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ABSTRACT 

Aitik is a disseminated Cu-Au deposit with an annual production of 18 million metric tons of ore 
containing 0.38 percent copper and 0.22 parts per million gold. It is situated in northern Sweden in 
1.9  Ga  Svecofennian volcanic and sedimentary rocks formed in a volcanic arc environment. Sev-
eral other Cu-Au mineralizations and Fe-deposits occur in the region, and the entire ore province 
stands for about 90 % of the ore production in Sweden. 

A subvolcanic, multiphase intrusion of calc-alkaline and intermediate composition occurs in the 
footwall to the Aitik deposit. This intrusion, geochemically classified as a quartz monzodiorite, 
belongs to the 1.9  Ga  Haparanda  suite of granitoids, which have formed in a compressional envi-
ronment in a volcanic arc setting. These granitoids are widespread in northernmost Sweden and 
correspond to the period of subduction recorded further south in the Skellefte district. The Aitik 
intrusion is weakly mineralised, with chalcopyrite, pyrite and magnetite occurring as dissemina-
tion and veinlets. It has been affected by regional metamorphism, deformation and alteration, the 
latter a dominantly potassic alteration type. The Aitik quartz monzodiorite share many features 
typical of porphyry generating intrusions. A dominantly magmatic origin for the intrusion-hosted 
mineralization is proposed, where this subeconomic mineralization might form part of a porphyry 
system with its major part represented by mineralization in the surrounding volcano-sedimentary 
rocks, i.e. the main ore zone at Aitik. 

In the main ore zone, which comprises strongly altered and deformed biotite schist/gneiss to-
wards the footwall and quartz-muscovite (sericite) schist towards the hanging wall, a porphyritic 
rock with rich dissemination of sulphides locally occurs. This rock strongly resembles the footwall 
quartz monzodiorite and they are also compositionally similar. This, together with the finer grain 
size, suggest that this rock may represent apophyses protruding from the upper part of the footwall 
intrusion, and this, in turn, strengthen the relation between the intrusion and the volcano-sedimen-
tary-hosted main mineralization. Alteration phenomena within the main ore zone include extensive 
biotitization and sericitization accompanied by garnet porphyroblasts, quartz and pyrite. Tectonically 
remobilized sulphides have contributed to the formation of a copper-rich area in the strongly de-
formed rocks towards the footwall of the ore. The distribution of gold in the Aitik ore body corre-
sponds to a certain degree to that of copper, but gold-rich areas correlating with high quartz vein 
frequency and high pyrite content, have also developed due to remobilization processes. The ore 
body also shows a vertical metal zoning, with gold-rich areas increasing towards depth and re-
stricted copper-rich areas being replaced by more extensive, medium-grade areas at depth. 

A magmatic signature of the Aitik Cu-Au mineralization is also obtained by the fluid inclusion 
analyses made on copper mineralised quartz veins. These fluid inclusions record the presence of 
three different fluid populations within the Aitik rocks. The earliest one is intimately associated 
with the main phase of chalcopyrite deposition. This fluid is characterised by high temperature and 
high salinity, and thus resembles fluids involved in the formation of magmatic-hydrothermal  de-
posits, e.g. porphyry type deposits and Fe-oxide Cu-Au deposits. It is, however, not possible to 
interpret Aitik as one of the two. Most data instead points to the possibility of Aitik as being a 
hybrid of these two major groups of deposits. 



INTRODUCTION 

The work in this thesis covers the first part of a Ph.  D.  project entitled "The genesis of the Aitik Cu-
Au deposit", that was initiated in January 1998. It is financed by  Boliden  AB, Viscaria AB and 
NUTEK, and is part of a regional project entitled "Epigenetic Cu-Au mineralizations in northern  
Norrbotten".  

The project comprises a detailed study of the Aitik Cu-Au mineralization, with the aims to eluci-
date if there is a genetic relation between the main ore and the mineralised quartz monzodiorite in 
the footwall to the ore, to characterise different phases of mineralization, connect these to the 
geologic-tectonic evolution in the area, and to deduce their importance for contribution and con-
centration of metals within the main ore. The purpose of this project is also to compare Aitik with 
other Cu-Au mineralizations occurring in northern  Norrbotten.  This will contribute to the 
metallogenetic understanding of this region and the aspire to generate genetic models useful for 
exploration of Cu-Au deposits. 

Several attempts to present a genetic model for the Aitik mineralization have been made. A first 
genetic model was outlined by  Zweifel  (1976), suggesting the mineralization to be of syngenetic 
sedimentary origin. This stratiform preconcentration of copper was later mobilised in connection 
with intrusion of late granites  (Lina  granite) in the surrounding areas. Based on a sulphur isotope 
study, a magmatic origin of the Aitik mineralization was proposed by Yngström et al. (1986). This 
model was further developed by Monro (1988), who claimed that the mineralization is related 
genetically to an early quartz monzodiorite intrusion that occurs in the footwall. 

To understand the relationship between the main ore and the mineralised intrusion in the footwall, 
and to be able to characterise different mineralization and alteration phases, this study requires an 
integration of several aspects of the geology in the area. A multidisciplinary approach, including 
field, petrograghic, geochemical and fluid inclusion studies, have therefore been undertaken. Docu-
mentation and characterisation of wall rock and ore are mainly based on drill cores. A profile of 
drill cores reaching from the hanging wall, across the ore zone, and into the footwall in the southern 
part of the deposit has been studied. Sampling was carried out contemporaneously with drill core 
logging and hand specimens from the open pit were taken as well. 

The thesis comprises three papers. The first paper describes the intrusion occurring in the footwall 
to the Aitik deposit. The petrological and geochemical character of this rock and its associated 
phases is discussed, and also its bearing on the Cu-Au mineralization in the surrounding rocks. A 
comparison is made on a regional scale between the Aitik intrusion and the  Haparanda  suite of 
granitoids, both displaying an intermediate and calc-alkaline composition. The Aitik intrusion is 
also comparable to intrusions generating Cu-Au mineralizations in porphyry systems, and the pos-
sibility of the Aitik intrusion to form part of such a system is discussed in this paper. 

In the second paper, an interpretation of the large-scale metal distribution within the Aitik de-
posit is given. A three dimensional view of the zoning patterns of copper and gold within the 
deposit is obtained by using the Aitik ore blocicmodel. The cause of this zonation pattern is dis-
cussed in terms of primary mineralization and remobilization of sulphides and gold. A description 
of the zoning pattern observed in Aitik today is not only of scientific interest, but also helps to 
improve recovery and grade control during mining 

The title of the third paper is "The Aitik Cu-Au deposit in northern Sweden: A product of high 
salinity fluids". Since the 1970s, fluid inclusion analyses have been more and more used in the 
genetic interpretation of ore deposits. Microthermometry on fluid inclusions can reveal the compo-
sition and temperature of mineralising fluids, and provide evidence for pressure constrains. No 
study has been made at Aitik to characterise the ore-forming solutions. In this paper a comparison 
is made on the fluid chemistry of the Aitik inclusions with fluid compositions reported from por-
phyry copper deposits and Fe-oxide Cu-Au deposits. The high CaC12  content found in the Aitik 
fluids is also discussed. 

Above interpretations are well supported by geologic, geochemical, and fluid inclusion studies. 
Additional structural geology, isotope studies and datings are needed to further constrain the origin 
and evolution of the Aitik Cu-Au deposit. 



PREFACE 

This thesis Magmatic and  Hydrothermal  Processes in Relation to the Formation of the Aitik Cu-
Au Deposit, Northern Sweden consists of the following papers: 

I. Wanhainen,  C.  and  Martinsson,  0., 2001, Petrology and geochemistry of the 
porphyritic Aitik intrusion, and its relation to the disseminated Aitik Cu-Au deposit, 
northern Sweden. To be submitted. 

II. Wanhainen,  C.,  Kontturi, M. and  Martinsson,  0., 2001, Copper and gold distribution 
at the Aitik deposit, Gellivare area, northern Sweden. Submitted to Economic Geology. 

III. Wanhainen,  C., Broman, C.  and  Martinsson,  0., 2001, The Aitik Cu-Au deposit in 
northern Sweden: A product of high salinity fluids. To be submitted. 

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

Wanhainen,  C.,  Martinsson,  0. and Kontturi, M., 1999, The Aitik Cu-Au deposit, 
Gellivare area, northern Sweden: Gold 99, Trondheim, May 1999, Abstract pp. 163-165. 

Wanhainen,  C.  and  Martinsson,  0., 1999, Geochemical characteristics of host rocks to 
the Aitik Cu-Au deposit, Gellivare area, northern Sweden: Proceedings of the fifth bien-
nial SGA meeting and the tenth quadrennial IAGOD Meeting, London, 22-25 August 
1999, Extended abstract, pp. 1443-1446. 

Wanhainen,  C.  and  Martinsson,  0., 2000, The Aitik Cu-Au deposit, Gellivare area, 
northern Sweden. In: Weihed,  P.  &  Martinsson,  0.  (Eds.),  2000: Abstract volume & Field 
trip Guidebook, 2"d annual GEODE-Fennoscandian shield field workshop on 
Palaeoproterozoic and Archean greenstone belts and VMS districts in the Fennoscandian 
Shield 28 August to 1 September, 2000,  Gällivare-Kiruna, Sweden.  Luleå  University of 
Technology, Research Report 2000:6. 
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Abstract 

The Aitik Cu-Au deposit in northern Sweden is hosted by strongly altered and deformed 1.9  Ga  
Svecofennian volcano-sedimentary rocks and a porphyritic quartz monzodiorite intrusion of 
subvolcanic origin. The quartz monzodiorite, which displays an intermediate and calc-alkaline 
composition, is situated in the footwall to the ore. It is intruded by minor, comagmatic phases, 
including common sections of finer grained quartz monzodiorite and amphibole-dominated dykes, 
varying only slightly in composition and texture. The Aitik intrusion is affected by regional meta-
morphism/deformation and alteration. Potassic alteration is most evident, and expressed by the 
growth of secondary biotite. Altogether the Aitik intrusion shows generally a homogenous charac-
ter. 

The sub-economic Cu-Au mineralization hosted by the intrusion consists mainly of chalcopyrite, 
pyrite and magnetite of dominantly magmatic origin, which are present in four forms: dissemi-
nated, as veinlets, in quartz/granitic veins, and in biotite/amphibole veins. The mineralization ex-
tends in economic grades into the adjacent volcano-sedimentary rocks. This extension is thought to 
represent the continuation of the copper mineralising system developed in the intrusion. 

The Aitik intrusion is similar in many respects to porphyry copper generating intrusions. The 
intrusion-hosted subeconomic mineralization might form part of a porphyry system with its major 
part represented by the main mineralization in the surrounding volcano-sedimentary rocks. 

Introduction 

The Aitik Cu-Au deposit is located 60 km north of the Arctic Circle, and 15 km southeast of the 
town of Gellivare in northernmost Sweden (Fig. 1A,  B).  This is an area covered by a 5-15 meters 
thick layer of glacial moraine, and outcrops are thus very scarce. It took several decades of geo-
physical and geochemical investigations and diamond drilling before the low-grade mineralization 
was proven to be economic. The mine was developed by  Boliden  AB for open pit mining in the late 
1960s. Today, the Aitik Cu-Au deposit is Sweden's largest sulphide mine, one of Europe's largest 
producers of copper and gold, and the biggest open pit operation in northern Europe. Capacity 
expansions have been carried out several times since the mine opened in 1968, and today the an-
nual production is 18 million metric tons of ore, containing approximately 0.40 percent copper, 
0.22  ppm  gold and 3.25  ppm  silver. The ore zone is almost 3 km long and 500 m wide, and reaches 
down to 400 m at the southern part of the open pit. In the northern part the ore is inferred to a depth 
of at least 800 meter. 
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When  Zweifel  (1976) made the first genetic interpretation of the Aitik deposit, he suggested the 
mineralization to be of syngenetic sedimentary origin. A slratiform preconcentration of copper was 
later mobilised in connection with intrusion of postorogenic  Lina  granites in the surrounding areas. 
However, ten years later Yngström et al. (1986) suggested a magmatic origin of the mineralization, 
based on sulphur isotope data. Shortly after, Monro (1988) identified a mineralised intrusion in the 
footwall to the ore, and suggested the Aitik mineralization to be genetically related to this early 
orogenic quartz monzodiorite. The geologic character of this rock has not previously been de-
scribed in detail. In this paper we use field relations, petrography and geochemistry to examine the 
textural, structural, mineralogical and geochemical characteristics of the Aitik intrusion. Macro-
scopic and microscopic observations of drill core and rock samples are described together with 
results from chemical analyses. A detailed study of the mineralised quartz monzodiorite, and of its 
relation to the main ore zone is clearly crucial in the genetic interpretation of Aitik. 

Fig. 1 Geology of northern  Norrbotten  and the Aitik deposit. (A). The location of northern  Norrbotten  in 
the Baltic shield.  (B).  Simplified geological map of northern  Norrbotten. (C).  Plan view of the Aitik 
deposit. Modified from Monro (1988). 
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Regional geology 

The northern  Norrbotten  region measures 200 km in an east-west and 120 km in a north-south 
direction (Fig. 1B). It forms one of three major ore provinces in Sweden, and contains several 
epigenetic copper-gold ores, stratiform copper ores and apatite iron ores. This ore province stands 
for about 90 percent of the ore production in Sweden. 

The Precambrian bedrock in the northern  Norrbotten  region include a  c.  2.8  Ga  Archean granitoid-
gneiss basement, which is unconformally overlain by greenstone, porphyry and sedimentary 
successions of Paleoproterozoic age. At the lowest stratigraphic level, rift related 2.5-2.0  Ga  Karelian 
units occur, which in the Kiruna area are represented by the Kovo Group and the overlying Kiruna 
Greenstone Group  (Martinsson  1997). These units are overlain by  c.  1.9  Ga  Svecofennian successions 
comprising the Porphyrite Group, the Kurravaara Conglomerate, the Kiruna Porphyries and the 
Hauki Quartzite, most of them regionally developed in northern  Norrbotten.  The Porphyrite Group 
shows a calcalkaline and intermediate composition, and is suggested to be subduction related, 
while the Kiruna Porphyries have a bimodal character and a geochemical signature resembling 
within plate volcanics  (Martinsson  and Perdahl 1994). 

