0,05 0,05 0,10 0, Il 0,10 0,08 0,09 0.14 0,08 0,09 0,09 0,06 0,10 0,11 0,07 
Yb 5.0 0.7 0.6 0,3 0,4 0.7 0,7 0,7 0,5 0,6 0,8 0,5 0,6 0,6 0,4 0,7 0,6 0,4 
Lu 0,81 0, Il 0.11 0.05 0,06 0, Il 0.11 0,11 0,08 0,09 0,12 0,07 0,10 0.10 0,06 0,12 0,11 0,08 

Oxides are in wt% and trace elements are in parts per million. LOI = loss of ignition. Coordinates are given in the local grid. 
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Fig. 5. Au content of samples from outcrops at Vaildjaur. 

the mineralized area are slightly enriched in LREE and significantly depleted in the middle REE 
and HREE (Fig. 6). The most intensely altered samples display a similar pattern, but with overall 
higher or lower REE values. One of the samples displays an overall loss in rare earth elements 
which could reflect a dilution process, but comparing the change in concentration of one REE 
to the ratio of the same element to Zr seems to contradict this, as the concentration of Zr is not 
correspondingly changed (Fig 7). The non-mineralized  Jokkmokk  granitoid displays a positive  Eu  
anomaly, Eu/Eu* = 1.13-1.38 (Eu/Eu* =  Eu./ (Sm.  x  Gd.)°5, Taylor and McLennan 1985), in the 
western part of the  pluton.  In accordance, most of the altered samples in the mineralized area show 
positive  Eu-anomalies, Eu/Eu* -- 1.15-1.45, a few have a small or no  Eu-anomaly, Eu/Eu* = 0.96-
1.04, and three of the mineralized samples show negative  Eu-anomalies, Eu/Eu* = 0.62-0.92. 

1000 , 	
Vaikijaur 
—  Jokkmokk  granitoid, mineralized  
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Fig .6. Chondrite-normalized REE pattern of samples from the  Jokkmokk  granitoid. Normalizing values are taken 
from Boynton (1984, In: Rollinson 1993,  p  134). 

13 

200 



1.2  — +  Jokkmokk  granitoid,  non-mineralized 
• Jokkmokk  granitoid, mineralized  

0.8 

0.4 

• 

0 

  

50 	0.004 	0.008 	0.008 	0.016 
Yb/Zr 

Fig. 7. Yb vs. Yb/Zr plot of non-mineralized samples from the  Jokkmokk  granitoid and mineralized samples from 
Vaikijaur. The diagram shows that changes in the BEE content (Yb) of the mineralized samples from Vaikijaur not are 
a simple effect of dilution. The concentration of Zr does not change correspondingly. 

5.4 	Alteration types 

Several stages of hydrothermal/metamorphic alteration are recognized at Vaikijaur based on 
chemical and mineralogical analyses. The highest Cu and Au values in the mineralized area are 
found in zones with complex  hydrothermal  overprinting. The mineralization occupies an oval-
shaped north-northeast trending zone approximately 3 by 2 km in size, but the  hydrothermal  
alteration is much wider. Potassic and propylitic alteration can be found in several places in the 
western part of the  Jokkmokk  granitoid  pluton.  Quartz veins/veinlets spatially associated with 
tectonic zones are found at least one kilometre outside the mineralization. 

A selective potassic alteration (K-fsp + secondary biotite) affects the entire mineralized area. 
The potassic alteration involves microcline replacing plagioclase phenocrysts (Fig. 8a,b) and 
microcline growth in the matrix around and between biotite and plagioclase, as well as biotite 
partly or totally replacing glomeroporphyritic hornblende. Minor discrete disseminated pyrite and 
magnetite, and veinlets of magnetite-±pyrite are present in the potassic alteration zones, as well 
as barren quartz veins and quartz-magnetite veinlets in stockworks, especially in the inner zone 
of the mineralization. Irregular biotite±pyrite veinlets, 3 mm in width, are surrounded by a light 
coloured bleached zone, 2-3 mm in width. These biotite-±pyrite veinlets predate the pink patches 
of microcline. 

Silicification (silica flooding) with fine-grained quartz is associated with stockwork quartz 
veins and veinlets with chalcopyrite, pyrite, molybdenite, and magnetite. The highest  Mo  grade 
occurs in the silicified zones. The sulphide veins are in places surrounded by  hydrothermal  graphic 
epidote (Fig. 8c). Also vuggy quartz veinlets, 1-4 mm in width, occur irregulary. Epidote and 
pyrite are common on the walls of the vugs and may represent a later  hydrothermal  event. 

Fig. 8. Photomicrographs of alteration types in transmitted, cross-polarized light, a,  b  Potassic alteration. 
Secondary microcline (with cross-hatched pattern) after plagioclase, and sericite alteration in plagioclase.  c.  Graphic 

(symplectitic) epidote in contact with sulphide veinlet.  d.  Potassic and propylitic alteration. Plagioclase is replaced 
by microcline. Biotite is altered to epidote and also to chlorite (next to sulphide veinlet).  e.  Propylitic alteration. 

Plagioclase is altered to epidote and calcite. f Propylitic alteration. Biotite is altered to chlorite.  g.  Propylitic 
alteration. Homblende is replaced by epidote, plagioclase is replaced by calcite and biotite is altered to chlorite.  h.  
Phyllic alteration. Plagioclase is altered to sericite/muscovite. 
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A selective propylitic alteration (epidote-chlorite-calcite), variable in intensity, overprints the 
potassic alteration (Fig. 8d). Plagioclase (Fig. 8e) and hornblende (Fig. 80 are partly replaced by 
epidote, and biotite is partly altered to chlorite or epidote (Fig. 80. Calcite is spatially associated 
with biotite and plagioclase (Fig. 8g). Euhedral pyrite and magnetite, commonly together with 
epidote, are found in the propylitic alteration zones, as well as grains of pyrrhotite together with 
chalcopyrite. The chalcopyrite is later than the pyrite. Late magnetite enclosing pyrite also occurs 
in the propylitic zone. 

Light-coloured, almost white, irregular, phyllic (quartz-sericite/muscovite) alteration zones, 
usually <1 m in width, where sericite/muscovite replaces plagioclase (Fig. 8h) and with fine-
grained quartz, also overprint the potassic alteration. In these zones euhedral pyrite is common 
and is partly surrounded by chalcopyrite. Sphalerite in small amounts can be seen together with 
chalcopyrite. Disseminations of molybdenite occur in places. Magnetite of two generations, larger 
older fractured grains with fractures filled by chalcopyrite, and younger grains enclosing pyrite 
and chalcopyrite, also occur in these alteration zones. 

