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Abstract

The Aitik mine is a large Cu-Au producer in Europe with an annual production of 28 million 
tons of ore and a planned expansion of production to 36 million tons of ore until year 2013. Large 
ongoing investments are done in the mine and a new processing plant is built to manage the capacity 
increase. The mine is situated 15 kilometers from the town Gällivare, in northern Norrbotten, 
Sweden. The ore is a large porphyry type deposit with low grades of disseminated copper (0,27 %) 
and gold (0,16 ppm). orphyry copper ores usually have low recoveries when otation is used as 
an extraction method and also the Aitik mine has shown historically low gold recoveries (< 50 %). 

The Aitik deposit is situated in 1.9 Ga Svecofennian volcanic and sedimentary rocks formed in a 
volcanic arc environment and later deformed and metamorphosed at amphibolite facies. The main 
ore zone consists of biotite and muscovite schist and gneisses. A thrust fault divides the main ore 
zone from the hanging wall that contains feldspar biotite amphibole gneiss. In the footwall the 
feldspar biotite amphibole gneiss also is found and an intrusion of quartz montzodiorite.

In this study, horizontal and vertical zoning patterns were recognized in data based on the block 
model that consist of drill cores and drill ship samples since the mine started 1968. The vertical 
zoning shows a decrease in high (> 0,6 % Cu) copper grade areas and an increase in high (>0,3 
ppm Au) areas towards the depth. An increase in the amphibole content is seen in the biotite gneiss 
towards depth.  The gold mineralized areas are trending northeasterly and plunging northeast, and 
for copper north-northwest. The horizontal zoning can be seen in the middle of the ore zone where 
a high-grade area of disseminated sul des in potassic altered biotite gneiss schist exists. urther 
towards the hanging wall, a low grade, strongly sericite altered and pyrite-rich schist is common. 
Gold-rich areas are found close to the hanging wall in strongly sericite schist altered rock and in 
a part of a biotite schist that are strongly affected by K feldspar and epidote alteration and quartz 
and pyrite growth, but also in the amphibole rich parts close to the footwall. Copper dominated 
mineralization is mainly developed towards the hanging wall, as disseminated and massive veins 
of chalcopyrite. The rich dissemination in the centre of the ore body is suggested to be a part of the 
primary mineralization, and the locally higher concentrations in veins would originate from later 
remobilization. To get a better knowledge of how gold occurs at Aitik and how to increase the gold 
recovery during mining a detailed mineralogical investigation was done. This revealed that there is 
a change in gold associations towards depth. Commonly associated minerals with gold at 600 m and 
below are K-feldspar, biotite, plagioclase, quartz, chalcopyrite and pyrite. At higher levels in the 
mine gold is most commonly associated with chalcopyrite and pyrite. There is also a change in gold 
content in alloys towards depth where the gold decreases in electrum and amalgam but the amount 
of native gold grains increases. As the average gold and copper grades are relatively constant at 
the different levels in the mine this means that the gold associations that are not connected to 
sul des (chalcopyrite) are going to tailings from the deeper part of the mine and the gold recovery 
as a consequence is lower today. Some other copper-gold deposits have implemented several 
different recovery methods to extract the gold from the ore, an example from Bajo de la Alumbrera 
(Chryssoulis 2001), Argentina with a similar ore type as Aitik have a combination of gravity 
and otation in their recovery process. Based on the results on the mineralogy and the mineral 
associations it would be possible to combine additional recovery methods as gravimetric methods 
to the otation that are used today. Lime used in the process might have a depressive affect on gold 
and should be further investigated. The Aitik deposit is interpreted to have a mixed origin, with an 
early porphyry copper style of mineralization overprinted by a later and minor iron-oxide Cu-Au 
(I CG) system ( anhainen 2005). Gold bearing uids at Aitik were compared with those at the  
minor epigenetic Cu-Au deposits Liikavaara East, ridhem, rbojoki and uorjevaara, that occur 
in the Nautanen deformation zone. According to earlier studies high salinity uids are connected to 
the copper mineralization and in this study a connection between gold and CO2 is suggested based 
on the positive correlation between CO2 and gold that could be found in all deposits.  However, the 



carbonic uids varied in composition and includes pure CO2, CO2-CH4, CO2-H2O, or CO2 present 
as calcite in aqueous inclusions. The highest gold grades were associated with CO2 in silicates and 
CO2-CH4 in sulphides.
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Introduction