These Paleoproterozoic volcanic and sedimentary rocks were deformed and metamorphosed 
during the Svecofennian orogeny (1.9-1.8  Ga),  contemporaneous with intrusion of the 1.89-1.87  
Ga  Haparanda  and Perthite-monzonite suites. These plutonic rocks have a calcalkaline to alkali-
calcic character and are comagmatic to the Svecofennian volcanic rocks (Witschard 1984). The  
Lina  Suite comprises  c.  1.79  Ga  minimum melt granites and pegmatites (Skiöld et al. 1988), that 
are temporally related to TIB 1 intrusions in the Kiruna-Narvik area (Romer et al. 1992, 1994). A 
second event of metamorphism and deformation is at least locally developed at this time (Bergman 
et al. 2001). The youngest plutonic rocks are represented by  c.  1.71  Ga  TIB 2 granitoids at the 
Swedish-Norwegian border (Romer et al. 1992). 

The area surrounding Aitik consists of Precambrian  (c.  1.9  Ga)  intermediate volcanic rocks and 
elastic sediments that are intruded by 1.9-1.8  Ga  plutonic rocks of granitic, gabbroic and dioritic 
composition (Witschard 1996). Amphibolite facies metamorphism characterises the country rock 
in the Aitik region  (Zweifel  1976). The deposit is situated close to a regional NW-SE striking shear 
zone (Fig. 1B), to which several minor Cu-Au mineralizations also show a close spatial relation. 

Limited data is available on the tectonic evolution of the Aitik area, but according to  Zweifel  
(1976), the tectonics are characterised by a syncline in the eastern part of the area, and a double-
folded anticline in the western part. This is based on aeromagnetic interpretations and structural 
measurements. The Aitik deposit is situated in the western part, on the western flank of this dome-
like structure, and the mineralised zone is thus dipping towards west with the rocks stratigraphically 
the right way-up. Folding axis in the southern part of the zone dips 20-30°SSE, and in the northern 
part 20-35°NNW  (Zweifel  1976; Monro 1988). 

Methods 

The Aitik intrusion is partly exposed in the open pit. However, to get a complete geological and 
geochemical profile through the intrusion, sampling was instead carried out from four diamond 
drill cores crossing the quartz monzodiorite in an east-west direction. Samples for thin sections, 
polished thin sections and chemical analyses are all obtained from representative, homogenous 
sections in drill cores. Samples for chemical analyses consist of  c.  10  dm  of drill core each. 

Thin sections and polished thin sections were examined microscopically in reflected and trans-
mitted light to give a detailed picture of mineralogy and textures in the intrusion, and to verify field 
interpretations. One polished thin section was selected to run  SEM-EDS  on. This was carried out at 
Geovetarcentrum, Gothenburg University, Sweden. Samples for chemical analyses are all analysed 
for main and trace elements. The main elements are analysed by ICP together with some of the 
trace elements. All samples are also analysed for additional trace elements by ICP/MS, for metal 
elements (mainly Au) by INAA, and for sulphur by LECO (infrared spectrometry technique). Chemi-
cal analyses were carried out at Activation Laboratories Ltd, Canada. 

3 



Petrology 

The surroundings of Aitik are rather poorly exposed, and nowhere has the Aitik intrusion been 
observed in outcrop, except in the southeastern part of the open pit, where it is confined to the Aitik 
footwall (Fig. 1C). The available information is mainly based on diamond drill cores. An approxi-
mate outlining of the minimal extension of the intrusion is given by drill data. It can be followed for 
at least 350 m in an east-west direction and 315 m at depth. Diamond drilling is, however, not 
sufficient at present to prove the exact vertical or horizontal continuity of the igneous body. Smaller 
occurrences of this rock type have also been observed in drill cores in the northern part of the open 
pit, and in the surroundings of Aitik (Monro, 1988). However, in this paper we will describe the 
intrusion that is exposed in the southern part of the open pit, which is the most extensive body and 
the one spatially related to the Aitik ore. This unit has an U-Pb zircon age of  c.  1.87  Ga  (Witschard 
1996). 

Metamorphism, regional tilting, deformation and alteration have affected the Aitik intrusion, 
which is classified as a quartz monzodiorite. It is a grey, fine-grained (0.3-0.6 mm) and porphyritic 
rock, with characteristically slightly elongated plagioclase phenocrysts stretched out along a weak 
foliation. The foliation is defined by the parallel alignment of biotite laths, lying in a matrix domi-
nated by feldspar. Small variations occur within the generally homogenous intrusion. One section 
of amphibolite and one small unit of hornblende diorite have been observed. Sections of fine-
grained quartz monzodiorite are common and irregularly distributed in the western part of the 
intrusion, in proximity to the main ore zone. 

The matrix of the porphyritic quartz monzodiorite comprises an average of 56 % plagioclase, 27 
% biotite, 8 %  K  feldspar and 6 % quartz, with accessory apatite, titanite, zircon and opaque phases 
(Tab. 1). The texture is generally granoblastic polygonal, but many samples look inequigranular 
due to the often complete subgraining of phenocrysts to a size still larger than the average matrix 
grain size (Fig. 2A). The matrix is partly sericite altered and some microcline are usually intergrown 
within it. Both magmatic and  hydrothermal  biotite are present in the intrusion, the former as euhedral 
rectangular flakes with pale brown to greenish brown pleocroic colors, and the latter as ragged sub-
anhedral crystals in pseudomorphous aggragates after pre-existing, primary hornblende (Fig. 2B). 
The latter variety accounts for 60 % of the total biotite content. Zircon crystals, displaying dark 
brown halos, and anhedral titanite, are common within the biotite crystals. 

TABLE 1. Main matrix mineralogy of the Aitik quartz monzodiorite and its associated phases 

Mineralogy Quartz monzo- Micro- Hornblende- Amphibolite  

(vol  °A) diorite diorite diorite 

Plagioclase 56 55 40 32 

Biotite 27 18 40 29 

Hornblende trace 0.8 8 30.5 

Quartz 6 6 3 

4.5 Microcline 8 16 4 

Opaques 1.4 2 2.7 3.5 

Accessories 

(apatite, titanite, epidote) 

1.6 2.2 2.3 0.5 

Based on point counts of thin sections. Alteration sericite is included in plagioclase to get the amount of modal plagioclase 
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The plagioclase phenocrysts, which are 1-6 mm in diameter, are prominent troughout the intru-
sion and make approximately 7 % of the rock. They are often poikilitic, containing inclusions of 
epidote and biotite. Compositionally they range from An30-An35 (Monro 1988). They often show 
a different strength of deformation and alteration from one sample to another. They are either quite 
undeformed (2-3 subgrains), subhedral and strongly sericite- and/or microcline/epidote-altered (Fig. 2C), 
or they are completely subgrained with anhedral and elongated shapes, and showing only minor 
alteration (Fig. 2A). This is also visible in the matrix mineralogy of the samples, with the less 
deformed samples having a higher content of epidote and microcline, than the more tectonically 
affected samples. 

The intrusion is quite homogenous, but displays irregular and common sections of a finer grained 
variety (Fig. 3). These sections are 1 to 75 meters wide along drill cores and become more frequent 
towards the western margin of the intrusion. This rock type is macroscopically distinguished only 
by its fine grain size (0.1-0.3 mm). It exhibits a porphyritic texture and a composition similar to that 
of the main intrusive phase (Tab. 1), with the exception of microcline and biotite, which are more 
and less abundant, respectively. It is also similarly deformed and mineralised. The contacts be-
tween these two rocks varies from distinct (Fig. 2D) to very gradual. The term diorite might not be 
correct, as the rock is rather fine-grained. When taking into account the enlargement in grain size 
often being the result of metamorphism, it is assumed that this rock type originally was even finer 
grained, exhibiting a microgranular texture. Therefore, micro-diorite would probably be a proper 
term for rocks of this type. 

Hornblende diorite occurs as a 4 meter wide dyke in the quartz monzodiorite. This is a minor 
phase recognised at the deeper portions of drill core 785 (Fig. 8). The colour changes from grey in 
the quartz monzodiorite to greenish grey in this unit, the mafic minerals being biotite and horn-
blende. The hornblende diorite contains 1-10 mm large, anhedral to euhedral hornblende phenocrysts 
which makes approximately 25 percent of the rock. Biotite, plagioclase, and hornblende of Ca-
type, with minor quartz dominate the matrix (Tab. 1). Biotite is the major mafic mineral  (c.  40 %) 
in this rock, and occurs as euhedral-anhedral crystals with greenish brown pleochroism. It com-
monly replaces hornblende. The hornblende diorite contains some disseminated magnetite, and 
minor disseminated sulphides. Sulphide-bearing quartz/granitic veins and amphibole veinlets are 
locally common. 

A 40 meter wide section of amphibolite is also observed within the quartz monzodiorite. It is a 
dark, mafic rock that is finegrained, porphyritic and contains plagioclase, hornblende and biotite 
with titanite and ore minerals, generally chalcopyrite, pyrite and magnetite, as accessories. The 
mafic minerals are approximately equal in amount (Tab. 1). Hornblende phenocrysts are 1-13 mm 
large and commonly poikilitic (Fig. 2E). Average phenocryst abundance is approximately 2 per-
cent, with some sections containing as much as 30 percent phenocrysts. A network of less than 3 
mm wide quartz/granitic veinlets and hornblende veins occurs in the amphibolite. The rock is 
foliated and together with some of the veinlets it is also occasionally folded in small scale. 

So, all intrusive phases display similar mineral assemblages (Tab. 1) and are similarly affected 
by metamorphism, and different mappable phases are distinguished only in terms of grain size and 
relative proportion of mafic minerals. 

The contacts of individual minor phases within the intrusion are often obscured by  hydrothermal  
alteration that has affected both matrix and phenocrysts. Alteration products in the Aitik intrusion 
include biotite, microcline, sericite, epidote and sporadic scapolite. Potassic alteration is mani-
fested by  hydrothermal  biotite after magmatic biotite and hornblende, as well as the growth of 
large, poikilitic, and small matrix-size, secondary microcline grains. Hornblende is often replaced 
by clusters of biotite. Biotite is also present as fracture fillings. Plagioclase phenocrysts are occa-
sionally more or less replaced by secondary microcline, resulting in a healing of the often subgrained 
texture. Sericitization of plagioclase is widespread but quite weak in the matrix, while plagioclase 
phenocrysts are often strongly sericite altered. Scapolite formed after plagioclase has been ob-
served as columnar aggregates and white, microgranular masses in outcrop in the open pit. 

5 
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A number of different vein types occur in the Aitik intrusion. These are approximately 2-20 mm 
wide. The vein minerals are, in addition to ore minerals, mostly quartz, feldspar, hornblende and 
calcite. An increase in the amount of either biotite or  K  feldspar is often observed along the walls of 
the veins (Fig. 2F). Vein frequency increases from east to west within the intrusion, i.e. from its 
centre towards the western margin at the main ore zone. Quartz-, granitic- and pegmatitic veins can 
be roughly divided into three groups: One group striking approximately east-west, that contains 
chalcopyrite, pyrite, magnetite, calcite, epidote and zeolites in addition to quartz and feldspar. An-
other group striking approximately northwest-southeast and northeast-southwest, that are both min-
eralised and unmineralised, and a third group striking north-south, that are mostly unmineralised. 
Even if vein frequency is relatively high at the west margin of the intrusion, it has not been inter-
preted as a typical stockwork zone. However, zones of typical stockwork, and brecciation, has been 
observed from the southeastern part of the open pit (Monro 1988). This stockwork vein system is 
described as thin veins of quartz, biotite and tourmaline with disseminated chalcopyrite, hosted in 
a matrix of mainly quartz, microcline and muscovite. The  breccia  is found in and near the margins 
of the quartz monzodiorite. It is described as a fragment-rich rock with 10-20 cm large, rounded to 
sub-angular clasts hosted in a  K  feldspar matrix containing traces of chalcopyrite. 

The mineralization in the diorite is of disseminated and vein type. Average concentration of 
copper is 0.18 percent and peak concentration is 0.49 percent. Sulphides generally occupy  c.  1-2 
percent by volume of the intrusion (Tab. 1), their higher concentrations generally being coincident 
with the more intense quartz/hornblende veining and fracturing. Ore mineral assemblages are char-
acterised by the dominance of chalcopyrite, pyrite or magnetite, occurring in both individual veinlets 
as well as in areas of disseminated mineralization. Ore minerals in veinlets occur with or without 
associated quartz, feldspar or hornblende. Many of the sulphide-only veinlets are discontinuous, 
irregular and less than 5 mm wide. Minor ore minerals are pyrrhotite and ilmenite, while molybdenite 
are present but rare (Monro 1988). Chalcopyrite is anhedral and often fills interstitial spaces among 
matrix minerals. It is often coated by a rim of magnetite (Fig. 21). Occasionally it is found intergrown 
with biotite crystals along their cleavage planes. Magnetite also occurs as euhedral-subhedral crys-
tals, although always fractured and split into smaller grains. Pyrite crystals show all shapes and are 
commonly enveloped by chalcopyrite and magnetite. Sulphides also occur as coatings on fracture 
surfaces. Mineralization occurs in a similar way in all premetamorphic intrusive phases. From drill 
core data it is evident that grades of copper describes a concentric pattern in the intrusion, with a 
transition from low-grade inner parts to higher grades in the outer parts (Fig. 3). Mineralization 
extends in economic grades into the adjacent volcano-sedimentary rocks. 

A weak foliation is present in all phases within the intrusion, defined by the sub-parallel, north-
south orientation of biotite laths, which bend around plagioclase and hornblende phenocrysts (Fig. 
2G). These biotite laths are crosscutting an earlier, and much weaker, foliation, which is also de-
fined by the parallel alignment of east-west oriented biotite laths (Fig. 2H). Furthermore, the intru-
sion is cut by a  serie  of well-defined vertical joint sets, where the two main joint sets dip steeply and 
strikes 550  and 155-170°, respectively (Monro 1988). The joints are typically filled with a variety of 
minerals, such as chlorite, microcline, epidote, pyrite, quartz, calcite, zeolites, magnetite and baryte. 