A late stage type of alteration occurs in irregular zones with a maximum width of 5 m, in 
most places close to the copper-rich zones. In these zones biotite has broken down and formed 
magnetite, 1-2 mm in size, with minor ilmenite, surrounded by a rim of titanite. Light-coloured 
haloes, 1-3 mm in width, composed of quartz and feldspar with minor titanite and almost devoid 
of biotite surround the magnetite grains. Outside these light-coloured haloes brown biotite is partly 
altered to colourless mica or to chlorite. A weak dissemination of pyrite, <25 1.1m in size, is also 
present. An irregular pattern of 1 mm wide and 5 mm long veinlets composed of undulose quartz, 
and discrete 2 mm large quartz grains are common in the zone. This late alteration type also 
predates the deformation. Biotite together with elongated magnetite with light-coloured haloes 
defines a lineation in the rock, indicating that this alteration is pre- to  syn-deformation. A summary 
of mineralogical and chemical changes associated with the different types of alteration in Vaikijaur 
is shown in Table 2. 

Table 2.  Hydrothermal  alteration types in  Vaikijaur.  

Reactants 

Potassic alteration 

Pig + Hbl + Bi + IC', Fe", H2S, SO2, and Si02  

Na(Si3A1)08  + CaAl2Si208  + Ca2Fe4Al2S4022(OH)2  + 
KFe3A1Sip10(OH)2  + K + Fe + H2S + SO2  + Si02  

Propylitic alteration 

Pig + Hbl + Bi +K-fsp +  Ca",  Fe", H2S, and SO2  

Na(Si3A1)08  + CaAl2Si208  + Ca2Fe4Al2Si7022(OH)2  
+ KFe8A1Si3010(OH)2  + KAlSi308  + Ca +Fe + H2S + 
SO2  

Phyllic alteration 

Pig + K-fsp + Chi + W, IC-, Fe", Cu", H2S, 502, 
and SiO2  

Na(Si3A1)08  + CaAl2S1208  + KA1Si308  + 
Fes.Al2Si3010(OH)8  +  H  +  K  + Fe + Cu + H2S + 
SO2  + SiO2  

Products 

K-fsp +  Bi  + Qz +  Mt  +  Py  Cp 

KAlSi308  + KFe3A1Si3010(OH)2  + Si02  +Fep, + FeS2  
+ CuFeS2  

Ep  + Chi +Calcite +Mt + Po +  Py  

Ca2A120(A1,Fe)OH(Si207)(SiO4) + Fe8Al2Si3010(OH), 
+ CaCO3+ Fe304  + FeS + FeS2  

Ser + Qz +  Py  + Cp 

K2A14(Si6A12020)(OH,F)4  + Si02+ FeS2  + CuFeS2  
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5.5 	Ore mineralogy 

Pyrite is the major opaque mineral in the Vaikijaur area. It formed as an early phase in the 
mineralization and disseminations of pyrite is ubiquitous. The pyrite forms euhedral to subhedral 
grains, <10gm-2 mm in size, and is sometimes fractured. Pyrite is also common in veinlets where 
it is found together with other opaque minerals, and also in vuggy quartz veinlets together with 
epidote. It is often totally or partly surrounded by chalcopyrite, pyrrhotite, or magnetite. In places, 
inclusions of chalcopyrite occur in the pyrite. The occurrence of a rim of magnetite bordering 
pyrite (Fig. 9a) may reflect a change in the physical and chemical environment with higher activity 
of oxygen (higher oxygen  fugacity)  and/or lower activity of sulphur (lower sulphur  fugacity),  
where the iron sulphide phase will be replaced by an iron oxide phase. 

Chalcopyrite commonly appears as free, single, anhedral interstitial grains, with a size of >100 
gm and in places as large as 1-3 mm, in a silicate matrix. The chalcopyrite has partly replaced 
the silicates (Fig. 9b). A fine-grained chalcopyrite dissemination, <50gm grain size, occurs in 
plagioclase often along the albite twinning lamellae, and also among quartz grains. Chalcopyrite 
is also irregularly distributed along narrow fractures and in veinlets together with quartz and/or 
pyrite and magnetite. In places it encloses pyrite, and in the margins of the chalcopyrite grains 
intergrovvth with sphalerite occurs. 

Up to 500 gm long laths of molybdenite are present as inclusions in chalcopyrite or in contact 
with chalcopyrite and pyrite, in quartz veinlets, and as interstitial grains between quartz, plagioclase, 
and biotite (Fig 9c,  d).  Pyrrhotite occurs in contact with chalcopyrite and is partly enclosing pyrite 
as well as chalcopyrite (Fig. 9e). The occurrence of pyrrhotite may reflect different physical or 
chemical conditions like an increase in temperature, lowered sulphur activity, or lowered oxygen 
activity (cf. Vaughan and Craig 1997). Sphalerite is present in small amounts and is most often 
found in connection with chalcopyrite (Fig. 90, and arsenopyrite is present as discrete grains in a 
few samples. 

Magnetite is disseminated together with chalcopyrite in the most intensely mineralized zones, 
and also occurs in veinlets. The magnetite is euhedral to subhedral and the grains are in places 
fractured and filled with chalcopyrite. The magnetite is enclosing both pyrite and chalcopyrite. 
Secondary formed magnetite with minor ilmenite surrounded by a rim of titanite is a product of 
local recrystallization during metamorphic conditions. 

Native gold has been identified in some of the investigated samples. Three of these samples 
are from drill core VAT 81002 and contain 1.2, 1.9, and 7.1  ppm  Au respectively. One sample is 
from drill core 82003 which is not analysed for gold (cf. Appendix  B).  The size of the gold grains 
varies between 3 and 25 gm, and the size of coexisting sulphides is 15-80 gm. No gold is found 
in association with the larger sulphide grains (>100 gm). The gold occurs in the following settings 
(Lundmark and Hålenius 1982): 1) Free gold in a silicate matrix, 2) In contact with chalcopyrite or 
as inclusions within the chalcopyrite, and 3) In contact with pyrite and/or sphalerite. 
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Fig. 9. Photomicrographs in reflected light (the difference in colour of e.g. pyrite in the photos depends on 
different exposure times). a. Pyrite surrounded by magnetite. Chalcopyrite occurs both in and outside magnetite.  

b.  Chalcopyrite has replaced plagioclase and occurs along twin lamellae.  c.  Chalcopyrite and a partly intergrown 
lath of molybdenite.  d.  Chalcopyrite and molybdenite in silicate matrix.  e.  Pyrite and chalcopyrite surrounded by 
pyrrhotite.f Early pyrite crystal with later chalcopyrite and sphalerite. 
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5.6 	Geochronology, dating of titanite 

Titanites from a pegmatite, sample VAI83002, at 60.18 m, are reddish brown, and euhedral to 
subhedral. Two separate titanite fractions were analyzed which both gave slightly discordant U-
Pb ages (Table 2 and Fig. 10). A regression of these data yields an upper intercept of 1782±11 
Ma (Li age is 377+190 Ma), and this age is interpreted as the age of titanite crystallization. The 
textural relationships of the titanite suggest that it was formed during local partial melting of the 
JoIckmokk granitoid. The host pegmatite clearly postdate the main mineralization and deformation 
at Vaikijaur. 

Table 3. U-Pb titanite data from Vaikijaur, (samples from pegmatite in drill hole 83002). 