This work is a licentiate thesis focused on gold in the Aitik Cu-Au deposit and has the title 
“The nature of gold in the Aitik Cu-Au deposit- implications for mineral processing and mine 
planning”. During my years as a mining geologist at the Aitik mine, an interest for gold grew and 
many questions I had could not be answered. In 1999, I registered as a research student beside my 
employment as a mining geologist and I had an opportunity to improve my knowledge of gold in 
general and more speci c how it occurs at Aitik.

Copper deposits with gold as a byproduct have historically had low gold recoveries. This is 
commonly due to that recovery is adjusted to the copper extraction and the gold is lost in the 
process in the plant. Gold usually need another recovery process than copper. At the Aitik mine the 
gold recoveries are usually beneath 50 % and collected in the copper otation process. 

The Aitik deposit is divided in a main ore zone, hanging wall and footwall. The ore zone is about 
3 km long, 500 m wide and still open at depth. The bedrock in the main ore zone consists of biotite 
gneiss -schist and muscovite schist. The hanging wall includes feldspar biotite amphibole gneiss 
with barren pegmatite dykes and the footwall contains feldspar biotite amphibole gneiss and a 
quartz monzodiorite intrusion.

The aim of this study is to obtain a better understanding of the origin, mineralogy, distribution 
and recovery of gold in the Aitik deposit and hopefully the new knowledge will improve the 
grade control and the recovery of gold in the mine. A better understanding of gold mineralogy 
and mineral associations will help to explain the low recoveries of gold. The correlation between 
copper and gold grades is partly poor in the deposit. Earlier studies at higher levels in the mine 
showed stronger connection between copper and gold compared to that at lower levels. Important 
was the indications that half of the gold was associated with other minerals than sul des. It was also 
of interest to compare other nearby gold bearing mineralizations with the Aitik deposit, both for 
exploration purposes and for the understanding of the origin of gold at Aitik. Hopefully this thesis 
can contribute to the understanding of gold, with its mineralogy and occurrence at different areas 
and therefore help in the production to know how the gold occurs in a speci c area.

Earlier studies on gold made by Boliden AB are based on concentrate from the processing plant 
and include microprobe, electron microscope and other mineralogical investigations. However, a 
detailed geological mineralogical gold study on the deposit has never been done.

The block model at Aitik that contains all data from drill cores and chip-samples from the production 
drillings was used to interpret the distribution of copper and gold within the deposit. Based on this 
information mapping and sampling of gold bearing areas with differences in geological character, 
gold grade and Cu-Au ratio were done. or the mineralogical study thin sections were made from 
different areas of the deposit and studied by optical microscope before they were sent for SE -
analyses to search for gold bearing minerals. Drill core samples and rock samples were used for 

uid inclusion studies at the Aitik deposit and nearby gold bearing mineralizations.
This thesis consists of three papers. The rst paper describes the metal zoning of the gold and 

copper at the Aitik deposit in both vertical and horizontal directions. The Aitik block model was 
used to illustrate the zoning patterns and the correlation between gold and copper. The different 
patterns identi ed were divided in four categories according to grade, mineralogy, characteristics 
and correlation between gold and copper. These categories relate to four different areas within the 
deposit and the second paper was based on these results. In this paper the aim was to investigate 
the gold mineralogy in the four areas. The different gold bearing minerals were identi ed and 
their textural and paragenetic relationships to other minerals were studied. In the third paper, uid 
inclusion studies were used to clarify the origin of gold at Aitik, and to compare it with nearby 
gold mineralizations in the Gällivare area, but also to identify possible exploration tools for gold 
deposits in the region.
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Aitik is a disseminated Cu–Au deposit with an annual

production of 18 Mt of ore containing 0·38% copper

and 0·22 ppm gold. It is situated in northern Sweden in

1·9 Ga Svecofennian, metamorphosed volcanic and

sedimentary rocks formed in a volcanic arc environment.