Fig. 2 Photographs and photomicrographs of mineralogy and textures of the Aitik intrusion. a Strongly 
subgrained and slightly sericite altered plagioclase phenocryst (upper right) in a granoblastic and 
equigranular matrix of mostly plagioclase and biotite  b  Magmatic, pale brown biotite,  hydrothermal,  
ragged greenish biotite replacing homblende, and green hornblende  c  Strongly microcline altered plagio-
clase phenocrysts in quartz monzodiorite  d  Internal contact between quartz monzodiorite (left) and finer 
grained microdiorite (right)  e  Poilcilitic hornblende phenocryst in amphibolite. Inclusions of biotite are 
visible in the pale green phenocryst. Biotite laths bend around the phenocryst along a north-south folia-
tion (S2) f Late quartz vein (right) bordered by a  K  feldspar altered and microcline-dominated matrix  g  
Anhedral and subgrained plagioclase phenocryst mottled by sericite. Matrix of plagioclase, quartz and 
biotite, where biotite bends around the phenocryst following the north-south foliation (S2)  h  Pale brown 
biotite forming an early foliation (S1). Greenish-brown biotite crosscutting Si and forming a later folia-
tion (S2)  i  Anhedral chalcopyrite rimmed by magnetite, and subhedral pyrite grains, together illustrating 
the main ore mineralogy in the Aitik intrusion  j  Matrix plagioclase showing selective sericitization. 
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Fig. 3 Schematic drill core  loggs  showing the erratic distribution of microdiorite sections within the 
quartz monzodiorite. Copper grades are shown to the left of each drill core. Exact positions of drill cores 
in the Aitik mine are given in Figure 8. 

Pegmatites are not as frequent and as wide in the intrusion as they are in the surrounding vol-
cano-sedimentary rocks. They are generally between 1-30 cm wide, pale pink to reddish pink, and 
seem to follow older structures. They mostly consist of white plagioclase, microcline and quartz, 
with accessory tourmaline and titanite. Opaque phases and biotite are occasionally present. 
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Geochemistry 

The  Q-P  classification diagram of  Debon  and LeFort (1982) is used for the petrological classifica-
tion of the footwall intrusion (Fig. 4). The majority of samples plot in the quartz monzodiorite field. 
Samples from the intrusion containing sections of the finer grained variety also plot in this field, 
but extends into the quartz monzonite field as well.  

Q  

-400 -350 -300 -250 -200 -150 -100 
 

50 0 50 
P  

Fig. 4  Q-P  classification diagram for plutonic rocks  (Debon  and LeFort, 1982). Filled circles show the 
main intrusive phase (quartz monzodiorite). Open circles show the main intrusive phase with common 
sections of microdiorite within it. 

Ina Nb-Y discrimination diagram for granites (Pearce et al. 1984) the Aitik quartz monzodiorite 
plots within the field of volcanic arc granites (Fig. 5). In the diagram, a close correlation between 
the quartz monzodiorite in Aitik and samples of  Haparanda  granitoids is obvious. Intrusive rocks 
belonging to the Perthite suite show a higher Nb and  Y  content, and therefore plot separately and 
closer to the WPG field in the diagram. 
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Fig. 5 Nb-Y discrimination diagram for granites (Pearce et al. 1984). Filled circles show the Aitik intru-
sion. Data for  Haparanda  suite intrusions (shaded area) are taken from  Martinsson  (unpubl data). Data for 
Perthit suite intrusions (hatched area) are taken from Kathol and  Martinsson  (1999). Contents are given in 
Plmn. 
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No significant geochemical variation exists in the quartz monzodiorite, except for the horn-
blende diorite and the amphibolite, both clearly distinguished on geochemical basis. The limited 
chemical variation within the intrusion is illustrated in Figure 6, which reports the compositional 
trends throughout the intrusive body for selected elements. 
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Fig. 6 Magmatic composition and variation of selected elements within the Aitilc intrusion. Exact position 
of sampled drill cores (dh 826, dh 679, dh 785, dh 820) are given in Figure 8. 

10 



The aim with  SEM-EDS  analyses was to compare the composition of biotite from the Aitik 
intrusion with biotite from other ore-related intrusions of intermediate composition. A similar chemical 
composition was obtained for all Aitik biotites, with high Fe, and low Mg and Ti contents (Fig. 7).  

1.0 - + Aitik biotite 
• /0 Bingham unaltered/altered biotite 

- A /A Sungun unaltered/altered biotite 
L 	Lightning Creek unaltered biotite 
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"EZ  
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0.0 	  
00 	01 2 	I 	0[ 4 	0!6 	018 	1 
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Fig. 7 Diagram illustrating the chemical composition (Ti, Fe, Mg) of biotite in the Aitik intrusion. Unal-
tered and altered biotite from intrusions in the Bingham mining district, Utah (Moore and Czamanske, 
1973), the Sungun porphyry copper deposit, Iran (Hezarkhani and Williams-Jones, 1998) and the Light-
ning Creek Cu-Au prospect (Perring et al, 2000), are shown for comparison. 

Discussion 

Regional metamorphism, deformation, and alteration have affected the primary features of the 
Aitik quartz monzodiorite. The  Haparanda  suite of granitoids has been affected by two events of 
metamorphism and deformation, at approximately 1.88  Ga  and 1.80  Ga.  (Bergman et al. 2001). 
Several minerals in the intrusion, such as quartz and feldspar, show deformation patterns (undulose 
extinction, subgraining, deformation twinning e.t.c), proving that the footwall rocks have been 
tectonically affected. From petrographic studies it is evident that the diorite has been subject to 
polyphase deformation. The first phase (S1) produced an east-west striking foliation. In thin sec-
tion,  SI  is characterised by the parallel orientation of biotite crystals. The second deformation 
phase is responsible for the dominating foliation S2, which strikes north-south and dips subvertically. 
In thin section it is characterised by the parallel alignment of biotite laths and the elongation of 
plagioclase phenocrysts, probably caused by the ductile strain associated with the regional shear-
ing. These two foliations are visible on a microscopic scale (Fig. 2H), but only S2 is observable in 
hand specimen. Based on the structural observations, the intrusion is assumed to have taken place 
before the two deformation events. 

The Aitik intrusion has a low content of  Y  and Nb, typical for arc granitoids (Fig. 5). When 
comparing the Aitik intrusion with the  c.  1.87-1.88  Ga  plutonic suites in northern  Norrbotten,  it is 
most similar in petrographic and geochemical characteristics to the  Haparanda  suite, i.e. to a vol-
canic arc setting, than to the Perthite suite of intraplate origin. 

According to the classification in the  Q-P  diagram (Fig. 4), the Aitik intrusion is a quartz 
monzodiorite. Samples of microdiorite are transitional to the quartz monzonite field, suggesting 

11 



the microdiorite to represent a more felsic differentiate from the quartz monzodiorite. Alternatively 
it might represent more pervasively  K  feldspar altered parts of the quartz monzodiorite; something 
that is also supported by the higher amount of microcline in its mineralogical composition (Tab. 1). 

The intrusion shows only minor mineralogical and geochemical changes in a profile from west 
to east (Fig. 6). The quartz monzodiorite and the microdiorite are clearly related. They are 
geochemically, but not texturally, similar, the difference being only a finer grain size in the 
microdiorite, suggesting a more rapid cooling history. The variation from distinct to gradual con-
tacts between the microdiorite and the quartz monzodiorite might be a primary feature caused by 
microdiorite intrusion at different stages of the cooling of the quartz monzodiorite. However, the 
gradual contacts could also be an expression of deformation and recrystallization of originally 
sharp contacts. The quartz monzodiorite itself is also fine-grained compared to typical plutonic 
rocks, suggesting a rapid cooling at shallow emplacement depth. 

The hornblende diorite and the amphibolite have a more mafic character than the quartz 
monzodiorite, with more hornblende and biotite and less plagioclase and microcline (Tab. 1). The 
hornblende diorite show sharp contacts with the main intrusion, and is regarded as a comparatively 
late phase that intruded the quartz monzodiorite. It is clearly related with the diorite, with similar 
textural and geochemical characteristics, the difference being only a more mafic composition. Dif-
ferences in chemical composition can be viewed when comparing the quartz monzodiorite with its 
comagmatic phases in Fig. 6. Lower Si02  and higher TiO2, Fe and Mg reflect the more mafic 
character of the hornblende diorite and the amphibolite. The intrusion is also chemically similar to 
volcanoclastic and volcanic rocks occurring in the close surroundings (Wanhainen and  Martinsson  
1999). Altogether, these features suggest the Aitik intrusion to represent a subvolcanic multiphase 
intrusive complex, where episodes of emplacement probably differed only slightly in time. 

Several minerals in the Aitik intrusion show evidence of alteration, indicating that the footwall 
rocks have been more or less hydrothermally affected. Biotite is the major mafic mineral through-
out the intrusion (up to 40%), with an exception for the amphibolite, and occurs as euhedral to 
anhedral crystals with pale brown to greenish brown pleochroism. Biotite with a dominantly green-
ish pleocroic colour replaces hornblende, and is most probably of  hydrothermal  origin (Fig. 2B). 
When comparing the composition of biotite of suggested primary origin from Aitik with analyses 
made on altered and unaltered biotite from intrusions in the Bingham mining district, Utah (Moore 
and Czamanske 1973), the Sungun porphyry copper deposit, Iran (Hezarkhani and William-Jones 
1998), and the Lightning Creek Cu-Au prospect (Perring et al. 2000), the Aitik biotite show a 
composition "in between" the altered and unaltered samples, with low Ti values and a low Mg/Fe 
ratio (Fig. 7). However, the Mg/Mg+Fe ratio of 0.5 for Aitik biotite is indicative of a magmatic 
origin (Mason 1978). The low Ti values obtained from the biotite in Aitik can probably be ex-
plained by subsolidus reequilibration  (Dilles  1987), similar to what has been found in biotite from 
Lightning Creek (Perring et al. 2000). This is supported by the commonly occurring titanite inclu-
sions in the Aitik biotite. Thus, biotite of both primary magmatic and secondary  hydrothermal  
origin exists in the intrusion. 

Biotitization of hornblende probably represents an early potassic alteration. A later phase of 
alteration is manifested by the breakdown of plagioclase and the formation of microcline. This 
microcline occurs as undefonned crystals in the matrix, as unsubgrained phenocrysts (Fig. 2C), 
and as aggregates around late veinlets (Fig. 2F). The alteration of plagioclase, starting with the 
oscillatorily zoned grains (Fig. 2J), also forms sericite, epidote and calcite. 

Mineralization occurs in a similar way in all intrusive phases, but the intrusion is not quite 
homogenous in its Cu, Au and S contents. From drill core data it is shown that the copper grades 
describe a weak, concentric pattern in the intrusion, with a transition from low-grade inner parts to 
higher grades in the outer parts (Fig. 3). A low-grade core bordered by a high-grade ore shell is 
described as a typical mineralization zoning occurring in porphyry copper deposits (Lowell and 
Guilbert 1970). A tendency for such zoning in the Aitik intrusion clearly exist, although comple- 
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mentary drill core logging is needed to examine the geometry and continuation of the pattern. The 
sub-economic Cu-Au mineralization in the Aitik intrusion extends in economic grades into the 
adjacent volcano-sedimentary rocks, where the metal association is also the same as in the intru-
sion. This suggests the main ore zone to represent the continuation of the copper mineralising 
system developed in the intrusion. The common site of chalcopyrite as disseminated grains among 
matrix minerals, instead of dominantly accumulated with late alteration minerals such as microcline, 
emphasises the early development of the mineralization. 

With its position on the western limb of an anticlinal fold  (Zweifel  1976), the Aitik rocks, includ-
ing the footwall intrusion, must have tilted towards west. After shearing, the area was finally trun-
cated by erosion so that the present level of exposure in the open pit is at the roof of the intrusion. 
In Figure 8 the geometry of the Aitik intrusion has been reconstructed by removing the effects of 
large-scale folding and erosion. The deepest drill hole containing substantial amounts of quartz 
monzodiorite would then give the minimum diameter of the intrusion, which is 315 m (dh 679), 
and the  E-W extension (350 m) would represent the upper parts of its vertical dimensions, before it 
towards east disappears at depth. This rather small intrusion is suggested to represent a cupola 
protruding from a larger batholith at depth (Monro 1988). In the main ore zone, remnants of sup-
posed primary mineralization is found as restricted, lens-shaped areas with disseminated sulphides 
(Wanhainen et al. in prep). These areas are characterised by less deformed, weakly porphyritic and 
fine grained rocks lying within strongly foliated volcano-sedimentary rocks. These rock segments, 
strongly resembling the footwall intrusion, could represent apophyses of the quartz monzodiorite, 
which intruded higher into the surrounding volcano-sedimentary rocks (Fig. 8). These specific 
rocks do not only show a mineralization pattern consistent with that of the porphyritic intrusion, 
but also host significant parts of the mineralization in the main ore zone (Wanhainen et al. in prep.). 

Vein frequency in the footwall intrusion is not that high as would be regarded a classical stockwork 
(Glossary of geology). This is true even in the relatively densely veined, western part of the intru-
sion, as both east-west striking veins and north-south striking veins seem to be late phases contem-
porary with the intrusion of late pegmatites, and thus containing only remobilized sulphides. It is 
possible though, that some irregularly orientated veins represent the deeper part of a stockwork 
system developed at the upper margin of the intrusion. The stockwork and  hydrothermal  breccia  
recorded by Monro (1988) in the southern part of the open pit are, according to the model proposed 
in Figure 8, situated in the area suggested to represent the top of the intrusion. The upper parts of 
porphyry copper generating intrusions commonly display such geological features (e.g. Lowell 
and Guilbert 1970; Sillitoe 1973; McMillan and Panteleyev 1986). This area at Aitik, with its 
present location in the main ore zone, has been removed by mining. 