Fraction Weight 	U 	Pb tot 206pb/204pba206pb _ 207pb _ 208pb 206pb/238ub 207pb/235ub 207pb/206pbb 207pb/206pb 

(mg) 	(ppm) (ppm)  measured  radiog.  Pb (at%)b 	 age in Ma 

Tit 1 	0.0647 288.5 114.9 2653 	66.5 - 7.2 - 26.3 	0.3027 	4.5199 	0.1083 	1771 

Tit 2 	0.0646 291.7 104.3 2702 	72.3 - 7.8 - 20.9 	0.2921 	4.3420 	0.1078 	1763 

a: corrected for mass fractionation (0.10 % per a.m.u.).  
b: corrected for mass fractionation, blank (maximum 10 ppt Pb) and common Pb (according to the model of Stacey 
and  Kramers  1975). 
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Fig. 10. U-Pb concordia diagram for titanites from Vaikijaur, (sample from pegmatite in drill core VAI83002). 
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6 	Discussion 

	

6.1 	The  Jokkmokk  granitoid and porphyritic dykes 

The  Jokkmokk  granitoid forms a unique igneous suite in northernmost Sweden (Lundmark et al. 
Thesis paper 1). Mafic enclaves and mafic dykes together with a positive gravimetric anomaly 
suggest that the granitoid interacted with a comagmatic mafic magma. This unusual magma-type 
is, as far as is known, restricted to the Archaean—Proterozoic palaeoborder and may indicate that 
the old palaeosuture played an important role in the emplacement, and possibly genesis, of the  
Jokkmokk  granitoid. The formation of the granitoid is suggested to have taken place outboard 
the Archaean craton in a volcanic arc environment with a thin pre-plutonic arc, composed of 
Palaeoproterozoic crust, derived from input of mantle magmas. It is suggested by Lundmark 
et al. (Thesis paper 1) that mineralizations similar to Vaikijaur may be spatially related to this 
palaeosuture, i.e. the Archaean—Proterozoic palaeoborder. 

At Vaikijaur mafic porphyritic dykes occur within the  Jokkmokk  granitoid, evident from positive 
ground magnetic anomalies. The trend of the dykes in a broad sense parallels the margins of the 
oval shaped outline of the mineralization. This pattern may imply that they intruded in a concentric 
fracture system as cone sheets, as described by Johnson et al. (2002 and references therein). The 
mafic porphyritic dykes are affected by the alteration in the mineralized area. Elevated Cu,  Zn,  
and Au values are found in analysed samples from these mafic prophyritic dykes. Also quartz 
veinlets, although not as frequent as in the altered granitoid, are found in the mafic dykes within 
the mineralization. 

Secondary magnetite is found in the mafic porphyritic dykes within the mineralized area 
and is interpreted to be a product of a combination of  hydrothermal  alteration and metamorphic 
recrystallization events, since outside the mineralized area the mafic porphyritic dykes lack large 
secondary magnetite Similar alteration style with secondary magnetite occurs in a zone in the 
granitoid close to the highest grade Cu-mineralization. Oxidation of Ti-rich biotite probably 
formed magnetite, ilmenite and  K-feldspar. This alteration took place before the emplacement of 
the older pegmatites. 

	

6.2 	Geochemistry and alteration 

In dynamic  hydrothermal  systems addition or removal of components by circulating water and 
vapour may lead to formation of new mineralogical assemblages. The direction and speed of 
the fluid flow determines what mineral assemblages will form, in outflow zones, i.e. generally 
upfiow, the temperature of the fluid will decrease, and in inflow zones, i.e. generally downward 
flow, increase. The temperature factor controls the formation of distinct alteration assemblages 
within  hydrothermal  systems (cf. Giggenbach 1997). Minerals being comparatively more soluble 
at elevated temperatures (e.g.  K-Al-silicates) will show a tendency to precipitate from solutions 
moving from higher to lower temperature. When a solution moves down a temperature gradient 
in a  hydrothermal  system it will most often mean that the solution is moving upwards, hence 
potassic alteration takes place in major upflow zones. Also silica shows increased solubility at 
high temperatures, hence potassic alteration often is accompanied by silicification. If the cooling 
is too fast to allow neutralization in the rock the potassic alteration is accompanied by formation 
of phyllic alteration (due to hydrogen metasomatism or acid alteration). The fast cooling means 
an increased temperature gradient and also generally indicates decreasing depth, hence extensive 
phyllic alteration together with potassic alteration generally increases at shallower levels in the 
system. When solutions are percolating downwards, i.e. move up the temperature gradient, the  
K-silicates will dissolve leaving propylitic alteration assemblage with  Na-,  Mg-, and Ca-rich 
minerals like chlorite, epidote, and albite. 
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The increase in K20 and Si02  and loss in Fe203, MgO, and CaO in the Vaikijaur samples may 
reflect the breakdown of igneous amphibole and plagioclase and the deposition of  hydrothermal  
biotite and  K-feldspar, i.e. potassic alteration, and also silicification. The increase in trace elements 
like  Ba,  Rb, Th, and Pb is correlated with the amount of secondary biotite and/or  K-feldspar. The 
decrease in P,05, Sr,  Y,  and  Zn  correlates with the breakdown of amphibole, plagioclase, and 
apatite. Changes in major element chemistry that accompany propylitic alteration overprinting 
potassic alteration are mainly losses in K20 and 5i02  (destruction of igneous and  hydrothermal  
biotite), and gains in Fe203, MgO, CaO, P205  and Na20 (formation of chlorite, epidote, apatite). 
Overprint of quartz-sericite alteration results in gains in A1203, Fe203, and locally K20 and S, this 
could also be due to the fact that all other cations are lost leaving a quartz-sericite-pyrite residue. 
In the mineralized area Au is always present in the analyzed samples, indicating that gold was a 
constituent of the primary  hydrothermal  fluids. 

Vuggy quartz veins like the ones in Vaikijaur are described from many younger deposits such as 
for example  Grasberg,  Indonesia, where they are interpreted as quartz-anhydrite veins from which 
the anhydrite has been leached (cf. Pollard and Taylor 2002). A similar process with leaching of 
sulphates or carbonates could be the case also in the Vaikijaur mineralization; the vuggy veins 
extends to depth of >100 m and it is therefore unlikely that they are a result of ordinary surficial 
weathering processes. 