The Aitik Deposit entered production in 1968. All

geological and geochemical information obtained since

then has been used to summarise the distribution

pattern for Cu and Au in the deposit. A large-scale

vertical metal zoning results from a slight increase of Au

with depth. Restricted Cu-rich areas at the surface

gradually change into more extensive, medium-grade

areas with depth, resulting in approximately the same

average Cu content for each level. The vertical metal

zoning is accompanied by a lithological change from

biotite gneiss to biotite–amphibole gneiss with depth.

The mineralised areas trend predominantly north-east and

north-south, and plunge north-east (Au) and north-

northwest (Cu). The ore body also shows horizontal metal

zoning. A ‘high-grade’ area (> 0.6% Cu and >. 0.3 ppm

Au) of disseminated sulphides is situated in biotite

gneiss in the centre of the ore zone. Towards the hanging

wall, grades are lower (< 0·4% Cu and < 0·30 ppm Au)

and the host rocks are strongly sericite altered, pyrite-rich

schists. A ‘gold-rich’ area (> 0·6 ppm Au) is located within

50 m from the hanging wall, in a residual part of pyrite-rich

biotite schist that is strongly K-feldspar, epidote and

quartz altered. Another ‘gold-rich’ area (> 0·6 ppm Au)

is situated below 400 m depth on the footwall side of the

ore in the northern part of the deposit, where the

amphibole content of the host rock is high. Cu-dominated

mineralisation is mainly developed close to the footwall

side of the ore, where disseminated sulphides and massive

veins of chalcopyrite are common. It is suggested that the

rich dissemination in the central part of the ore represents

the primary mineralisation at Aitik. Later features, such

as shear zone related fluid-rock interaction and

deformation, caused remobilisation of metals into favour-

able structural traps, creating local higher-grade zones.

The possibility cannot be discounted, however, that the

metal distribution has been caused, not only by multistage

remobilisation, but also by repeated introduction of

metals.
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Copper and gold distribution at the Aitik Deposit, Gällivare
Area, Northern Sweden

C. Wanhainen, M. Kontturi and O. Martinsson

INTRODUCTION
The Aitik mine is one of the largest producers of copper
and gold in Europe. The mine is situated 15 km south-
east of Gällivare in northern-most Sweden (Fig. 1). The
open-pit mine was opened in 1968 with an annual
production of 2 Mt of ore. Presently, the annual
production is 18 Mt of ore. Production (1968–2002),
proven ore reserves, and resources amount to 1340 Mt
containing 0·4% Cu, 0·2 ppm Au and 3·2 ppm Ag.

The ore zone is 3 km long and 500 m wide, trends
approximately north-south, dips 50° to the west and
plunges to the north. The ore continues down to the
400 m level in the southern part of the open pit, while
the ore in the northern part is indicated by drilling to
extend to a depth of 800 m. The deepest level mined at
present is 315 m below surface.

Only a few papers have been published on the Aitik
ore. A first genetic model was presented by Zweifel,14

who suggested that the mineralisation has a syngenetic

sedimentary origin. Based on sulphur isotope
composition, a magmatic origin was proposed by
Yngström et al.13 This model was further developed by
Monro,5 who proposed that the mineralisation was
related genetically to an intrusion that occurs in the
footwall of the deposit. Additional geological and
geochemical data on the ore and its host rocks have
since then been published by Drake,3 Wanhainen and
Martinsson10 and Wanhainen.11

The metal distribution, character, and geometry of
the Aitik mineralisation are still unclear, as well as the
extent to which remobilisation processes have
modified the primary features of the ore. Studies of
these aspects are important for both theoretical and
production points of view. It is particularly important
for the mining company (Boliden AB) to be able to
predict variations in metal distribution, in order to
maintain high metal recoveries as mining proceeds to
greater depths. With this study as a base, followed up
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by detailed mineralogical studies on different remobil-
isation phases (on-going), a better control on the site,
distribution and associations of gold will also be
obtained, which will make it possible to increase the
recovery of gold in Aitik in the near future.

This paper summarises copper and gold distri-
bution in the Aitik Deposit. A block model of the
deposit, developed from a resource estimate data base
maintained by Boliden geologists, has been used to
handle the large number of chemical analyses made
from drill cores and drill chip samples since the mine
opened in 1968.