The Aitik quartz monzodiorite intrusion share many features typical of porphyry-copper gener-
ating intrusions, notably a direct association of mineralization with a subvolcanic porphyritic intru-
sion which forms part of a calc-alkaline igneous suite. Furthermore, the mineralization is mainly 
disseminated and occurs over a large volume of rock, a minor  hydrothermal  breccia  and a local 
stockwork have developed in the upper part of the intrusion. Although no ore-grade mineralization 
has been encountered in the intrusion, the presence of disseminated copper mineralization in 
subeconomic grades throughout it has been established, and an economic mineralization is located 
stratigraphically above it. Also, the mineralogy suggests major parts of the Aitik intrusion to have 
been affected by potassium alteration, a phenomena characteristic of porphyry-type deposits. 

It is, however, by no means easy to argue from field relationships and petrographic studies that 
the Aitik intrusion was the source of ore components. However, the sulphur isotope study on the 
Aitik deposit made by Yngström et al. (1986) indicate a mainly magmatic source for the sulphides 
in the main ore zone, thus supporting a genetic relationship between the intrusion and the main ore 
zone. 

It is worthy of note, that numerous small Cu-Au mineralizations occur on a regional scale in 
northern  Norrbotten,  of which some are spatially associated with intrusive rocks. The mineralised 
intrusion in Aitik is, however, different from many of these minor mineralizations, both in its  dis- 
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seminated character and its alteration style. In those cases where a relation between an intrusive 
phase and a Cu-Au mineralization has been established, alterations are dominated by  K  feldspar, 
scapolite and locally albite, and the intrusion commonly belong to the Perthit Suite. This is not the 
case, however, in the Gellivare area. Intrusions related to smaller Cu-Au mineralizations in the 
vicinity of the Aitik deposit are generally similar in character to the  Haparanda  Suite. This might 
indicate a transition in mineralization character in the Gellivare area and southwards, to a style 
more similar to that in the Skellefte district, than that of northernmost  Norrbotten.  

A  

Fig. 8 Cross section of the Aitik area showing generalized evolution of the Aitik quartz monzodiorite, 
from intrusion, tilting and erosion of it, to its present location in relation to the Aitik open pit. 
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Conclusions 

The mineralised Aitik intrusion is in respect of regional position, petrology and geochemistry com-
parable with the  Haparanda  suite of granitoids. The Aitik intrusion therefore represents a part of the 
regional calc-alkaline magmatic activity produced by northward subduction of oceanic crust fur-
ther south. It is a subvolcanic intrusion, classified as a quartz monzodiorite, with slightly younger, 
but comagmatic, intrusive phases. The most common of these phases is a microdiorite, which is 
believed to form apophyses protruding from the upper part of the quartz monzodiorite, which itself 
is generated from a batholith at depth. These aphophyses can be traced into the main ore zone of 
Aitik as less deformed porphyritic rocks with rich dissemination of sulphides, within the otherwise 
strongly foliated rocks of largely volcano-sedimentary origin. Early potassic alteration of the min-
eralised intrusion is expressed by the growth of secondary biotite. This alteration is pervasive and 
has affected all intrusive phases. 

The Aitik intrusion is similar in many respects to intrusions generating Cu-Au mineralizations in 
porphyry systems. The disseminated and vein type of mineralization, hosted by an early orogenic, 
porphyritic intrusion of intermediate composition, and the potassic alteration of the porphyritic 
stock, are some of the features that they have in common. The type and occurrence of mineraliza-
tion and related potassic alteration throughout the Aitik intrusion, supports a dominantly synmagmatic 
origin for the intrusion-hosted mineralization, with the Aitik quartz monzodiorite being the source 
of ore components. This subeconomic mineralization in the footwall to the ore body might form 
part of a porphyry system with its major part represented by the main mineralization in the sur-
rounding volcano-sedimentary rocks, as indicated by the occurrence of fine grained, dioritic rocks 
found within the main ore zone. 

Characteristics of the Aitik intrusion will be further compared with those of the  Haparanda  
granitoids, and the question whether specific combinations of characteristics indicate mineralised 
intrusions, while others suggest barren ones, will hopefully be established. 
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Abstract 

Aitik is a disseminated Cu-Au deposit with an annual production of 18 million metric tons of ore 
containing 0.38 percent copper and 0.22 parts per million gold. It is situated in northern Sweden in 
1.9  Ga  Svecofennian volcanic and sedimentary rocks formed in a volcanic arc environment. The 
Aitik deposit entered production in 1968, and all geological and geochemical information obtained 
since then, has been used to summarize the distribution pattern for copper and gold in the deposit. 
This study is part of an ongoing work to improve recovery and grade control during mining. The 
present interpretation of the metal distribution in the Aitik ore body is as follows: 

A large-scale vertical metal zoning results from the increase of gold-rich areas (>0.3  ppm)  to-
wards depth, and the decrease of copper-rich areas (>0.6 %). These copper-rich areas are replaced 
by more extensive, medium-grade areas deeper down, thus resulting in the same average copper 
content for each level. The vertical metal zoning is accompanied by a lithological change towards 
depth from biotite gneiss to biotite-amphibole gneiss. A vertical zoning is further developed by the 
mineralized areas trending predominantly northeasterly and plunging northeast (gold) and north-
northwest (copper). The ore body also shows horizontal metal zoning. A high-grade area (>0.6 % 
Cu and >0.3  ppm  Au) of disseminated sulfides is situated in potassic altered biotite gneiss/schist in 
the center of the main ore zone. Towards the hanging wall, mineralization becomes low-grade 
(<0.40 % Cu and <0.30  ppm  Au) and is hosted by strongly sericite altered and pyrite-rich schistose 
rocks. A gold-rich area (>0.6  ppm)  is located close to the hanging wall, in a residual part of biotite 
schist that is strongly affected by  K  feldspar and epidote alteration and by quartz and pyrite growth. 
Another gold-rich area (>0.6  ppm)  has formed at depth close to the northern part of the footwall, 
where amphibole content is high in the host rock. Cu-dominated mineralization is mainly devel-
oped close to the footwall, and besides disseminated sulfides, also massive veins of chalcopyrite 
are common in this part. 

It is suggested that the rich dissemination in the center of the ore zone is a part of the primary 
mineralization at Aitik, and that later features, such as shear zone related fluid/rock interaction and 
deformation, have caused the remobilization of metals into favorable structures creating local more 
higher-grade zones. It is not excluded though, that the distribution pattern has been caused, not only 
by several phases of remobilization, but also by repeated mineralization events. 
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Introduction 

The Aitik mine is one of the largest producers of copper and gold in Europe. The mining area is 
situated 15 km southeast of Gellivare in northernmost Sweden. The first boulders with dissemi-
nated chalcopyrite were discovered in 1930 at Aitik, and two years later, an extensive copper min-
eralization was localized with  EM-survey. However, the low grade did not make the deposit eco-
nomic at the time. In the 1950s new investigations started, with  EM-survey, magnetic survey and 
diamond drilling, and an open pit mine was opened in 1968 with an annual production of 2 million 
metric tons of ore. Capacity expansions have been carried out several times since 1968, and today 
the annual production is 18 million metric tons of ore. During 1999, production was 72200 tons of 
copper, 1500 kilograms of gold and 62800 kilograms of silver. Proven ore reserves reported in year 
2000 were 204 million metric tons containing 0.40 percent copper, 0.22  ppm  gold and 3.25  ppm  
silver. Ore resources are 841 million metric tons, with slightly lower grades. The ore zone is almost 
3 km long and 500 m wide. The direction of the ore body is approximately north-south, dipping 50 
degrees to the west and plunging to the north. The ore reach down to 400 m level at the southern 
part of the pit and the depth of the northern part is still unknown. The deepest part of production at 
present reaches the 315 m level and mining is today concentrated to the northern part of the pit. 

At the present a Ph.D. study re-evaluates the geology, and a study on gold is in progress at Aitik, 
where this article of the metal distribution and its zonal arrangement is a part. There is not only a 
scientific interest of this study, it has also practical implications for the mining company  Boliden  
AB, who is the owner of the deposit. It is important to know about possible changes in the metal 
distribution that can affect the recoveries of copper and gold as the mining gets deeper down. This 
paper summarizes the copper and gold distribution in the Aitik deposit, and is the first study to 
conclude a distribution pattern in this huge ore body. All data available from the block model, from 
drill core mapping and from chemical analyses since the mine opened in 1968 has been used. 

Regional Geology 

The Precambrian bedrock in northern Sweden include a  c.  2.8  Ga  Archean granitoid-gneiss base-
ment, which is unconformally overlain by greenstones, porphyries and sedimentary successions of 
Paleoproterozoic age. The province is an important producer of iron and copper-gold ore, and 
stands for about 90% of the ore production in Sweden. Apatite iron ores are related to the 1.89  Ga  
Kiruna Porphyries, while epigenetic Cu-Au deposits formed during the 1.9-1.8  Ga  Svecokarelian 
orogeny are hosted by both greenstones and porphyries. The area surrounding Aitik consists of 
Precambrian  (c.  1.9-1.8  Ga)  intermediate volcanic rocks, elastic sediments, and intrusions of gra-
nitic, gabbroic and dioritic composition (Witschard, 1996). The deposit is situated close to a struc-
turally important NW-SE striking shear zone in the northern  Norrbotten  ore province (Fig. IA). 
High-grade metamorphism of amphibolite facies characterizes the country rock in the Aitik region  
(Zweifel,  1976). The Skellefte district, lying approximately 250 km to the south, is a massive 
sulfide province, interpreted as a volcanic arc formed during a period of subduction in the 
Paleoproterozoic (Weihed et al., 1992). Host rocks to the Aitik deposit were probably formed dur-
ing this  c.  1.9  Ga  event of crustal growth along the southwestern border of the Archean nuclei to the 
Baltic Shield (Wanhainen and  Martinsson,  1999). 

Geology of the Aitik Cu-Au Deposit 

A first genetic model of Aitik was outlined by  Zweifel  (1976), suggesting the mineralization to 
be of syngenetic sedimentary origin. This stratiform preconcentration of copper was later mobi-
lized in connection with intrusion of late granites  (Lina  granite) in the surrounding areas. Based on 
a sulfur isotope study, a magmatic origin of the Aitik mineralization was proposed by Yngström et 
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al. (1986). This model was further developed by Monro (1988), who claimed that the mineraliza-
tion is related genetically to an early orogenic quartz monzodiorite intrusion that occurs in the 
footwall. Additional data on the ore and its host rock have since then been contributed by Drake 
(1992) and Wanhainen and  Martinsson  (1999). 

The mining area is divided into footwall, main ore zone and hanging wall, based on tectonic 
boundaries and copper grades (Fig. 1B,  C).  Alteration and deformation at the deposit have made 
identification of original lithologies difficult, and rock types have therefore been reduced to three 
basic categories: volcano-sedimentary rocks, mineralized quartz monzodiorite, and post-ore intru-
sions. 
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Fig. 1. Geology of northern  Norrbotten  and the Aitik deposit. (A). Simplified geological map of northern  
Norrbotten.  Inset shows the location of northern  Norrbotten  in the Baltic shield.  (B).  Plan view of the Aitik 
deposit. Modified from Monro (1988).  (C).  West-east vertical cross section of the Aitik deposit. 

Volcano-sedimentary rocks 
The original characters of these rocks are unclear. They have previously been interpreted as 

sediments  (Zweifel  1976), but their chemical character strongly suggests a magmatic precursor of 
intermediate composition. Based on the knowledge from areas outside the mine, a volcaniclastic 
origin is favored (Wanhainen and  Martinsson,  1999). Due to the difficulties in assigning a protolith, 
the nomenclature of Monro (1988) is followed. Volcano-sedimentary rock types within the ore 
zone are referred to as biotite-muscovite (sericite) schists and gneisses, while the rock type outside 
the ore zone is referred to as feldspar-biotite-amphibole gneiss. Pervasive biotite alteration and 
garnet porphyroblasts are characteristic for the biotite gneiss/schist, which hosts most of the miner-
alization, and sericitic alteration with abundant pyrite are characteristic for the muscovite (sericite) 
schist. The feldspar-biotite-amphibole gneiss occurs in both the footwall and hanging wall to the 
ore, although with some structural and textural differences between the two areas. Mineralization 
extends in subeconomic grades into the footwall rocks, while the hanging wall rocks are barren. 
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Mineralized quartz monzodiorite 
The quartz monzodiorite is situated in the footwall to the ore zone. It is a gray, medium-grained, 

porphyritic intrusion of intermediate composition, with an age of about 1.87  Ga  (Witschard, 1996). 
Plagioclase phenocrysts are often idiomorphic and up to 10 mm large. Feldspar, biotite, quartz and 
hornblende, with minor sericite and epidote dominate the matrix. The rock exhibit a weak foliation 
defined by the sub-parallel orientation of biotite laths. Towards the main ore zone this foliation gets 
slightly stronger, and plagioclase phenocrysts are often elongated and partly altered to sericite. 
Patches of  K  feldspar alteration and epidotization are common. The quartz monzodiorite is quite 
rich in 3-20 mm wide, mineralized granitic (quartz, feldspar, biotite) veins and amphibole veins. 
Mineralized and barren quartz veins are also common. 

Other intrusions 
Hornblende diorite occurs as a dyke that intrudes the quartz monzodiorite. It contains 1-13 mm 

large, anhedral to euhedral hornblende phenocrysts which makes approximately 25 percent of the 
rock. The matrix is dominated by biotite, hornblende, plagioclase and epidote, with minor quartz. 
The hornblende diorite contains only minor disseminated sulfides, but sulfide-bearing quartz/gra-
nitic veins are locally common. 

Pegmatite dykes crosscut all rock units in the mining area, although they are less abundant and 
quite thin (<1 m) in the footwall. These crosscutting, post-ore pegmatites are undeformed and 
range in thickness from 1 m to 15 m. They also vary in composition by different amounts of feld-
spar, quartz, mica and tourmaline. Pegmatite dykes within the ore zone are often mineralized, while 
those in the hanging wall are barren. This is also the case with an earlier generation of pegmatite 
dykes striking north-south. These pegmatite dykes may be folded, and they often contain pyrite and 
chalcopyrite when situated within the main ore zone, and occasionally also some molybdenite.  