6.3 	Porphyry style mineralization? 

The vast majority of porphyry style deposits described in literature are Phanerozoic in age (i.e. <570 
Ma). These porphyry copper deposits occur in strongly deformed, faulted and uplifted regions, 
and they seem to be developed episodically (Tilley & Beane 1981). They are a consequence of 
convergent plate margin magmatism and many of the deposits are formed in an environment with 
high rates of plate convergence and voluminous igneous activity. The style of deformation of the 
upper plate controls the positioning of porphyry copper  plutons  in a shallow crustal environment. 
Tosdal and Rickards (2001) conclude that porphyry copper deposits form under near-neutral stress 
state. These conditions may, according to them, exist during periods of little deformation, in areas 
removed from deformation, or during stress relaxation in the magmatic arc, conditions likely to be 
infrequent and of short lifetime. Magmas generated during subduction in the mantle wedge will 
passively rise into the upper crust where they will pond in magma chambers during conditions 
of transtensional strain along arc-related structures. Apophyses rise from the parental magma 
chamber to shallow levels, 1-3 km depth, and may form porphyritic stocks. This environment 
with hypabyssal magmatism and associated localized volcanism is favourable for porphyry copper 
formation. Three processes contribute to fracturing during porphyry copper formation: 1) intrusion 
of porphyry stocks or dykes, 2) exsolution of  hydrothermal  fluids from a cooling parental magma 
chamber, and 3) phase separation of  hydrothermal  fluids. Each process enhances permeability 
in the form of fracture or  breccia  networks through which  hydrothermal  fluids may flow and 
precipitate minerals (cf. Tosdal and Rickards 2001). Concentric and radial fracture patterns reflect 
magmatic processes like renewed intrusion, whereas more linear patterns reflect external tectonic 
influences.  Hydrothermal  fluids exsolved at magmatic temperatures are initially in equilibrium 
with the coexisting magma and its mineral phases. High temperature alteration assemblages 
consist of quartz,  K-feldspar, biotite, anhydrite, and magnetite (potassic alteration). As the high-
temperature fluid migrates away from the parent magma it rises and begins to cool. The fluid will 
separate into a liquid and vapour phase, and sulphur dissolved as SO, will react with water and 
form H25 and sulphuric acid H2SO4. This will result in precipitation Of anhydrite CaSO4  and the 
release of more acid such as  Hd.  These low-pH fluids will cause an alteration with sericite and 
quartz (phyllic alteration). Emplacement of a hot body of magma into the shallow crust involves 
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interaction with local ground waters and the alteration (propylitic alteration) arising from this is 
characterized by hydration; producing minerals such as chlorite and epidote, commonly together 
with carbonate minerals (cf. Tosdal and Rickards 2001). 

Precambrian porphyry type Cu-±Mo±Au deposits are present in many parts of the world 
including Australia, Brazil, Canada, China, Finland, India, Namibia, Russia, Sweden, and Zambia. 
The three largest deposits, with ages of  c.  1.9 ±0.1  Ga,  are found in China, Namibia, and India. 
Most of them are associated with calc-alkaline or alkaline magmatism related to subduction 
zone settings (Sikka and Nehru 1997). An example of a Swedish Proterozoic porphyry style 
mineralization is found in the  Tallberg  area in the Skellefte district 150 km south of  Jokkmokk  
where porphyry type Cu-Au-Mo  deposits occur in the oldest parts of the  Jörn  batholith, associated 
with juvenile (positive eNd  values), calc-alkaline, quartz-feldspar porphyritic intrusions (Weihed 
1992). The  Tallberg  deposit, with low grade (0.27%) and large tonnage (44 Mt) with a cut off at 
0.20% Cu, is the best studied and documented porphyry style deposit in the Fennoscandian shield. 
The host  Jörn  granitoid was dated at 1888+20/-14 Ma (Wilson et al. 1987), and one of the high-
level quartz-feldspar porphyritic intrusions was dated at 1886 +15/-9 Ma (Weihed and Schöberg 
1991). The main host rock for the mineralization is a tonalite composed of oligoclase, quartz, 
hornblende, and biotite as major minerals. The tonalite is intruded by quartz-feldspar porphyry 
dykes and stocks trending in a NE direction following an existing fault system. The porphyries are 
associated with intense  hydrothermal  alteration zones and variably strong sulphide mineralization. 
The porphyry is considered as the intrusive phase genetically related to the mineralization. A 
proximal zone with phyllic alteration is grading out into a distal zone with propylitic alteration. 
The mineralization consists of disseminations of sulphides and a quartz-sulphide vein stockwork. 
The sulphides are chalcopyrite, pyrite, molybdenite, and sphalerite. In the richest parts the grade is 
1.5% Cu and 0.1%  Mo  in sections over 5 min drill cores. The gold grade is generally low. The area 
was subsequently intruded by post-mineralization multiple basic dykes trending in a NE direction 
(Weihed 1992). 

When comparing criteria for Phanerozoic deposits (cf. Lowell and Guilbert 1970; Titley 
and Beane 1982; Beane and Titley 1982; Tosdal and Richards 2001) and Precambrian deposits 
(Weihed 1992; Sikka and Nehru 1997) with the characteristics of the Vaikijaur mineralization 
several similarities are seen: 

1. The host rock, the  Jokkmokk  granitoid, is a calc-alkaline, volcanic arc type granitoid. 
2. The Vaikijaur mineralization occurs as an oval shaped area, 2 by 3 km large, and is totally 

hosted within the granitoid. The mineralization boundaries are gradational. 
3. A partly zoned potassic, propylitic, and quartz-sericite (phyllic) alteration system as well 

as silicification occurs. 
4. The sulphides form disseminations and veinlets, and also occur in stockworks. 
5. Pyrite is the most common sulphide, followed by chalcopyrite, pyrrhotite, sphalerite, and 

molybdenite. 
6. Gold is present everywhere in the mineralized area in various amounts. 

The irregular and narrow zones with phyllic alteration may indicate that the present erosional 
surface was originally the deeper parts of the mineralization (cf. Giggenbach 1997). The lack 
of  breccia  pipes in connection with the mineralization may also be an indication of a deep 
erosional level (cf. Burnham 1997). The nearly concentric pattern in the Vaikijaur mineralization 
with disseminations, veinlets, stockworks, and a zoned alteration system that reflects the active  
hydrothermal  fluid paths suggest that the copper-gold mineralization at Vaikijaur is mainly formed 
from magmatic fluids, although no isotopic evidence are yet available. The  hydrothermal  fluids 
may partly have been derived from comagmatic mafic intrusions at depth. The evidence for this 
comes from gravimetric data as well as from mafic enclaves in the  Jokkmokk  granitoid. 
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6.1 	REE - a useful indicator for porphyry copper deposits? 