GEOLOGICAL SETTING AND LOCAL
GEOLOGY
The Precambrian bedrock in northern Sweden includes a
~2·8 Ga Archaean granitoid-gneiss basement, which is
unconformally overlain by greenstones, porphyries and
sedimentary successions aged 2·2–1·9 Ga and with
1·9–1·8 Ga intrusions.1 The northern Norrbotten ore
province, situated in northern-most Sweden (Fig. 1A), is
an important producer of iron and copper/gold ore, and
currently about 90% of the total tonnage of ore produced
in Sweden is from this area. The bedrock surrounding
Aitik consists of Paleoproterozoic (~1·9–1·8 Ga),
amphibolite facies gneisses and schists (originally

intermediate volcanic rocks and clastic sedimentary
rocks), and granitic, gabbroic and dioritic intrusions.12,14

The deposit is situated 5 km from a structurally
important NW–SE striking shear zone (Fig. 1A), which
is spatially associated with numerous small Cu–Au
mineralisations. Host rocks to the Aitik Deposit are
calc–alkaline in composition and probably originally
formed as a volcano-sedimentary sequence in a 1·9 Ga
volcanic arc at the south-western margin of the
Archaean craton.10

The mining area is divided into footwall, ore zone
and hanging wall, based on tectonic boundaries and
copper grades (Fig. 1B,C). Mineralised rocks with
sub-economic Cu-grades (< 0·26%) occur in the
footwall area, while the hanging wall rocks are barren.
Rock types are classified into three basic categories –
metamorphosed volcano-sedimentary rocks, quartz
monzodiorite, and other intrusions.

Following Monro,5 the metamorphosed volcano-
sedimentary rocks situated within the ore zone are
biotite and muscovite schists and gneisses, while those
outside the ore zone are feldspar–biotite–amphibole
gneisses. Quartz, biotite, plagioclase, and garnet are
characteristic for the biotite gneiss and schist, which
hosts most of the mineralisation, and muscovite,
sericite, biotite, and quartz with abundant pyrite is
characteristic for the muscovite schist.5 The chemical

1 Geology of northern Norrbotten and the Aitik deposit. Inset shows the location of northern Norrbotten in
Sweden. (A) Simplified geological map of the northern Norrbotten ore province. (B) Plan view of the Aitik
deposit. (C) West-east vertical cross section of the Aitik deposit



character of the metamorphosed volcano-sedimentary
rocks strongly suggests a magmatic precursor of
intermediate composition.10

A quartz monzodiorite is situated within the
immediate footwall to the ore zone. It is a grey, medium-
grained, porphyritic intrusion, with an U-Pb zircon age
of ~1·87 Ga.12 Plagioclase phenocrysts are often idio-
morphic and up to 10 mm in size. Plagioclase, biotite, K-
feldspar and quartz, with minor sericite and epidote
dominate the matrix. The quartz monzodiorite is rich in
2–20 mm wide, irregularly distributed quartz veins,
amphibole veins and granitic (quartz, feldspar, biotite)
veins, most of them sulphide-bearing. The intrusion has
been subject to polyphase deformation. The two
foliations observed within it are characterised by the
parallel alignment of biotite laths and by the elongation
of plagioclase phenocrysts.

Several generations of pegmatitic dikes occur in the
mining area. These pegmatites strike either north-
south or east-west and range in thickness from 0·5 m
to 20 m. Pegmatites within the ore zone and footwall
frequently contain pyrite and chalcopyrite, and
occasionally some molybdenite. The pegmatites in the
hanging wall are barren.

The dominant foliation within the ore zone dips
40–70° west and strikes approximately N–S, which is
parallel to the footwall and hanging wall contacts. This
foliation is well defined in the metamorphosed volcano-
sedimentary rocks, and obscures much of the earlier
structures. Regional folding developed an early
generation of isoclinal folds with north-south oriented
flat-lying axes. Deformation related to the regional
NW–SE striking shear zone developed a second
generation of tight, small-scale folds with north-south
oriented, mainly horizontal axes.5

Strong alteration in Aitik occurs as extensive
biotitisation and sericitisation in the ore zone, the latter
accompanied by quartz and pyrite. Biotitisation is also
wide-spread in the quartz monzodiorite. Small areas of
epidote + calcite + chlorite + quartz are distributed
irregularly within the ore zone. K-feldspar and epidote
alteration occurs along the footwall contact, and locally
within the ore zone, footwall and hanging wall. It is also
well-developed along the hanging wall contact, where it
most often occurs adjacent to pegmatites. Scapolitisation
is observed in the footwall intrusion in the southern part
of the open pit.