Gabbro  has locally been observed in the northern part of the hanging wall to the open pit (Monro, 
1988). Monro describes the  gabbro  as a slightly altered, non-foliated unit, composed of coarse-
grained aggregates of orthopyroxene, clinopyroxene, olivine and plagioclase. It crosscuts the schis-
tosity of the volcanic rocks. 

Methods 

Copper- and gold-grades on every 100 m level, down to 600 m were extracted from the Aitik 
mine blockmodel (Fig. 2). The blockmodel is based on copper and gold analyses from 746 drill 
holes and on approximately 153000 copper analyses on drill chip samples from the production 
drilling. Grade variations on each 100 m level were contoured after the criteria given in Table 1. 

Based on the contoured grades of copper and gold, areas representing different Cu/Au ratios 
could be identified within the ore zone. 26 drill holes cross-cutting these different areas were cho-
sen for further investigations, and after evaluating the drill core logging carried out by earlier 
company geologists, and the 368 analyses made on these 26 drill cores, it was possible to restrict 
the forthcoming drill core logging to sections with a Cu/Au ratio similar to the ratio characteristic 
for the whole type area. These sections were then relogged and sampled for chemical analyses and 
thin sections in order to get a detailed picture of the geology in each specific area. 
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TABLE 1. Grade intervals in the blockmodel 
used lo describe grade variations in the ore body. 
Columns are not lo be compared. 

Cu(%) 

0.00-0.26 
0.26-0.40 
0.40-0.60 
0.60-100 
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Au (ppm) 

0.00-0.10 
0.10-0.30 
0.30-0.60 
0.60-1.00 
1.00-100 
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Description of Type Areas 

Based on the results from relogged drill cores and analyzed samples, four type areas (A-D)  were 
chosen according to their Cu/Au ratio (Fig. 3), geological- mineralogical character and sulfide 
occurrence (Table 2). 

Type areas A and  B  are characterized by a generally low Cu/Au ratio  (%/ppm)  in the order of 1:1. 
The copper- and gold-grades are high in type area A, which occurs in the central part of the deposit. 
Type area  B  contains lower copper- and gold-grades and occurs towards the hanging wall side of 
the ore body. Higher Cu/Au ratio in the order of 2:1 occur towards the footwall (Type area  C),  and 
lower Cu/Au ratio in the order of 1:2 occur close to pegmatite dikes and quartz veins towards the 
hanging wall (Type area  D).  

Fig. 3. A scatterplot of gold versus copper showing the metal content in different type areas. 

Type area A is represented by drill cores from 100 to 500 m levels. The host rock is a biotite 
gneiss, sometimes foliated, but mostly quite massive down to the 500 m level, where it changes 
both structurally and mineralogically. At the three upper levels the biotite gneiss is garnet-bearing 
with patches and fracture fillings of garnet + amphibole + chlorite + epidote + quartz. Muscovite 
and sericite are occasionally the dominating mica. Sections rich in muscovite have developed a 
strong schistosity in the otherwise slightly foliated rock, and folded sequences are partly abundant 
in these muscovite-rich sections. The biotite gneiss comprises several thin veins of epidote and  K  
feldspar. The rock also contains unmineralized, tourmaline-bearing pegmatite dikes, both mineral-
ized and unmineralized quartz veins, and veins of barite-magnetite. Chalcopyrite and minor pyrite 
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occur as a medium to rich dissemination (Fig. 4A) and to a lesser extent as veinlets in close contact 
to barite and lying parallel to the foliation. Together with pyrrhotite they also form massive clots. 
At the lowermost level the biotite gneiss is no longer garnet- bearing. Thin veins of thaumasite are 
common, as are also barite veins containing anhydrite. The color of the biotite gneiss gradually 
changes at this depth from gray to greenish gray due to the occurrence of amphibole (Fig. 4F). 
Chalcopyrite, pyrite and pyrrhotite occur finely disseminated, and chalcopyrite also occurs as vein-
lets. 

TABLE 2. Summary of characteristics for the four type areas 

Type 
area 

Cu/Au 
ratio 

Rock type Alteration Sulfide occurrence Veins 

A 1:1 U. Biotite schist/gneiss  

L. Biotite-Amphibol  gneiss  

gr,  ser, si, 
ep, kfsp, chl 

cpy, py (d, v) 
cpy, py, pyh (c) 

cpy, py, pyh (d) 
cpy (v) 

ba, qz, ep, kfst, peg 

peg, tha, ba, anh 

B 1:1 U.  Muscovite schist  ser,  gr  py, pyh (d) 
py, cpy, pyh (peg) 

cpy, PY (ha) 

peg, ba 

L. Biotite-Amphibol  gneiss  gr,  chl, qz.,  cal,  ep cpy, PY (v, d) peg, ep, anh. 

C 2:1 U. Biotite schist/gneiss  gr,  ep, kfsp, chl cpy, py (d, ep, qz, ba) 

cpy (P) 
py, cpy (k) 

qz, ba, ep 

L. Biotite (Amphibol) gneiss  gr,  kfsp pyh, cpy, py (v, k) 

cpy, PY (d, P) 
cpy (qz) 

qz, ba, peg, tha., anh 

D 1:2  Biotite (muscovite) schist/gneiss  gr,  kfsp,  ep, ser  MY,  PY (qz) qz, peg, ep 

PY (d) 
Pyh PY (v) 

PY, Pyh, cpy (ep) 

U. = upper levels (100-400 m), L. — lower levels (400-600 m),  ser  = sericite,  gr  = garnet, chl = chlorite, qz = quartz, cal =calcite,  
ep  = epidote,  py  = pyrite,  pyh  = pyrrhotite,  d  = disseminated, cpy = chalcopyrite, ba = barite, v = veins, anh = anhydrite, kfsp 
=  K  feldspar,  si  = silicified, tha =thaumasit,  c  = clots,  p  = patches 

Type area  B  is represented by drill cores from the 200 to 600 m levels. The two upper levels 
(200-300 m) are characterized by garnet-bearing muscovite (biotite) schist. Two different types of 
pegmatite dikes are observed; one white, carrying pyrite, chalcopyrite and pyrrhotite, and one red, 
unmineralized. Up to one meter wide veins of barite occur parallel to the foliation. These veins 
contain chalcopyrite, pyrite and large amounts of magnetite (Fig. 4C). Euhedral pyrite is the main 
sulfide occurring in the muscovite schist, where it is distributed along the foliation (Fig. 4B). Some 
pyrrhotite are also present. The three deeper levels (400-600 m) are characterized by garnet-bear-
ing biotite-amphibole gneiss with partly chloritizised sections. Mineralized, hematite-stained peg-
matite dikes are observed, as are aggregates of quartz, calcite and epidote. A network of thin veins 
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of chalcopyrite, pyrite, epidote, and anhydrite are locally present in this rock. Chalcopyrite and 
pyrite mostly occur disseminated and as veins parallel to foliation. 

Type area  C  is represented by drill cores from the 200 to 600 m levels. The Cu/Au ratio is 
approximately 2:1, and although this ratio varies somewhat, copper is the dominating metal through-
out the area. The bedrock at the two upper levels is a garnet-bearing biotite schist with a varying 
strength of foliation, thus occasionally exhibiting gneissic sections and sections rich in muscovite. 
The biotite schist is commonly affected by epidote alteration and occasionally by  K  feldspar alter-
ation, the former most common in less foliated sections. Epidote also occurs on fracture planes 
together with chlorite. Chalcopyrite and pyrite are found within epidote veins, quartz clots and a 
calcite-rich barite vein, and as a rich dissemination spread out along the foliation. Furthermore, 
chalcopyrite occurs as patches bordered by epidote, and pyrite, with occasionally chalcopyrite, as 
massive clots. Deeper down, the foliation is less prominent and amphibole becomes an important 
mineral, thus forming biotite (amphibole) gneiss. Garnets still occur in sections of rock similar to 
that at the upper levels, and the rock is locally  K  feldspar altered adjacent to  c.  lm  wide pegmatite 
dykes. At the 600 m level, fractures filled with thaumasite, and mineralized veins of anhydrite, 
occur frequently. Ore mineral assemblages also changes towards depth from pyrrhotite + chalcopy-
rite + pyrite occurring as veins and clots, to disseminated and quartz-related chalcopyrite, to dis-
seminated chalcopyrite + pyrite. Closest to the footwall contact, the mineralization shows an over-
all northeast directed trend. Quartz veins, barite veins and magnetite veinlets are common in type 
area  C,  the former one especially at the deeper levels. Close to the footwall and at the deeper levels, 
where biotite gneiss gradually changes to biotite amphibole gneiss, a restricted gold-enriched (0.30-
0.60  ppm)  area is located within the otherwise copper dominated area. 

Type area  D  is characterized by a Cu/Au ratio of 1:2, with gold grades occasionally exceeding 
3.0 parts per million. This area is represented by drill cores at the 200, 400, 500 and 600 m levels. 
The bedrock in these drill cores is garnet bearing biotite schist (gneiss), which gradually changes to 
garnet-bearing muscovite schist at the deepest level. Closest to the hanging wall contact, up to 9 m 
wide, mineralized pegmatite dikes are frequent, and the rock is strongly affected by  K  feldspar and 
epidote alteration. Epidote also often occur as mm-wide veins, lying parallel to the foliation, and 
containing dissemination of pyrite, pyrrhotite and chalcopyrite (Fig. 4D). Thin veins of pyrite and 
chalcopyrite occur along the epidote veins. The mineralization here shows an overall northeast 
directed trend. Away from the immediate hanging wall contact zone, quartz blebs and veins con-
taining massive chalcopyrite and pyrite are quite common (Fig. 4E). Pyrite also occurs as thin veins 
and disseminated along the foliation. 
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Fig. 4. Photographs of mineralizations representative for type areas A,  B, C  and  D.  (A). Rich dissemination 
of sulfides in biotite gneiss. Drill core sample from type area A.  (B).  Muscovite-sericite schist with euhedral 
pyrite grains. Hand specimen from type area  B. (C).  Barite vein with clots of chalcopyrite and minor pyrite. 
Drill core sample from type area  C. (D).  Thin veins of epidote lying parallel to the foliation. Rich dissemi-
nation of pyrite, pyrrhotite and chalcopyrite in the epidote veins. Drill core sample from type area  D. (E).  
Chalcopyrite-bearing quartz vein from type area  D.  (F). Biotite-amphibole gneiss with clots of chalcopyrite. 
Drill core sample typical for the deeper levels in the ore zone and the footwall side of the Aitik ore body. 
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Discussion 

Sulfides occur mainly disseminated and as veinlets in the Aitik Cu-Au deposit and the metals are 
unevenly distributed within the ore body. Both horizontal and vertical zoning patterns can be out-
lined by the blocicmodel for copper- and gold-grades. Areas rich in copper (>0.60 %) are more 
common on the upper levels (100-300 m). Tracing the main copper mineralization on each plan 
level in the deposit, a north-northwesterly plunging is obvious for the whole deposit. In this plung-
ing direction the high-grade copper zones becomes slightly less copper-rich and on deeper levels 
(400-600 m) their copper-grade range between 0.40 and 0.60 percent. An opposite trend is shown 
by the gold distribution, with areas containing more than 0.60  ppm  only existing at the deeper 
levels (400-600 m), where amphibole becomes an important mineral in the host rock. Gold areas 
grading 0.10-0.30  ppm  are most common at upper levels (100-300 m), and only small areas within 
these levels have grades between 0.30 and 0.60  ppm.  Except for this vertical zonation, the copper 
and gold distribution pattern has north-south and northeast trends in the horizontal view on each 
plan level. Gold also shows a northeasterly plunge when comparing the distribution pattern on the 
100 m to 600 m level. The distribution pattern found within the Aitik deposit results in an overall 
slight decrease in the Cu/Au ratio from the footwall to the hanging wall side. 

Type area A, characterized by a Cu/Au ratio of 1:1 and by relatively high copper- and  gold-
grades  (0.4-0.8 % Cu and 0.3-0.7  ppm  Au), is confined to the central part of the ore zone, compris-
ing biotite gneiss/schist. Biotite and quartz are the essential minerals in this assemblage, with ac-
cessory garnet and magnetite. This biotite-rich rock has probably formed by strong potassic alter-
ation of the host rock. Towards depth it gradually changes into less altered biotite-amphibole gneiss 
containing veins of anhydrite and thaumasite. This is similar to the Bajo de La Alumbrera Cu-Au 
deposit in the Farallon Negro district, northwest Argentina, where most of the ore is confined to a 
potassium silicate facies, characterized by biotite, quartz, anhydrite, magnetite and subordinate  K  
feldspar (Sillitoe, 1979). Disseminated sulfides with a Cu/Au ratio of 1:1 dominate the mineraliza-
tion style in type area A (Fig. 4A). Deformation is generally less intense in this area compared to 
other parts of the ore zone and the grades of copper and gold shows mostly small variations. This 
suggests type area A to represent a relatively undisturbed part of the ore zone, and it might reflect 
the original mineralization style at Aitik. 

Mineralization of disseminated character similar to that in area A is recognized in all other areas  
(B, C  and  D),  but is accompanied to varying degrees by veinlets, veins, patches and clots. In gen-
eral there is a good correlation between copper and gold grades in Aitik, although there is some 
difference in the proportion of these metals when comparing areas A,  B, C  and  D  (Fig. 3). 

Little is known about the mineralogy of gold in the Aitik deposit. According to limited studies on 
ore samples and products from the mill and concentrator, about 20-30 percent of the gold is intergrown 
with chalcopyrite. The rest of the gold is intergrown with other minerals, or occur as native gold 
(Unpublished report,  Boliden  AB, 1998). The area with a high Cu/Au ratio in the order of 2:1 (area  
C),  have in addition to disseminated sulfides also aggregates and veinlets of chalcopyrite. The 
addition of copper, caused by these aggregates and veinlets, has led to copper grades generally 
higher than in area A. Some gold enrichment has also taken place because of its association with 
chalcopyrite, but compared to copper the increase in grade is minor, and the Cu/Au ratio therefore 
becomes high. Locally higher gold values (around 0.50  ppm)  are found in sections where copper-
grades exceed 1.0 percent. 