The coherent geochemical behaviour of the REE (atomic numbers 57 to 71) reflects their identical 
valence electron configurations (most of them occur in a +3 oxidation state) and the gradual change 
in their ionic radii. One of the few rock-forming cations with a similar ionic radius for eight-fold 
coordination is Ca". The element  Eu  can also have a +2 oxidation state in geological systems. 
Due to the predictability of this group behaviour the REE have become widely used indicators of 
petrogenesis of igneous, metamorphic, and sedimentary rocks. REE are relatively incompatible 
during magmatic crystallization, LREE are enriched in felsic rocks while the HREE are most often 
bound in the mafic minerals. In the past, REE were often considered to be immobile and unaffected 
by  hydrothermal  fluids, but it has been demonstrated (cf. Taylor and Fryer 1980, 1982, 1983) 
that the REE-distribution in altered rocks successfully monitors the changing fluid conditions 
from early magmatic to later meteoric fluid dominated systems. During potassic alteration the  
hydrothermal  fluids produced from a calc-alkaline magma during retrograde boiling will cause 
enrichment in LREE and middle rare earth elements, MREE, and depletion in HREE in the altered 
rock. Hot  hydrothermal  fluids circulating in a low oxygen  fugacity  environment will transport  Eu  
as  Eu"  instead of as  Eu",  and as the geochemical characteristics of Eu2+ is almost identical to Sr' 
it will easily enter suitable sites in feldspar. This will cause a positive  Eu-anomaly in potassically 
altered rocks. Propylitic overprinting will cause a moderate leaching of all REE; and the feldspar 
destructive phyllic overprinting will result in a leaching of the lightest and heaviest REE along 
with  Eu  in the rocks. In association with the alteration, a hypogene reworking of protore may 
produce substantial reconcentration of ore metals like Cu. Recent studies on the REE-contents of 
fluids in  hydrothermal  systems (cf. Lewis et al. 1997; Fulignati et al. 1999) and in  hydrothermal  
ore deposits (cf. Lang and Titley 1998;  Melfos  et al. 2002) have shown that REE are mobilized by  
hydrothermal  fluids. 

The depletion of MREE and HREE in the altered, mineralized  Jokkmokk  granitoid at Vaikijaur 
is due to an alteration where hornblende, titanite, allanite (REE-epidote), and apatite are involved. 
The loss of REE can, for example, be related to the destruction of the large octahedral cation site 
in amphibole in which they substitute for Ca. One sample seems to have an overall loss of REE, 
as an effect of phyllic alteration (Fig. 6). It is not likely that the changes in the REE-content are an 
effect of dilution as the content of the immobile element Zr is not changed accordingly. 

Most of the samples in the mineralized area show positive  Eu-anomalies, Eu/Eu* = 1.15-1.45. 
These positive  Eu-anomalies could reflect the early alteration processes. Investigations of the 
Laramide magmatic complexes which host porphyry copper deposits in Arizona (Lang and Titley 
1998) showed that REE-profiles of productive, ore bearing  plutons  differ consistently both from 
those of the barren intrusions in their own complexes and those from non-productive stocks in 
completely barren complexes. The productive  plutons  have steeper REE-profiles, lower total REE-
concentration, and less negative to positive  Eu-anomalies. Similar characteristics in altered rocks 
are reported from studies of recent  hydrothermal  systems (Lewis et al. 1997) where the HREE 
are depleted and  Eu  is enriched at the same time. Three of the mineralized samples at Vaikijaur 
show negative  Eu-anomalies, Eu/Eu* = 0.62-0.92. These samples are from the western part of 
the mineralization and the loss of  Eu  may be due to a phyllic overprinting (cf. Taylor and Fryer 
1980). 
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7 	Conclusions 

Several similarities between the Vaikijaur mineralization and known Phanerozoic porphyry style 
deposits are seen: The host rock, the  Jokkmokk  granitoid, is a calc-alkaline volcanic arc type 
granite. The Vaikijaur mineralization is oval shaped and grades into non-mineralized granitoid. The 
mineralization is 2 by 3 km in size and totally hosted within the granitoid. The sulphides occur as 
disseminated grains or in veinlets and in stockworks with quartz with or without sulphides. Pyrite 
is the most common sulphide, followed by chalcopyrite, pyrrhotite, sphalerite, and molybdenite. 
Gold is always present in variable amounts. Potassic, propylitic and quartz-sericite (phyllic) 
alterations are widespread. However, the alteration zonation does not follow the traditional pattern 
(i.e. Lowell and Guilbert 1970) with a central zone surrounded by several alteration shells. At 
Vaikijaur the alteration zones are irregular and overprinting in character, and this may be due to the 
fact that the source to the mineralizing fluids is an underlying more mafic intrusion. The irregular 
and narrow zones with quartz-sericite (phyllic) alteration, and also the lack of  breccia  pipes in 
connection with the mineralization may indicate that the present erosional surface was originally 
the deeper parts of the mineralization. 

Evaluation of changes in the REE-pattern in granitoid rocks can be a useful way to interpret 
what  plutons  or parts of  plutons  are of interest for exploration for this type of deposits. A low 
total PEE-concentration, a steep REE-profile, and the lack of negative  Eu-anomaly are some 
useful criteria to delineate fertile calc-alkaline rocks with mineralizations of similar type as 
Vaikijaur spatially associated with the palaeosuture along the Archaean—Proterozoic palaeoborder. 
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Appendix A 

DIAMOND DRILLING, VAIKIJAUR, 1981-83 

Diamond drilling campaigns were carried out in 1981-83 at Vaikijaur in the northern part of 
the mineralized area. 17 drill holes with a total of 2744 metres were drilled. At that time mostly 
sulphide-rich sections were analysed, and the possibility to analyse for gold was restricted. Some 
of the geochemical results from sampled sections of the cores are summarized in Appendix  B.  All 
profiles are drawn looking north. 

Profile A (Al): Drill hole 81001, inclined 600  towards  E,  281 m long. This is the southernmost 
drill hole in the north-eastern part of the mineralized area. The  Jokkmokk  granitoid is texturally 
inhomogeneous and partly foliated. Four zones occur along the core with mafic enclaves. The 
enclaves are up to 30 cm along core. Pegmatite veins postdate the foliation, and especially in the 
deeper part of the core they become very frequent. The granitoid is affected by potassic alteration, 
commonly microcline, and most of the amphibole is altered to biotite. Phyllic alteration occurs 
in irregular zones and the plagioclase is partly altered to sericite/muscovite. Propylitic alteration 
with biotite altered to chlorite, and epidote was mostly found in narrow zones. Sulphides and 
oxides occur as dissemination in connection with very fine fracture systems along the drill core, 
in the upper part mainly as pyrite and in a few places as magnetite or pyrrhotite. In the deeper 
part pyrite and chalcopyrite dissemination occurs together with minor molybdenite. Veinlets up 
to 30 mm in width with pyrite + magnetite or pyrite + quartz in the upper part are replaced by 
veinlets with pyrite + molybdenite further down. In the deeper parts veinlets with chalcopyrite 
occur. Vuggy quartz veinlets with pyrite, magnetite, and epidote are found near surface while at 
depth also molybdenite can be seen in the vuggy veins. In the deepest parts of the core the mineral 
composition in the vuggy veins is chalcopyrite, pyrite, and molybdenite. 

Profile  B  (A2): There are two drill holes in the cross section, 82008 and 82007, both inclined 
60° towards  E,  141 and 179 m long respectively. The  Jokkmokk  granitoid is in places foliated and 
two zones with mafic enclaves can be seen. Pegmatite veins are frequent in the deeper part of the 
section. The section starts in potassic alteration and propylitic alteration with abundant epidote. 
Phyllic alteration is not obvious. Dissemination of pyrite and magnetite is present in the upper part 
of the section; pyrrhotite, molybdenite, and chalcopyrite are found in places. In the deeper part 
chalcopyrite is the dominating disseminated sulphide. Veinlets of quartz or pyrite + chalcopyrite + 
magnetite are found in the upper part. In places, vuggy quartz veinlets with pyrite or molybdenite 
are noted. A west-dipping zone,  c.  5 m in width, with secondary formed magnetite can be seen in 
the deeper part of the section. 