METHODS
Copper- and gold-grades on each 100 m level, down
to 600 m, were drawn using the Aitik mine block
model. The model is based on 21 527 Cu and Au
analyses (AA, fire assay) from 5 m long sections in 746
drill cores crosscutting the ore zone, and on
approximately 153 000 Cu analyses (XRF) made on
drill chip samples from the production drilling. The
diamond drilling grid is about 100 m by 100 m, and
closer spaced at the deeper levels. Grade variations on
each 100 m level were contoured using class limits
shown in Figure 2, and areas representing different Cu
and Au grades could be outlined within the ore zone.
From combining different Cu and Au grades
(obtained from the block model) with different
geological character (described from previous drill
core logging), 11 different areas could be identified
and classified within the ore zone, and 26 drill cores
crosscutting these classified areas on different levels
were chosen for further investigations. Sections with
Cu and Au grades characteristic for each classified
area were then re-logged and sampled for chemical
analyses (XRF, fire assay) and thin sections in order
to get detailed information on the geology and
mineralisation style in each classified area, and to get
a possible petrographic explanation for the differences
in Cu and Au grades. Based on these results, areas
with different mineralisation styles (Table 1, Fig. 3)
could be outlined and compared with the areas
represented by different Cu and Au values (Fig. 4).

DESCRIPTION OF MINERALISATION
STYLES

Style A
Mineralisation style A (Table 1) is represented in drill
cores from the 100–500 m levels. The host rock is a
biotite gneiss composed of a fine-grained matrix of
quartz and biotite with subordinate plagioclase.
Tourmaline, garnet, epidote, sphene, apatite, and
magnetite are common accessories.5 It is in places
foliated, but mainly massive down to the 500 m level,
where it becomes more deformed and changes
mineralogy. At the three upper levels, the biotite
gneiss is garnet-bearing with patches and fracture
fillings of garnet, hornblende, chlorite, epidote, and

B262 Applied Earth Science (Trans. Inst. Min. Metall. B)  December 2003   Vol. 112

Wanhainen et al. Copper and gold distribution at the Aitik Deposit, Gällivare Area, Northern Sweden

Table 1 Summary of characteristics for the mineralisation styles

Mineral Cu:Au ratio Rock Sulphide
style (%/ppm) type occurrence Veins

A 4–0·75 (U) Biotite gneiss cpy, py (d, v) cpy, py, po (c) brt, qtz, ep, kfs, peg
(L) Biotite–amphibole gneiss cpy, py, po (d) cpy (v) peg, tha, brt, ahy

B 4–0·75 (U) Muscovite schist py, po (d), cpy, py (brt) brt
(L) Biotite–amphibole gneiss cpy, py (v, d) ep, ahy

C > 2 (U) Biotite schist cpy, py (d, ep, qtz), cpy (p), py, cpy (c) qtz, ep
(L) Biotite–amphibole gneiss po, cpy, py (v, c), cpy (d, qtz), cpy, py (d) qtz, brt, tha, ahy

D < 0·75 Biotite (muscovite) schist and gneiss cpy, py (qtz), py (d, v), py, po, cpy (ep) qtz, peg, ep

(U), upper levels (100–400 m); (L), lower levels (400–600 m); cpy, chalcopyrite; py, pyrite; po, pyrrhotite; d, disseminated; v, veins; c, clots; p,
patches; peg, pegmatitic; brt, barite; ep, epidote; qtz, quartz; kfs, K-feldspar; ahy, anhydrite; tha, thaumasit.
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3 Plan view of the Aitik deposit (100 m level) with the spatial occurrence of mineralisation styles outlined
schematically