In Aitik, the gold-enriched type area  D  is partly situated within the zone of sericitic alteration. 
Where sericite alteration is strong, pyritization is also common. Pyrite is therefore abundant in the 
muscovite-sericite schist, occurring disseminated and enriched along foliation planes. When com-
paring sections of muscovite-sericite schist with different gold values, the main difference was the 
pyrite content, with the slightly higher gold values assigned the pyrite rich sections. A similar 
relation is noticed in type area  B,  where low grade mineralization, with a Cu/Au ratio in the order 
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of 1:1, is hosted by sericite altered rocks. The locally occurring enhanced gold values are mainly 
confined to sections where pyrite veinlets are common. This strongly suggests that pyritization is 
needed to get the enrichment of gold in specific areas within the deposit, as this pyrite can act as a 
trap for gold (Scaini et al., 1998). Quartz veins are also common in this area (Fig. 4E) and probably 
contributes to the locally very high gold grades (around 3.0  ppm).  In type area  D,  epidote is gener-
ally associated with pyrite, and often occurs as narrow alteration envelops around pyrite veins. At 
this stage it is not known whether epidote alteration itself could have any bearing on the gold 
content. Another interesting feature is that gold-grades increasing with depth seem to correlate with 
a gradual change in bedrock character, from biotite gneiss/schist to amphibole-rich gneiss (Fig. 
4F). 

It is unclear what relationship the copper- and gold-enriched areas have to the main mineraliza-
tion event. It seems reasonable that significant local remobilization of the original mineralization 
has occurred, as it has been affected by amphibolite facies metamorphism and strong ductile defor-
mation. The gold-enriched type area  D  could be the result of remobilization of gold that was origi-
nally part of the primary disseminated ore. This may have caused concentration of gold along shear 
structures, e.g. the hanging wall thrust fault (Fig. 1C), as late  hydrothermal  fluids may remobilize 
considerable amounts of previously deposited gold and transport it as bisulfide complexes (Gammons 
and Williams-Jones, 1997). By reacting with Fe-bearing minerals, these solutions causes pyritization 
and gold precipitation (Phillips et al., 1984; Reed, 1997), and this might be the process explaining 
the anomalous gold-contents associated with pyrite-rich sericite-muscovite schist at Aitik. 

Sulfides occurring as patches and clots in the copper-enriched area are mainly developed along 
sheared sections, thus lying parallel to the north-south foliation. This style of sulfide mineralization 
have probably formed by remobilization of the primary, disseminated sulfides during a north-south 
shearing event related to the regional NW-SE striking shear zone. By being transported as chloride 
complexes in low temperature fluids (Crerar and Barnes, 1976), the copper could not only be mo-
bilized from its original site, but also separated from the mobilized gold, that preferentially is 
transported as bisulfide complexes (Gammons and Williams-Jones, 1997). 

Remobilization also seems possible on a more regional scale. Following the northeasterly plunge 
of the gold mineralization at the footwall to the Aitik ore body, it intersects 300 meter further east 
with a mineralization called Aitik East. This is a mineralization with a low Cu/Au ratio in the order 
of 1:2 hosted by fine-grained gneissic to schistose rocks with variable amounts of amphibole and 
biotite. This mineralization could possibly originate from the same gold-bearing  hydrothermal  flu-
ids as in Aitik, or it could be gold lost from the Aitik deposit into the surrounding bedrock by  
hydrothermal  systems developed in relation to later shearing in this area. This phenomenon has 
also been discussed by Simon et al. (2000), who claims that significant gold can be dispersed 
outside a Cu-Au deposit, either during cooling of the  hydrothermal  system or by lower-temperature 
alteration. However, Aitik East could also be the result of a new and younger phase of gold miner-
alization, without genetic links to the Aitik mineralization. 

Metamorphism, alteration and deformation, accompanied by remobilization, are thus the con-
tributory causes to the difficulties in interpreting the primary mineralization pattern in Aitik. Redis-
tribution and selective concentration of ore minerals over time have certainly played an important 
role in the mineralization pattern found in Aitik today. 
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Conclusions 

In the preceding sections we have analyzed and described the copper and gold distribution in the 
Aitik deposit. Although it is not possible to describe all the zonal details of each mineralization type 
area, an approximate picture of the metal distribution in the whole deposit can be obtained from 
Figure 2, and from the following conclusions: 
(1) The ore body shows a vertical metal zoning. Gold-rich areas increase towards depth, while 

copper-rich areas decrease. Restricted copper-rich areas at the upper levels are replaced by 
more extensive, medium-grade areas deeper down, thus resulting in the same average copper 
content for each level. This vertical zonation is accompanied by a gradual change of bedrock 
towards deeper levels. Three dominant mineralization trends are apparent. The copper and gold 
mineralized zones at the footwall trend predominantly northeasterly, and the gold mineraliza-
tion shows a northeasterly plunge. Copper mineralization instead plunges north-northwest in 
the entire deposit. 

(2) The ore body shows a horizontal metal zoning. High copper- and gold-grades, with a Cu/Au 
ratio in order of 1:1, occur in the central part of the ore in the form of disseminated chalcopyrite. 
The zones of potassic alteration (biotite) coincide with this high-grade core of mineralization. 
This dissemination in the center of the ore body is suggested to be the primary sulfide mineral-
ization. Low copper- and gold-grades with a low Cu/Au ratio occur towards the hanging wall of 
the ore body, where pyrite is the dominant sulfide. A Cu/Au ratio in order of 1:2 also occurs in 
areas towards the hanging wall, where pyrite and minor chalcopyrite occur in a  K  feldspar/ 
epidote altered rock with common quartz veinlets. A Cu/Au ratio in order of 2:1 occurs towards 
the footwall of the ore, where disseminated sulfides are accompanied by clots, patches and 
veinlets of chalcopyrite. 

(3) The mineralogical composition of the host rock in Aitik does not seem to influence the varia- 
tion in copper content to any larger extent. The distribution of gold corresponds to a certain 
degree to that of copper, although with several important exceptions. Gold grades locally in- 
crease with increasing pyrite content. Also epidotization, quartz-vein frequency and amphibole 
content seems to contribute to locally higher Au-grades in specific areas within the ore body. 

The bedrock with copper and gold dissemination in the central part of the ore zone is suggested 
to be a preserved part of a primary mineralization phase. The strongly deformed bedrock with clots 
and patches of sulfides probably represents tectonically remobilized phases of mineralization, de-
posited along the main foliation during the north-south shearing event. The timing of many of these 
events and the nature of the original mineralizing system still pose many questions. The present 
metal distribution is probably a result of interplay of many factors, such as prograde and retrograde 
metamorphism, and intrusion- and shear zone-related fluid/rock interaction and deformation. Lo-
cal remobilization is clearly of significance concerning the present metal distribution. Copper and 
gold could have been mobilized from the primary mineralization in the center of the ore zone by 
fluids of different composition. Reprecipitation of the metals into favorable geological sites has 
finally led to the zoning pattern observed in Aitik today. 
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Abstract 

The Aitik Cu-Au deposit is located in northern Sweden in 1.9  Ga  Svecofennian volcano-sedimen-
tary rocks. The deposit is situated along a major shear zone and the entire ore zone is characterised 
by strong alteration and deformation. The main copper mineralization, which occurs as dissemina-
tion and veinlets, is hosted by garnet-biotite schist. Subeconomic mineralization in the footwall to 
the ore is hosted by feldspar-biotite-amphibole gneiss and porphyritic quartz monzodiorite. 

Fluid inclusions in samples of copper-mineralised quartz veins record the presence of three dif-
ferent fluid populations. Analyses of fluid inclusions show that the main ore was deposited from an 
aqueous highly saline, 31-37 eq. wt. % (NaCl+CaC12) fluid (type A). This fluid was trapped as 
inclusions intimately associated with the dominating chalcopyrite mineralization. The subsequent 
bornite deposition took place from a less saline, 18-27 eq. wt. % (NaCl+CaC12), aqueous fluid (type  
B).  At the end of the chalcopyrite stage and during the bornite stage, a third fluid (type  C)  com-
posed of almost pure CO2, flowed through the Cu-system in conjunction with a regional deforma-
tion event. A reconstruction of the pressure-temperature conditions based on fluid inclusion data 
suggests that copper mineralization formed at about 2 ± 0.5 kbar and 200-350°C. 

The obtained data for the Aitik Cu-Au deposit resemble results from studies on fluid inclusions 
reported from magmatic-hydrothermal  deposits, e.g. porphyry type deposits and Fe-oxide Cu-Au 
deposits. It is not possible to interpret the Aitik Cu-Au deposit as one of the two. Most data instead 
point to the possibility of Aitik as being a "hybrid" of these two major groups of deposits. A high 
Ca-content similar to other Cu-Au deposits in northern Scandinavia suggests a possible contribu-
tion to the salinity of the magmatic-hydrothermal  fluids from evaporitic units in underlying greenstone 
units. 

Introduction 

Aitik is Sweden's largest sulphide mine and one of Europe's most important copper producers. At 
the end of 1999, about 322 Mt of ore, grading 0.4% Cu, 0.2ppm Au and 4ppm  Ag,  has been pro-
duced since the mined opened in 1968. The deposit is situated 15 km southeast of Gellivare, in the 
northern  Norrbotten  ore province. Several other epigenetic copper-gold ores, stratiform copper 
ores and apatite iron ores occur in the region, and the entire ore province stands for about 90 
percent of the ore production in Sweden. 

The first genetic model for the Aitik deposit was outlined by  Zweifel  (1976), who suggested the 
mineralization to be of syngenetic sedimentary origin. This stratiform preconcentration of copper 
was later mobilised in connection with intrusion of late, 1.8  Ga  granites  (Lina  granite) in the sur-
rounding areas. Based on a sulphur isotope study, a magmatic origin of the Aitik mineralization 
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was proposed by Yngström et al. (1986). This model was further developed by Monro (1988), who 
claimed that the mineralization is genetically related to an early quartz monzodiorite intrusion that 
occurs in the footwall. According to this model, fluids were released from the intrusion contempo-
raneous with deformation in the area. As a result, a  hydrothermal  system driven by the intrusion 
was formed along a north-south striking shear zone (present Aitik mineralization). 

A preliminary study of fluid inclusions at the Aitik Cu-Au deposit is the subject of this paper. 
Fluid chemistry and fluid evolution will be discussed in order to gain further constrains to origin 
and character of the deposit. 

Regional geology 

The Precambrian bedrock in northern Sweden include a 2.8  Ga  Archean granitoid-gneiss base-
ment, which is unconformally overlain by greenstones, porphyries and sedimentary successions of 
Paleoproterozoic age. Several epigenetic copper-gold ores, stratiform copper ores and apatite iron 
ores occur in the region, which makes it an important producer of iron and copper-gold ore. Apatite 
iron ores are related to the 1.89-1.88  Ga  Kiruna Porphyries while epigenetic Cu-Au deposits formed 
during the 1.9-1.8  Ga  Svecokarelian orogeny are hosted by both greenstones and porphyries 
(Bergman et al. 2001). The area surrounding Aitik consists of Precambrian  (c.  1.9  Ga)  intermediate 
volcanic rocks and elastic sediments that are intruded by 1.9-1.8  Ga  plutonic rocks of different 
composition (Witschard 1996). These rocks are characterised by amphibolite facies metamorphism  
(Zweifel  1976). Furthermore, the deposit is situated close to a structurally important NW-SE strik-
ing shear zone. Approximately 250 km to the south lies the Skellefte district, a massive sulphide 
province interpreted as a volcanic arc formed during a period of subduction in the Paleoproterozoic 
(Weihed et al. 1992). Host rocks to the Aitik deposit were probably formed during this 1.9  Ga  event 
of crustal growth along the southwestern border of the Archean nuclei to the Baltic Shield (Wanhainen 
and  Martinsson  1999). 

Geology of the Aitik Cu-Au deposit 

The Aitik open pit occupies an area of about 2500  x  800 meter. The mining area is divided into 
footwall, main ore zone and hanging wall, based on tectonic boundaries and copper grades. Feld-
spar-biotite-amphibole gneiss and porphyritic quartz monzodiorite are the main lithologies form-
ing the footwall to the ore body (Fig. 1). These rocks contain less than 0.26 percent copper, and are 
separated from the main ore zone by a fault zone affected by  K  feldspar alteration and epidotization. 
The quartz monzodiorite has an age of about 1.87  Ga  (Witschard 1996). The main ore zone com-
prises garnet-bearing biotite schist and gneiss towards the footwall, and quartz-muscovite (sericite) 
schist towards the hanging wall (Fig. 1). Strong alteration and deformation obscure the original 
character of these rocks, but based on the knowledge from areas outside the mine a volcaniclastic 
origin is suggested (Wanhainen and  Martinsson  1999). 

The ore minerals, chalcopyrite, pyrite and pyrrhotite, with magnetite, bornite and molybdenite 
as minor components, occur disseminated and in veinlets. Besides copper, also gold is of economic 
significance. Native gold and gold alloys occur mainly together with chalcopyrite, pyrite and 
intergrown with non-sulphide minerals (Kontturi and  Martinsson  2000). Veins consisting of quartz 
and sulphides are common, as are sulphides concentrated in veinlets of amphibole and biotite. 
Barite veins containing varying amounts of magnetite, actinolite, chalcopyrite and pyrite are partly 
abundant. A minor content of sulphides is also found in the K-feldspar/epidote altered rock at the 
contact between the footwall and the ore zone, and in small, restricted areas of tourmaline  fels.  The 
hanging wall mainly comprises unmineralised feldspar-biotite-amphibole gneiss, which is sepa-
rated from the main ore zone by a thrust fault. Pegmatite dykes are most frequent in the hanging 
wall and the ore zone, where they occur both along strike and crosscutting the foliation (Fig. 1). 
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Within the ore zone both types often carry chalcopyrite and pyrite, and occasional molybdenite. 
Alteration in Aitik occurs as extensive biotitization and sericitization in the ore zone, accompa-

nied by garnet porphyroblasts, quartz and pyrite.  K-feldspar alteration and epidotization are mainly 
developed at the fault zones demarcating the ore zone, but occur also locally within the whole 
mining area, most often adjacent to pegmatites. Tourmalinization and scapolitization is less com-
mon, the latter only observed adjacent to amphibole  schlieren  in the northern part of the open pit 
(Monro 1988) and in the footwall intrusion in the southern part of the open pit. 