Profile  C:  (A3): In this cross section the highest grade of both Cu and Au from Vaikijaur are 
found at 100 m below surface. The section is based on five drill holes: 82011 inclined 85° towards  
E,  200 m long; 82009 inclined 80° towards  E,  161 m long; 81002 inclined 60° towards  E,  209 
m long; 82004 inclined 60° towards  E,  151 m long; 81003 inclined 60 ° towards  E,  162 m long. 
The  Jokkmokk  granitoid becomes more foliated towards east in the cross section. Two zones 
with mafic enclaves can be seen. Pegmatite is frequent in the deeper and eastern part of the cross 
section. Potassic and propylitic alteration is ubiquitous while phyllic alteration is restricted to 
narrow zones. Dissemination of pyrite dominates in the upper western part of the section while 
chalcopyrite dominates in the deeper eastern part. Pyrrhotite, molybdenite, and magnetite occur 
in places. A stockwork with thin fractures, up to 10 mm in width, filled with pyrite -± chalcopyrite 
and/or quartz is common in the upper part. Veinlets of quartz and/or pyrite and in places magnetite 
are frequent in the upper western part and veinlets of chalcopyrite are common at depth in the 
eastern part of the cross section. In places, <0.3 m wide  hydrothermal  breccia  zones occur, with 
small rounded clasts, 10 mm in size, of fine-grained  Jokkmokk  granitoid in a matrix of pyrrhotite 
+ chalcopyrite. Vuggy quartz veinlets with epidote and pyrite, sometimes also with magnetite 
or molybdenite, are frequent in the western and upper part of the section, while deeper down 
chalcopyrite occurs. The zone with secondary magnetite follows the pattern from cross section  B,  
but is here split up by pegmatites. 
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Profile  D  (A4): There are three drill holes in the cross section: 82010 inclined 800  towards  E;  201 
m long; 82005 inclined 60° towards  E,  143 m long, 82006 inclined 60° towards  E,  147 m long. The  
Jokkmokk  granitoid is in places weakly foliated and three zones with mafic enclaves occur. The 
granitoid is affected by potassic and propylitic alteration, and to a minor degree ofphyllic alteration. 
Pegmatite veins are mostly found in the deeper part of the eastern drill hole. Dissemination of pyrite, 
and in places magnetite, occurs down to  c.  100 m below surface. Chalcopyrite dissemination starts 
at  c.  50 m below surface. Minor molybdenite dissemination occurs in places. Veinlets of pyrite and 
chalcopyrite+molybdenite occur together with disseminations of the same mineral. Vuggy quartz 
veinlets with pyrite, chalcopyrite, molybdenite, and epidote occur at 50 and 100 m below surface. 
The zone with secondary magnetite follows the pattern from section  B  and  C.  

Profile  H  (A5): The section was drilled to check if the mineralization continued to the north 
and followed the magnetic pattern as well as the  IP  anomaly, and also in order to check a slingram 
anomaly. The three drill holes are all inclined 60° towards east; 83003 is 127 m long; 83001 is 140 
m long; and 83002 is 60 m long. The granitoid is weakly foliated, contains two zones with mafic 
enclaves, and pegmatite veins have intruded the granitoid in the deeper parts of the cross section. 
Potassic alteration is present in the entire section, propylitic alteration is more pronounced in the 
western and middle parts. Pyrite dissemination is general while chalcopyrite dissemination starts 
at a depth of 20-50 m below surface. Magnetite and molybdenite occur in places. Veinlets of pyrite 
occur throughout the section, while veinlets with magnetite and molybdenite are more frequent in 
the upper part, and veinlets of chalcopyrite are present below  c.  25 m. The vuggy quartz veinlets 
with pyrite and/or chalcopyrite and epidote±magnetite±apatite are unevenly distributed. 

Profile  E  (A6): Drill hole 82001, inclined 60° towards  E,  100 m long, was drilled further to the 
north in the outer part of the magnetic structure. A mafic porphyritic dyke occurs near the surface. 
The  Jokkmokk  granitoid is weakly foliated and mafic enclaves are mostly found in the deeper part 
of the core. Dissemination of pyrite, chalcopyrite, and magnetite can be seen in the upper part of 
the core. Veinlets with pyrite, chalcopyrite, and magnetite occur near the surface, while veinlets 
with pyrite, chalcopyrite, and molybdenite are found deeper down. 

Profile F (A7): Drill hole 82002, inclined 60 towards SE, 130 m long, is the northernmost 
hole and was also drilled in the outer part of the geophysical anomaly. The  Jokkmokk  granitoid is 
weakly foliated and several fracture zones occur in the upper part of the core. A mafic porphyritic 
dyke occurs in the upper part of the core. Silicification is present from  c.  75 m below surface. In 
the upper part of the core dissemination of pyrite, chalcopyrite and molybdenite are present, while 
chalcopyrite dominates deeper down. A few veinlets with chalcopyrite occur in the deeper part of 
the core 

Profile  G  (A8): Drill hole 82003, inclined 60 towards NE, 184 m long, was drilled in the 
western part of the geophysical anomaly near outcrops containing chalcopyrite mineralization. 
The  Jokkmokk  granitoid is fractured in the upper part of the core, and partly foliated. A porphyritic 
dyke occurs near the surface. Minor grey pegmatite veins are present on different levels. Propylitic 
alteration is found throughout the core while potassic alteration is mainly present in the deeper 
levels. Dissemination of pyrite and chalcopyrite is present in the whole core and in places also 
molybdenite. Veinlets of pyrite and chalcopyrite occur in the upper part and to some extent also at 
deeper levels. Vuggy quartz veinlets with chalcopyrite and molybdenite are mainly present in the 
deeper parts. No gold analyses were carried out on this core, but gold was found in thin section. 
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A4. Profile  D  with geology, dissemination, veinlets, and vuggy quartz veinlets. 
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Appendix  B  

Summary of geochemical results from drill core analyses 1981-1983. 
Cu,  Mo,  and  Zn  values given in  ppm  were analysed by x-ray fluorescence, XRF. 
Cu and  Mo  values given in % were analysed by atomic absorption spectroscopy. 
Au was analysed by Fire assay, and S was analysed by titration. 