2 Metal distribution given by the block model, with contoured maps for the 100, 300 and 500 m levels. Class limits
chosen after the classification of mined material into waste rock and low-to high-grade ore used by the Boliden
Company. (A) Copper grades; (B) Gold grades



quartz. It is also rich in thin veins of epidote and K-
feldspar, and contains unmineralised, tourmaline-
bearing pegmatite dikes, both mineralised and
unmineralised quartz veins, and barite–magnetite
veins. Chalcopyrite and minor pyrite occur as a
medium-to-rich dissemination (5–15 vol-%) and to a
lesser extent as veinlets parallel to the foliation.
Together with pyrrhotite, they also form massive clots.
At the 400–600 m levels, the biotite gneiss is free of garnet.
Thin veins of thaumasite (Ca3Si(OH)6(CO3)(SO4)·12H2O)
are common, as are veins of barite and anhydrite. The
colour of the biotite gneiss gradually changes at a depth of
about 400 m from grey to greenish-grey, due to the
occurrence of hornblende. Chalcopyrite, pyrite, and
pyrrhotite occur finely disseminated, and chalcopyrite
also occurs as veinlets.

Style B
Mineralisation style B (Table 1) is represented in drill
cores from the 200–600 m levels. The two upper levels
(200–300 m) are characterised by garnet-bearing
sericite muscovite (± biotite) schist with a
sericite–muscovite-rich matrix with subordinate
quartz, biotite, microcline, and plagioclase, and with
tourmaline, apatite and epidote as accessory
minerals.5 Up to 1 m-wide veins of barite containing
chalcopyrite + pyrite + magnetite occur parallel to the
foliation. Euhedral pyrite distributed along the
foliation is the main sulphide in the sericite muscovite
(± biotite) schist, and minor pyrrhotite is also present.

The three deeper levels (400–600 m) are characterised by
garnet-bearing biotite-amphibole gneiss comprising
mainly biotite, hornblende, and plagioclase, with
accessory magnetite and apatite. A network of thin veins
of chalcopyrite, pyrite, epidote, and anhydrite is locally
present in the rock. Chalcopyrite and pyrite mainly
occur disseminated and as veins parallel to foliation.

Style C
Mineralisation style C (Table 1) is represented in drill
cores from the 200–600 m levels. The rock at the 100
m and 200 m levels is a garnet-bearing biotite schist,
similar in composition to the biotite gneiss hosting
mineralisation style A, but with an obvious foliation
of variable intensity. The biotite schist is commonly
affected by epidote alteration and occasionally by K-
feldspar alteration. Chalcopyrite and pyrite are found
within veins of epidote and quartz, and as a rich
(10–15 vol-%) dissemination along the foliation.
Chalcopyrite also occurs as patches bordered by
epidote, and as massive clots together with pyrite. At
the 400–600 m levels, the foliation is less prominent
and hornblende becomes important, thus forming a
biotite–amphibole gneiss. Fractures filled with
thaumasite, and mineralised anhydrite veins, occur
frequently at the 600 m level. Ore mineral assemblages
change towards depth from pyrrhotite + chalcopyrite
+ pyrite veins and clots at the 400 m level, through
disseminated and quartz-vein related chalcopyrite, to
disseminated chalcopyrite + pyrite at the deepest level.
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4 Diagrams of gold versus copper. (A) Density plot. Grades of gold and copper obtained from the Aitik block
model. Only gold analyses with 2-decimal point accuracy (9178 of a total of 21 527 analyses) are used in the plot.
Areas within the coloured lines represent parts of the total amount of analyses: red line, 66%; orange line, 18%;
green line, 9%; light blue line, 4%; dark blue line, 3%. Inset shows an enlargement of the 0–2% Cu and 0–2 ppm
Au area, for comparison with (B). (B) Scatter plot. Grades of gold and copper obtained from analyses of re-
logged drill cores (168 analyses). These drill cores are cross-cutting large parts of the ore zone, and all
mineralisation styles are thus represented. Lines show the correlation between different mineralisation styles and
Cu:Au ratios



Mineralisation style C shows an overall north-east
directed trend (Fig. 2). Quartz veins, barite veins and
magnetite veinlets are common within mineralisation
style C, the former especially at the 500–600 m levels.