Fig. 1. Geology of the Aitik Cu-Au deposit (view from above) and the location of the Aitik mine within 
the northern parts of the Baltic shield. Map of the Aitik deposit modified from Monro (1988). 
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Sampling 

Samples for microthermometric analysis were chosen to provide a gross representation of fluid 
characteristics for the whole deposit. The choice was based on geologic criteria during sample 
collection. Suitable quartz samples were selected from drill cores crossing the footwall and main 
ore zone in the southern part of the ore body, and from hand specimens from the main ore zone in 
the northern part of the ore body (Fig. 1). The six samples selected for fluid inclusion study (Table 1) 
are from mineralised quartz veins and veinlets. Two samples are collected from the quartz 
monzodiorite in the footwall to the ore; one being tectonically affected and the other being unaf-
fected and unaltered. Three samples are collected from the biotite- and muscovite (sericite)-schist 
in the main ore zone, and one sample is collected from tourmaline  fels  in the main ore zone. The 
sulphide minerals present in the samples are chalcopyrite, pyrite, bornite, chalcosite and molybdenite. 

Table 1. Description of studied samples and fluid inclusion types present. 

Sample 
no. 

Host rock Vein composition Type of fluid inclusions 
(+present, - not observed) 

A with  
S2 	S, 

B C  

A5 Garnet-bearing biotite schist 
(ore zone) 

Irregular quartz veinlet with 
massive clots and patches of cpy - + + + 

9 Quartz monzodiorite (footwall) 
with common veinlets of  K  
feldspar, epidote, quartz, 
zeolites and hornblende. Partly 
porphyritic 

Slightly deformed quartz veinlet 
with cpy,  py,  cc, mbd and mt. 
Amphibole,  K  feldspar and 
epidote are also present in the 
quartz 

- + + - 

10 Porphyritic quartz monzodiorite 
(footwall) with sulfide 
dissemination/veinlets and 
abundant,3-40 trun wide, 
quartz veins 

10 mm wide and slightly 
deformed quartz veinlet with 
cpy,  py,  mt and bn 

- + + + 

12 Tourmaline brecciated 
muscovite-(sericite) schist (ore 
zone) with sulfide dissemination 
and rare veinlets. 

7 cm wide quartz-tourmaline 
vein with cpy,  py,  bn and cc 

- + + - 

15 Tourmaline  fels  (ore zone) 
with some quartz, biotite and 
feldspar, and abundant sulfide 
dissemination and veinlets 

5 cm wide quartz-tourmaline vein 
with  py,  mt, cpy, bn and cc, and 
cavities filled with  py,  calcite and 
epidote. 

- + + + 

21 Mica schist (ore zone) with 
cpy and  py  as veinlets, 
dissemination and massive 
clots, and in cm-wide quartz 
veinlets. 
Abundant calcite-filled 
and chloritizised fractures 

Wealdy cpy-bearing quartz veinlet. 
Also containing some grains 
of biotite 

+ + + + 

cpy = chalcopyrite,  py  = pyrite, bn = bomite, cc = chalcocite, mbd = molybdenite, mt = magnetite 
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Methods 

Fluid inclusions were studied by optical microscopy and microthermometry in doubly polished 
150 gm thick, sections of copper-mineralised quartz samples. A conventional microscope was used 
to get an outlook of the samples and to establish different types and generations of fluid inclusions. 
Microthermometric analyses were then made on representative fluid inclusion types. The low tem-
perature measurements, -180 to +35  °C,  were made on a  Linkam  THM 600 stage with a reproduc-
ibility of ±0.1  °C.  The cooling was obtained by a flow of liquid nitrogen through the stage. The high 
temperature measurements, +35 to +600  °C,  were done with a Chaixmeca heating/freezing stage 
with a reproducibility of ±2  °C.  Both instruments were calibrated with synthetic fluid inclusion 
standards (SynFlinc) and small amounts of high-purity melting-point standards (Merck). 

Raman spectroscopic analyses were made on fluid inclusions with a multichannel Dilor XY 
Laser Raman spectrometer (similar to the one described by Burke and Lustenhouwer 1987), using 
the 514.5  nm  (green) line from an  Innova  70 argon laser as excitation source. To focus the light on 
the samples an optical microscope with a 100X objective was used. The effect of the laser was set 
to 200 mW at the entrance of the microscope. The analyses were done with detection accumulated 
20 times with a measuring time of three seconds. The Raman instrument was wavenumber-cali-
brated using a neon lamp and a silicon standard. 

Fluid inclusion characteristics 

A number of different fluid inclusion types were distinguished in the samples. The inclusions have 
been classified into three populations based on phases present at room temperature. Their chrono-
logical order of formation is based on their spatial relationship in all samples. 

Type A: These inclusions are always associated with chalcopyrite and are the earliest inclusions 
in all samples. They have an irregular shape and occur at random or in bands through the quartz. In 
sample 15, some of these inclusions are attached to chalcopyrite crystals and some of them had 
chalcopyrite trapped within the inclusions. In general these inclusions contain an aqueous liquid, a 
vapour bubble and a cubic solid phase, Si . An exception is a subtype in sample 21 in which another 
more rounded solid phase, S2, is present in addition to Si. The size of the inclusions can be up to 25 
gm, but the majority is around 10 µm. 

Type  B.  This type is a later generation than type A. It is associated with bomite and occurs as 
bands through the quartz or along well-defined healed microfractures. The inclusions consist of 
two phases, an aqueous liquid and a vapour bubble. The shape of the inclusions is rounded to 
angular. Some inclusions may be up to 50 gm in size but most of the inclusions are below 20 gm. 

Type  C.  These inclusions appear in swarms connected to grain boundaries or along healed 
microfractures. In most cases this type cross-cuts bands and healed microfractures that carry type A 
and  B  inclusions, and seems to represent the latest fluid. However, in places they occur in close 
association to type  B  inclusions which suggests that they may have been trapped during the final 
phase of the type  B  stage. In most samples these inclusions consist of one liquid CO, phase at room 
temperature, but some inclusions in sample 5 and all in 21 exhibit two phases, CO, liquid plus gas. 
Their shape is typically rounded or a regular negative crystal cavity. In general the inclusions are 
less than 10 gm in size, individuals may be up to 20 gin. 

Microthermometric results and interpretation 

The obtained temperatures are summarised in Figure 2, 3 and 4. 
Type A: The solid phase Si  is cubic, translucent and nonbirefringent. Its well-developed cubic 

shape and the behaviour during heating are typical of halite. The solid phase S2, is identified as 
calcite by its distinct Raman spectrum with a strong band at 1087 cm-1  and two additional bands 
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with less intensity at 714 cm-1  and 283 cm-' (Griffith 1987). The presence of calcite in sample21, 
but not in the other samples, indicates a significant discrepancy in the solution chemistry with a 
high concentration of C032-  in addition to the chlorides. 

First melting temperatures, Tfm, in all type A inclusions were observed around -70  °C.  Accord-
ing to the experimental data of  Vanko  et al. (1988) and Davis et al. (1990) such low Tfm may be due 
to metastable melting in an aqueous solution containing dissolved salts dominated by CaC12  and 
NaCl. Other chlorides like Mg,  K  and Fe may also be present. Because of the difficulty to distin-
guish salt hydrates from ice in the inclusions during freezing, no melting temperatures of these 
phases are reported. 

During heating, the partial homogenisation of the liquid and the vapour phases, Th(l+v), to the 
liquid state was measured between 101  °C  and 228  °C  (Fig. 2). In this study, the term partial homog-
enisation is used when the aqueous liquid and the vapour bubble homogenise in the presence of one 
or more solid phases. The solid phase S, (halite) dissolved, TmS,, in the range from 140  °C  to 373  
°C  (Fig. 2) with most values between 180 and 280  °C.  It was noted that TmS, of the halite in the 
presence of calcite (sample 21) in general took place at higher temperatures than TmS, in inclu-
sions with halite as the only solid phase (Fig. 3). 

The corresponding salinities were determined from the dissolution temperature of NaCl using 
the solubility data of Potter et al. (1977). By using this method, the presence of CaC12  and other 
chlorides in the liquid, as indicated by the Tfm, will introduce an error resulting in an underestimate 
of the total salinity and an overestimate of the relative NaC1 concentration (Shepard et al. 1985;  
Vanko  et al. 1988). However, since NaC1 is the major salt in the inclusions and the amount of other 
components is unknown, the salinity is expressed as eq. wt. % NaCl. The salinity in sample 21 is 
between 35 and 37 eq. wt. % NaC1 and in the other samples in the range 31 to 34 eq. wt. % NaCl. 
A very few deviating salinities were noted, one with 44 eq. wt. % NaC1 and two values at 30 ±-0.5 
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Fig. 2. Homogenisation temperature frequency diagrams for the aqueous fluid inclusion type A (total and 
partial homogenisation) and type  B  (total homogenisation). 
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eq. wt. % NaC1 (Fig. 3). The solid phase S2  in 21 did not dissolve upon heating, which is consistent 
with the properties of calcite. 

Type  B.  One problem was that about 40 % of the analysed type  B  inclusions did not show any 
signs of freezing and remained unfrozen even at temperatures as low as -170  °C.  However, an 
extremely slow nucleation rate of ice is not uncommon in strong brines  (Roedder  1984). For inclu-
sions that underwent solidification, first melting (Tfm) was observed at similar temperatures (-65  
°C  to -70  °C)  as for the type A inclusions, pointing to an aqueous solution involving chlorides of 
mainly Ca and  Na  (Vanko  et al. 1988; Davis et al. 1990) with minor amounts of Mg,  K  and Fe. No 
indication of a carbonate component was found. 

The salinity of the inclusions is estimated from the final ice melting, Tm(ice), using the data of 
Oakes et al. (1990) for CaCl2-rich compositions. Since the Tfm of the inclusions points to a com-
plex salt mixture, including NaC1 and other chlorides, the total salinity will be given as eq. wt. % 
(NaC1+CaC12). Tm(ice) of most samples occurred between -15.0°C and -27.9  °C.  Sample 21 showed 
somewhat lower Tm(ice), between -32.4  °C  to -37.6  °C.  The corresponding salinities are 17.9 to 
24.0 eq. wt. % (NaCl+CaC12) and 25.7 to 27.2 eq. wt. % (NaC1+CaC12) respectively. Homogenisa-
tion temperatures, to the liquid state, were measured between 100  °C  and 221  °C  (Fig. 2 and 3). 
There was no difference between 21 and the other samples. 
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Fig. 3. Partial (unfilled symbols) or total (filled symbols) homogenisation temperatures of the liquid and 
vapour phases plotted versus salinity. The unfilled symbols are for type A inclusions and filled symbols 
are for type  B  inclusions. 
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Type  C:  These inclusions consist of an almost pure CO, fluid. Melting of the carbon dioxide, 
TmCO2, was observed between -56.6  °C  and -56.7  °C  (Fig. 4). In most samples homogenisation of 
the carbon dioxide, ThCO2, to the liquid state occurred in the range —17.0  °C  to +13.1  °C  (Fig. 4). 
Some inclusions in sample 5 and all inclusions in 21 displayed higher values, between +24.5  °C  and 
+31.1  °C  (to the liquid state). The composition of the CO2  phase and the molar volume were deter-
mined from TmCO2  and ThCO2 using the data of van den Kerkhof (1988). The temperatures indi-
cate at least 99 mole % CO2  with less than 1 mole % CH4. This was also verified with Raman 
spectroscopy. The molar volumes of type  C  inclusions range from 47 to 90 cm3/mole (Fig. 4). 
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Fig. 4. Homogenisation temperatures (ThCO2) plotted versus melting temperatures (TmCO2) for the CO2  
inclusions, type  C.  The influence of molar volumes (cm3/mole) and mixture with 5 mole % CH4  
(XCH4=0.05) on the temperature is also indicated. 
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Discussion 

The Aitik Cu-Au deposit has previously been interpreted to bear a close resemblance to porphyry 
copper systems (Yngström et al. 1986; Monro 1988). Its low grade and large size of disseminated 
mineralization, the metal distribution and a stocicwork zone which extends into an underlying 
porphyritic quartz monzodiorite intrusion are all characteristic features of porphyry copper sys-
tems (Sillitoe 1973). However, there are circumstances at Aitik which does not reflect a typical 
porphyry copper environment, e.g. the zonation patterns, and the character and composition of ore 
fluids thus provide important information to constrain the genetic interpretation. 

Pressure and temperature considerations for ore formation 

Independent on the source to the chloride-rich fluid, two main processes may provide the high 
salinity of the aqueous fluid that deposited copper at Aitik. The first can be described as the high-
pressure model where the high salinity fluid was generated as a stable phase at considerable depth. 
In the low-pressure model, the high salinity fluid was produced after separation of a high-salinity 
liquid and an escaping low-salinity vapour at low pressure and shallow depth. 

At Aitik, chalcopyrite precipitated from a high-salinity liquid phase, and the only fluid inclu-
sions trapped at this stage consist of this phase. The absence of coexisting vapour-rich inclusions 
and homogenisation of halite-bearing inclusions by halite dissolution at significantly higher tem-
perature than the partial homogenisation of the liquid and vapour phases (Fig. 2) are consistent 
with a high trapping pressure (Cline and Bodnar 1994). An approximate pressure determination is 
given in Figure 5 by applying the method of Bodnar (1994) for the NaC1-H20 system. The majority 
of salinities for type A inclusions range from 31 and 37 eq. wt. % NaCl. The liquidi that separates 
the liquid+halite (L+H) and the liquid (L) stability fields for these salinities are given as continuous 
lines with slightly negative slopes. The partial homogenisation of the liquid and the vapour phases 
(to the liquid state) for these inclusions is measured between 110  °C  and 180  °C.  The "partial liquid-
vapour Th lines" for these temperatures are shown in Figure 5 as continuous lines with a positive 
slope. 