Drillcore  Section Cu Cu  Au  Mo Mo Zn  S  

nr  m ppm % ppm ppm % ppm % 

VAI81001 7,00-8,00 490 n.a. n.a. 206 n.a. 15 n.a. 
VAI81001 76,00-76,50 170 n.a. n.a. <10 n.a. 29 n.a. 
VAI81001 89,30-89,50 134 n.a. n.a. 15 n.a. 19 n.a. 
VA181002 111,65-112,65 2330 0,24 0,2 20 n.a. 48 n.a. 
VA181002 112,62-113,65 5050 0,58 0,5 22 n.a. 76 n.a. 
VA181002 113,65-114,65 12630 1,26 1,2 17  na.  100 n.a. 
VA181002 114,65-115,65 >13000 5,5 7,1 152 n.a. 493 n.a. 
VA181002 115,65-116,65 >13000 2,73 2,7 256 n.a. 354 n.a. 
VA181002 116,65-117,65 10930 1,05 1,2 50 n.a. 161 n.a. 
VA181002 117,65-118,65 >13000 1,4 1,4 14 n.a. 237 n.a. 
VA181002 118,65-119,65 >13000 1,91 1,8 54  ma.  208  ma.  
VA181002 119,65-120,65 12620 1,45 1,5 194 n.a. 174 n.a. 
VA181002 120,65-121,65 9910 0,97 0,9 146 n.a. 144 n.a. 
VA181002 121,65-122,65 3050 0,3 2,2 39 n.a. 60 n.a. 
VA181002 122,65-123,65 3430 0,31 0,2 123 n.a. 56 n.a. 
VA181002 123,65-124,65 3280 0,26 0,2 <10 n.a. 50 n.a. 
VA181002 124,65-125,65 2640 0,24 0,3 40 n.a. 46 n.a. 
VA181002 125,65-126,65 >13000 1,9 1,9 260 n.a. 70 n.a. 
VA181002 126,65-127,65 2210 0,19 0,1 28 n.a. 37 n.a. 
VAI81003 57,40-57,90 3530 n.a. n.a. 31 n.a. 36 n.a. 
VAI81003 63,00-64,00 2130 n.a. n.a. 24 n.a. 47 n.a. 
VAI81003 64,00-65,00 4150  ma.  n.a. 55 n.a. 49 n.a. 
VAI81003 83,25-84,25 6530 n.a. n.a. 54 n.a. 86 n.a. 
VAI81003 149,85-150,35 5200 n.a. n.a. >500 0,6 91 n.a. 
VAI82002 84,50-85,50 7220 n.a. n.a. >500 n.a. 146 n.a. 
VAI82002 89,15-89,65 >13000 n.a. n.a. 221 0,1 759 n.a. 
VAI82003 65,20-65,70 2540 n.a. n.a. 273 n.a. 58 n.a. 
VAI82003 65,70-66,70 7610 n.a. n.a. >500 0,22 122 n.a. 
VAI82003 66,70-67,70 1050 n.a. n.a. 460 0,044 56 n.a. 
VAI82003 67,70-68,20 1800 n.a. n.a. 90 n.a. 48 n.a. 
VAI82003 76,85-77,35 2330 n.a. n.a. 32 n.a. 36  ma.  
VAI82003 77,35-77,85 4870 n.a. n.a. 14 n.a. 59 n.a. 
VAI82003 77,85-78,35 690 n.a. n.a. <10 n.a. 24 n.a. 
VAI82003 102,55-103,05 1830 n.a. n.a. <10  ma.  30 n.a. 
VAI82003 136,65-137,15 6370 n.a. n.a. 123 n.a. 78 n.a. 
VAI82003 145,85-146,85 3350 n.a. n.a. 14 n.a. 47 n.a. 
VAI82003 146,85-148,85 1390 n.a. n.a. 28 n.a. 27 n.a. 
VA182004 101,30-102,30 1350 0,14 0,1 49 n.a. 52 n.a. 
VA182004 102,30-103,30 2720 0,37 0,4 82 n.a. 58 n.a. 
VA182004 103,30-104,30 1850 0,21 0,2 16 n.a. 49 n.a. 
VA182004 104,30-105,30 138 0,01 <0,1 <10 n.a. 25 n.a. 
VA182004 105,30-106,30 1230 0,13 0,1 46 n.a. 32 n.a. 
VA182004 106,30-107,30 3150 0,37 0,1 22 n.a. 36 n.a. 
VA182004 122,90-123,90 8050 1,03 0,8 117  ma.  101 n.a. 
VA182004 123,90-124,90 2340 0,26 0,3 17 n.a. 31 n.a. 
VA182004 124,90-125,90 1880 0,18 0,2 101 n.a. 36 n.a. 
VA182004 125,90-126,90 1160 0,11 0,1 35 n.a. 25 n.a. 
VA182004 126,90-127,90 830 0,1 0,1 58 n.a. 33 n.a. 
VA182005 48,10-49,10 710 0,09 0,1 15 n.a. 35 n.a. 
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VA182005  49,10-50,10 9890 0,94 0,7 38  n.a.  138  n.a. 
VA182005  50,10-51,10 420 0,05 0,1 <10  n.a.  24  n.a. 
VA182005  51,10-52,10 630 0,06 0,1 12  n.a.  31  n.a. 
VA182005  63,70-64,70 2670 0,37 0,2 67  n.a.  44  n.a. 
VA182005  64,70-65,70 2290 0,24 0,2 126  n.a.  45  n.a. 
VA182005  88,30-90,30 1510 0,16 0,2 34  n.a.  33  ma.  
VA182005  94,80-95,80 430 0,04 0,1 <10  n.a.  30  n.a. 
VA182005  95,80-96,80 1540 0,18 0,1 <10  n.a.  39  n.a. 
VA182005  96,80-97,80 640 0,08 0,1 <10  n.a.  26  n.a. 
VA182005  97,80-98,80 2330 0,26 0,2 39  ma.  51  ma.  
VA182005  98,80-99,80 6600 0,8 0,5 28  n.a.  99  n.a. 
VA182005  99,80-100,80 2590 0,24 0,2 15  n.a.  45  n.a. 
VA182005  100,80-101,80 290 0,03 <0,1 <10  n.a.  25  n.a. 
VA182005  101,80-103,80 700 0,07 <0,1 12  n.a.  38  n.a. 
VA182005  103,80-104,30 3440 0,34 0,2 189  n.a.  42  n.a. 
VA182005  104,30-105,30 870 0,08 <0,1 51  n.a.  39  n.a. 
VA182005  105,30-106,30 1400 0,14 0,1 20  n.a.  41  n.a. 
VA182005  106,30-107,30 6490 0,7 0,2 10  n.a.  76  n.a. 
VA182005  107,30-108,30 24 0,02 <0,1 <10  n.a.  28  n.a. 
VA182005  112,70-113,70 2270 0,2 0,1 38  n.a.  38  n.a. 
VA182006  17,10-19,10 4420 0,52 0,4 23  n.a.  36  n.a. 
VA182006  22,30-23,30 2890 0,32 0,1 10  n.a.  33  n.a. 
VA182006  41,15-42,15 1110 0,1 0,1 24  n.a.  43  n.a. 
VA182006  76,48-77,48 390 0,05 0,1 <10  ma.  23  n.a. 
VA182006  77,48-78,48 >13000 1,88 0,5 182  n.a.  194  n.a. 
VAI82006  78,48-78,98 520 0,04 <0,1 <10  n.a.  32  n.a. 
VA182006  82,30-83,30 7320 0,77 0,3 352  n.a.  77  n.a. 
VA182006  85,59-86,59 2680 0,23 0,1 26  n.a.  58  n.a. 
VA182006  86,59-87,59 4140 0,4 0,3 87  n.a.  87  n.a. 
VA182006  87,59-88,59 3470 0,31 0,2 74  n.a.  81  n.a. 
VA182007  82,12-83,12 510 0,04 <0,1 <10  n.a.  31  ma.  
VA182007  83,12-84,12 1440 0,15 <0,1 38  n.a.  32  n.a. 
VA182007  84,12-85,12 3910 0,36 0,4 87  n.a.  60  ma.  
VA182007  85,12-86,12 1360 0,12 0,1 56  n.a.  40  n.a. 
VA182007  86,12-87,12 580 0,06 <0,1 13  n.a.  33  n.a. 
VA182007  87,12-88,12 1300 0,14 0,1 39  n.a.  37  n.a. 
VA182007  88,12-89,12 >13000 1,35 0,9 105  n.a.  70  n.a. 
VA182007  89,12-90,12 840 0,08 <0,1 25  n.a.  38  n.a. 
VA182007  106,85-108,85 1290 0,14 0,1 <10  n.a.  57  n.a. 
VA182008  145,00-146,00 760 0,08 <0,1 76  n.a.  66  n.a. 
VA182008  146,00-147,00 >13000 1,28 1,3 166  n.a.  234  n.a. 
VA182008  147,00-148,00 1240 0,11 0,1 62  n.a.  64  ma.  
VA182008  148,00,149,00 570 0,05 <0,1 16  n.a.  48  ma.  
VAI82009  94,50-96,50  n.a.  0,3  n.a. n.a. n.a. n.a. n.a. 
VAI82009  100,30-102,30  n.a.  0,26  n.a. n.a,  ma.  n.a. n.a. 
VAI82009  105,85-107,85  n.a.  0,12  n.a. n.a. n.a. n.a. n.a. 
VAI82009  107,85-109,85  n.a.  0,37  n.a. n.a. n.a. n.a.  ma.  
VAI82009  115,40-116,40  ma.  0,56  n.a. n.a. n.a. n.a. n.a. 
VAI82009  118,85-119,85  n.a.  0,41  n.a. n.a. n.a. n.a. n.a. 
VA182010  76,48-77,48  n.a.  0,4  n.a. n.a. n.a. n.a. n.a. 
VAI82010  164,90-165,90  n.a.  0,09  n.a. n.a. n.a. n.a. n.a. 
VAI82010  165,90-166,90  n a.  0,09  n.a. n.a. n.a.  ma.  n.a.  
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cont. 