The minimum trapping conditions for inclusions with salinities of 31 and 37 eq. wt. % NaC1 are 
at the intersection of the liquidi for these salinities and their "partial liquid-vapour Th lines", illus-
trated with the thick black lines in Figure 5. The spotted area is for all inclusions with salinities 
between these endmembers. The grey-shaded PT-spaces show possible trapping conditions for 
type A inclusions. The inclusions could have been trapped anywhere in the PT-space above the 
minimum values. The fluid inclusions indicate pressure conditions of at least 2 ± 0.5 kbar. If the 
pressure can be regarded as pure lithostatic this corresponds to a minimum depth of around 7 ± 1 
km. However, in a recent study of the petrology and geochemistry of the porphyric quartz 
monzodiorite (Wanhainen and  Martinsson,  in prep.), a more shallow (2-5 km) intrusion depth is 
suggested based on geological criteria. This depth corresponds to 1 ± 0.5 kbar lithostatic pressure. 

The estimated depth from fluid inclusion data could be interpreted in two ways: I) The quartz 
monzodiorite intruded the volcano-sedimentary sequence at some time predating the copper-min-
eralising process. After the emplacement, the rocks were downthrown, a displacement of 2-3 km to 
reach the prevailing pressure conditions (2 ± 0.5 kbar) as revealed by the fluid inclusions. Subse-
quent ore deposition was initiated at this pressure and proceeded synchronously with uplift and 
pressure release. II) The depth is an overestimate and the obtained pressure of around 2 ± 0.5 kbar 
may instead reflect a maximum fluid overpressure that was generated during the initial exsolution 
of the fluid in association with the crystallisation of the quartz monzodiorite. The possibility of 
such a process that lead to an overpressure build-up followed by explosive release of volatiles, 
fracturing and brecciation have been addressed for the evolution of many porphyry copper systems 
(McMillan and Panteleyev 1985). At Aitik, a  hydrothermal  breccia  and a stockwork system have 
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been identified in the footwall (Monro 1988). This supports an evolution from early fluid-
overpressure to later abrupt pressure release due to hydraulic fracturing, and the establishment of a 
lithostatic pressure controlled by the thickness of overlying rock. The main chalcopyrite minerali-
zation was deposited in response to this process. The first alternative seems rather unrealistic, and 
based on geological evidence the second alternative with a maximum pressure of 2 ± 0.5 kbar is 
strongly preferred. 

The temperature of formation is difficult to access precisely. Minimum temperatures are given 
by the total homogenisation temperature of type A inclusions, recorded by halite dissolution for the 
majority of inclusions in the range 180°C to 280°C. If the pressure, 2 ± 0.5 kbar, determined from 
fluid inclusion data, is assumed to be the maximum pressure, this gives a pressure corrected tem-
perature of up to 320°C (Fig. 5). 

110°C 
	

180°C 

100 200 300 400 500 600 700 
Temperature (°C)  

Fig. 5. Pressure-temperature diagram (after data from Bodnar, 1994) illustrating trapping conditions for 
type A inclusions from Aitik. These inclusions display partial homogenisation between 110°C and 180°C, 
and total homogenisation by halite dissolution in the range 180°C and 280°C. The salinity of the inclusions 
is 31-37 eq. wt. % NaCl. The grey and dark grey PT-spaces represent possible trapping conditions for 
inclusions with salinities of 31 and 37 eq. wt. % NaC1 respectively. L+H and L are the stability fields of 
liquid+halite and liquid (see text for further discussion). 

Compared to type A inclusions, which stand for the main copper mineralising event, the bornite-
associated aqueous type  B  inclusions have a more diluted salinity of 18-27 eq. wt. % (NaCl+CaC12), 
but a similar complex salt composition as shown by the same range of observed first ice melting 
temperatures (-60°C to -70°C). The reduced salinity of type  B  inclusions may have been caused by 
an influx of low salinity water or by the fluid evolution of the crystallising magma). The type  B  
fluid did not boil and hence the obtained homogenisation temperatures, 100°C to 222°C are mini-
mum temperature indications. These values have to be corrected for the pressure. This pressure is 
unknown, but a minimum pressure necessary to avoid boiling is on the order of < 20 bar (Haas 
1971). The pressure was probably much higher than this, how much higher can not be deduced 
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from the  B  type inclusions themselves. However, it was found in some samples that the type  B  
inclusions in places occurred in close association to the CO2-bearing type  C  inclusions. This sug-
gests that the two types of inclusions may have been trapped very close in time or at least contem-
poraneously during the final phase of the type  B  stage. A tentative estimate may therefore be made 
by using the method of intersecting isochores (Fig. 6). To calculate the isochores for type  B  inclu-
sions, the equation of Brown and Lamb (1989) in the FLINCOR program (Brown 1989) was used. 
In Figure 6 the isochores are given for homogenisation temperatures of 150°C and 200°C. As seen 
in Figures 2 and 3 most inclusions have Th between these two values. The isochores of type  C  
inclusions are constructed after data in van den Kerkhof (1988). The composition of these inclu-
sions was almost pure CO2  with less than 1 mole % CH4. The molar volumes of type  C  inclusions 
range from 47 to 90 cm3/mole. In Figure 6 the isochores for 43, 50 and 80 cm3/mole are inserted. 
The main part of the CO2  inclusions has molar volumes around 50 ±5 cm3/mole. The spotted area 
marks the compilation of fluid inclusion data for  B  and  C  inclusions. It can be seen in Figure 6 that, 
within a reasonable temperature range, the CO2  inclusions with the lowest molar volumes are trapped 
at the highest pressure. The gradually increasing molar volumes of the inclusions is an effect of 
pressure reduction that may be related to an episode of tectonic movements of the rock sequence to 
higher levels or a more intense fracturing with time. Thus, data from sample 21 can be excluded 
since these inclusions were trapped during the final phase of the CO2  flow, meaning that they are 
later than the bomite stage and the type  B  inclusions. Looking at the intersection of the isochores 
for the other samples (Fig. 6), a pressure of 2 ± 1 kbar is indicated. This pressure-estimate also 
points to a deep level of ore deposition, similar to the alternative "I" discussed above for the A type 
inclusions. A rough estimate of the temperature conditions at that pressure is between 250-350°C. 
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Fig. 6. Pressure-temperature diagram with isochores for type  B  and  C  fluid inclusions. The isochores 
representing type  B  are constructed after data from Brown and Lamb (1989) and Brown (1989) for salinities 
of 18-27 eq. wt. % (NaC1+CaC12) and homogenisation temperatures between 150°C and 200°C. The isochores 
for type  C  illustrate CO2  fluids with molar volumes of 43, 50 and 80 cm3/mole, after data from van den 
Kerkhof (1988). The spotted fields show a reconstruction of possible PT-conditions for the deposition of 
bornite inferred from the combined data of type  B  and  C  inclusions in samples 10, 15 and 21 (see text for 
further discussion). 
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It is interesting to note, however, that taking the tectonic evolution in the area into account, the 
type  B  and  C  inclusions can very well represent non-magmatic fluids or at least a mixture of mag-
matic and metamorphic fluids (e.g. type  B).  A major deformation event probably took place in the 
region shortly after the intrusion of the Aitik quartz monzodiorite (Bergman et al. 2001) at shallow 
depth, and immediately after, or contemporaneous with the main Cu-mineralization. The rocks 
were downthrown due to regional folding, and while reaching the prevailing pressure conditions 
(2 ± 0.5 kbar) as revealed by the fluid inclusions, the  B  and  C-type  inclusions formed, under condi-
tions changing from magmatic to metamorphic. The presence of calcite in type A inclusions in 
sample 21 suggests that this process, where the inflowing CO, mixed with the high salinity fluid 
followed by calcite precipitation, may have been initiated already at the end of the early chalcopyrite 
stage. 

Regional and global comparison 

The Aitik deposit is localised along a major northwest-southeast striking shear zone in the northern  
Norrbotten  ore province. Several epigenetic copper deposits in this district are found along defor-
mation zones and these important structures appear to have controlled the migration of metal-
bearing fluids. High-salinity ore fluids are characteristic for the entire province and supersaline 
aqueous fluid inclusions have been found in greenstone-hosted sulphide deposits and quartz veins 
in the Kiruna area (Lindblom et al. 1996;  Martinsson  et al. 1997). Fluid inclusion studies from 
different greenstone- and porphyry-hosted Cu-Au deposits in northern  Norrbotten  reveal a general 
trend from early supersaline aqueous fluids to populations with gradually decreasing salinity  (Broman  
and  Martinsson  2000). Indications of a highly saline environment is also reflected by extensive 
albitization of volcanites and the occurrence of scapolite in certain stratigraphic units of the Kiruna 
greenstones  (Martinsson  1992). The present analyses made on fluid inclusions from the Aitik Cu-
Au deposit fits this general trend with the highest salinity of the fluid that deposited chalcopyrite 
and a lower salt concentration during bomite precipitation. Albitization and scapolitization are, 
however, not as extensively developed in the Aitik area, as it is at most Cu-Au deposits further 
north. The high CaCl2  content observed in the Aitik fluid inclusions is another feature that Aitik 
shares with many other deposits in the district. Similarly Ca-rich fluids have been reported from 
several Cu-Au deposit in Sweden (Lindblom et al. 1996;  Broman  and  Martinsson  2000) and the 
Bidjovagge deposit in Norway (Ettner et al. 1993). 

Ina global context, the magmatic, highly saline character of the A-type fluids in the Aitik deposit 
are similar to fluids observed in many other magmatic-hydrothermal  deposit types, especially por-
phyry copper-type systems and Fe-oxide Cu-Au deposits. A waste number of papers have been 
published on fluid inclusion studies in porphyry copper systems (e.g.  Roedder  1971; Nash 1976; 
Haynes and Titley 1980). Aitik share the high salinity ore fluids with these systems, although the 
fluid temperature characteristic for them is generally higher compared to the Aitik fluids. Another 
difference is the Ca-rich character of the Aitik fluids. CaCl2  as a fluid component is occasionally 
reported from both porphyry copper deposits and Fe-oxide Cu Au deposits, but it is not a character-
istic feature of any one of them (Guilbert 1986; Bodnar 1995; Pollard 2001), as it is for the northern  
Norrbotten  region  (Broman  and  Martinsson  2000). A comparison of the temperature-salinity ore-
fluid characteristics of various ore deposit types are given in Figure 7 (Davidson and Large 1994). 
Aitik plots in the lower parts of the porphyry Cu-Au field and very close to the Fe-oxide Cu-Au 
field, which themselves overlap each other. 
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Fig. 7. A temperature-salinity diagram showing fluid chemistry for various ore deposit types based on 
fluid inclusion data (modified from Davidson and Large 1994). Shaded area represents Aitik fluid inclu-
sions. 

Source of salt 

The association of highly saline fluid inclusions and copper mineralization strongly supports a 
transportation of copper in the aqueous ore fluid as chloride complexes. 

Plausible sources of the salt in the aqueous fluids include magmatic or evaporitic. An evaporitic 
origin for the salt is suggested for the major number of mineralizations studied in northern  Norrbotten  
(Frietsch et al. 1997). A magmatic source has been proposed for a few deposits, e.g. the Pahtohavara 
Cu-Au deposit in northern  Norrbotten  (Lindblom et al. 1996). On a larger scale, but similarly, the 
salinity of fluids in porphyry copper deposits are generally believed to be of magmatic origin, 
while the cause of the salinity in Fe-oxide Cu-Au deposits is more controversial. Barton and Johnson 
(1996) emphasise the involvement of evaporite-derived  ligands  resulting in the high fluid salinities, 
while Pollard (2001) favours a magmatic source for the chloride. A fluid with homogenisation 
temperatures between 500-600°C most likely has a magmatic origin. It becomes more critical, 
however, with fluids in the range 300-400°C, while these can be magmatic, or derive from heated 
evaporite fluids. Both fluids would generate high salinity. 

The question whether the saline character of the Aitik fluids is an expression of mobilised evaporitic 
units in the area, or if it is a primary feature of mainly magmatic fluids, is still open. With the data 
available today, it is not possible to distinguish what reservoir(s) that are responsible for the input 
of chloride in the Aitik system. In a fluid inclusion study from the Cloncurry  hydrothermal  system, 
NW Queensland, Australia, Xu (2000) shows that early, magmatic fluids are the metal-bearing 
fluids responsible for Cu-Au mineralization in the area, while late, low-temperature CaC12-bearing 
fluids are responsible for alteration and precipitation of the metals due to its effect on the magmatic 
fluid to decrease rapidly in temperature. Thus, the presence in general of calcium in the northern  
Norrbotten  fluids, including the Aitik fluids, might indicate that a mix of both types of chloride 
sources, a magmatic-related and an evaporite-related, might exist. 
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Conclusions 

The Aitik Cu-Au deposit was formed by highly saline fluids of magmatic origin. Copper deposition 
occurred within the upper kilometres of the crust during an overpressure build-up to 2 ± 0.5 kbar 
and a subsequent pressure release at temperatures of 200°C to 350°C. This main copper mineraliza-
tion event, formed due to overpressure release, is related to the high salinity type A inclusions. The 
moderate to low salinity type  B  and type  C  inclusions are suggested to have formed either at a later 
stage of the  hydrothermal  evolution, or during the transition from magmatic to metamorphic condi-
tions. 

The fluid chemistry and microthermometry of the fluid inclusions in Aitik strongly resemble that 
of many porphyry copper type deposits and Fe-oxide Cu-Au deposits. However, the Aitik fluids 
indicate lower ore forming temperatures than porphyry copper systems in general, and their high 
contents of CaCl2, a characteristic feature for Cu-Au deposits in northernmost Scandinavia, is not 
typical for porphyry copper systems and Fe-oxide Cu-Au systems. An overlapping trend between 
these two deposit types in temperature and salinity further points to the difficulties in interpreting 
the Aitik Cu-Au deposit as one of the two, but rather emphasises the possibilities for a hybrid 
origin. 

The fluid inclusion data presented in this paper does not constrain the source of the ore-forming 
fluids. On the basis of the high Ca-content in the Aitik fluids, similar to other Cu-Au deposits in the 
Karelian domain of northern Sweden and Norway, it is suggested that a possible contribution to the 
salinity of the magmatic-hydrothermal  fluids comes from evaporites in underlying greenstone units. 
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