Drill core Section Cu Cu Au  Mo Mo Zn  S  
nr  m Ppm % Ppm Ppm % Ppm % 

VAI82010 166,90-167,90 n.a. 0,15 n.a. n.a. n.a. n.a. n.a. 
VAI82010 167,90-168,90 n.a. 0,76 n.a. n.a. n.a. n.a. ma. 
VAI82010 168,90-169,90 n.a. 1,8 0,8 n2. n.a. n.a. n.a. 
VAI82010 169,90-170,90 n.a. 0,41 n.a. n.a. n.a. n.a. n.a. 
VAI82010 170,90-171,90 n.a. 0,11 n.a. n.a. n.a. n.a. n.a. 
VAI82010 171,90-172,90 n.a. 0,08 n.a. n.a. n.a. n.a. n.a. 
VAI82010 172,90-173,90 n.a. 0,46 n.a. n.a. n.a. n.a. n.a. 
VAI82011 71,42-72,42 n.a. 0,16 n.a. n.a. n.a. n.a. n.a. 
VAI82011 72,42-73,42 n.a. 0,42 n.a. n.a. n.a. n.a. n.a. 
VAI82011 73,42-74,42 n.a. 0,06 n.a. n.a. n.a. n.a. n.a. 
VAI82011 74,42-75,42 n.a. 0,09 n.a. n.a. n.a. n.a. n.a. 
VAI82011 75,42-76,42 n.a. 0,16 n.a. n2. n.a. n.a. n.a. 
VAI82011 182,80-183,80 n.a. 0,08 n.a. n.a, n.a. n.a. n.a. 
VAI82011 183,80-184,80 n.a. 0,04 n.a. n.a, n2. n.a. n.a. 
VAI82011 184,80-185,80 n.a. 0,14 n.a. n.a. n.a. n.a. n.a. 
VAI82011 185,80-186,80 n.a. 0,23 n.a. n.a. n.a. n.a. n.a. 
VAI82011 186,80-187,80 n.a. 0,22 n.a. n.a. n.a. n.a. n.a. 
VAI82011 187,80-188,80 n.a. 0,11 n.a. n.a. n.a. n.a. n.a. 
VAI83001 59,72-61,72 n.a. 0,14 <0,1 n.a. n.a. n.a. 0,5 
VAI83001 61,72-63,72 n.a. 1,84 1,9 n.a. n.a. n.a. 2,4 
VA183001 63,72-65,72 n.a. 0,15 0,1 n.a. n.a. n.a. 0,6 
VAI83002 32,75-34,75 n.a. 0,1 0,1 n2. n.a. n.a. 0,4 
VAI83002 34,75-35,75 n.a. 2,28 3 n.a. n.a. n.a. 3,2 
VAI83002 35,75-37,75 n.a. 1,35 0,8 n.a. n.a. n.a. 1,6 
VAI83002 37,75-39,75 n.a. 0,07 0,1 n.a. n.a. n.a. 0,2 
VAI83003 80,80-81,80 n.a. 0,06 0,1 n.a. n.a. n.a. 0,4 
VAI83003 81,80-82,80 n.a. 1,17 0,5 n.a. n.a. n.a. 3,6 
VAI83003 82,80-85,00 n.a. 0,1 0,1 n.a. n.a. n.a. 0,3 
VAI83003 85,00-87,00 n.a. 0,73 0,4 n.a. n.a. n.a. 1,4 
VAI83003 87,00-89,00 n.a. 0,06 0,2 n.a. n.a. n.a. 0,3 
VAI83003 89,00-91,00 n.a. 0,14 0,1 n.a. n.a. n.a. 1 
VAI83003 91,00-93,34 n.a. 0,05 0,1 n.a. n.a. n.a. 0,2 
VAI83003 93,34-95,34 n.a. 0,73 0,5 n.a. n.a. n.a. 1 
VAI83003 95,34-98,34 n.a. 0,03 <0,1 n.a. n.a. n.a. 0,1 
VAI83003 98,34-100,34 n.a. 0,1 0,4 n.a. n.a. n.a. 0,3 
VAI83003 100,34-101,34 n.a. 1,4 0,1 n.a. n.a. n.a. 1,7 
VAI83003 101,34-103,34 n.a. 0,03 <0,1 n.a. n.a. n.a. 0,3 
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