Style D
Mineralisation style D (Table 1) is represented in drill
cores at the 200, 400, 500 and 600 m levels. The rock
type in these drill cores is a garnet-bearing biotite
schist and gneiss similar to the rock hosting
mineralisation styles A and C. This biotite schist and
gneiss gradually changes at the 600 m level into a
garnet-bearing sericite (± muscovite) schist similar in
composition to the rock hosting mineralisation style B.
Close to the hanging wall contact, up to 9 m wide,
mineralised, pegmatite dykes are frequent, and the rock
is strongly affected by K-feldspar and epidote alteration.
Epidote also commonly occurs as millimetre-wide veins,
parallel to the foliation and containing disseminated
pyrite, pyrrhotite, and chalcopyrite. Away from the
immediate hanging wall contact zone, quartz blebs and
veins containing massive chalcopyrite and pyrite are
common. Pyrite also occurs as thin veins and dissemin-
ations along the foliation. Mineralisation style D shows
an overall north-east directed trend (Fig. 2).

The four different mineralisation styles observed in
Aitik appear to coincide with four different areas in a
plot of Au versus Cu grades, as outlined in Figure 4.
Mineralisation styles A and B are characterised by a
Cu:Au value (%/ppm) of about 4–0·75, with an average
of 1·6. The copper- and gold-grades are generally high
in mineralisation style A (> 0·4% Cu and > 0·3 ppm
Au), which occurs in the central part of the deposit.
Mineralisation style B contains lower copper- and gold-
grades (< 0·4% Cu and < 0·3 ppm Au) and occurs
towards the hanging wall side of the ore body. High
Cu:Au ratios (> 2) occur towards the footwall
(mineralisation style C), and low Cu:Au ratios (< 0·75)
occur close to pegmatitic dikes and quartz veins towards
the hanging wall (mineralisation style D; Fig. 3).

DISCUSSION
Sulphides 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 are outlined in
the blockmodel for copper and gold distribution (Fig.
2). Areas rich in copper (> 0.6%) are more common at
upper levels (100–300 m). A north-northwesterly
plunge is obvious in the maximum copper concent-
ration, which becomes slightly lower with depth
(0·4–0·6% at 400–600 m depth). An opposite trend is
shown by gold. Areas containing > 0·6 ppm gold only
exist at the deeper levels (400–600 m), where
amphibole is an important mineral in the host rock.
Areas with 0·1–0·3 ppm gold are most common at
upper levels (100–300 m), and only restricted areas
within these levels have grades > 0·3 ppm. In addition
to the vertical zonation, the copper and gold
distribution patterns show north-south and north-east
trends in plan view on each 100 m level. High gold

grades also shows a north-easterly plunge when its
distribution patterns are compared on the 100–600 m
levels. The distribution patterns for Cu and Au in the
Aitik Deposit also show a slight decrease in the Cu:Au
ratio from the footwall to the hanging wall side.

Disseminated sulphides with a Cu:Au ratio ranging
between 4–0·75 dominate within mineralisation style
A. Deformation is generally less intense in this area
compared to other parts of the ore zone, and although
the grades of copper and gold show some variation,
there is no extreme enrichment of either of the two
metals and the mineralisation is homogenous in its
character. Mineralisation of a disseminated character
similar to that of mineralisation style A is recognised
within all other mineralisation styles (B–D), but is
accompanied to varying degrees by veinlets, veins,
patches and clots of sulphides. This suggests that
mineralisation style A represents a relatively undis-
turbed part of the ore zone, and it might reflect the
original mineralisation style at Aitik.

In addition to disseminated sulphides, mineral-
isation style C, with a high Cu:Au ratio (> 2), also
contains aggregates and veinlets of chalcopyrite. The
gold-enriched mineralisation style D, with a low
Cu:Au ratio (< 0.75), is partly situated within sericite
(muscovite) schist. When comparing drill core
sections of sericite (muscovite) schist with different
gold grades, the main difference is the pyrite content:
the higher gold grades (0·1–0·2 ppm higher) occur in
the pyrite-rich sections. A similar relationship is
noticed within mineralisation style B, where low-grade
mineralisation, with a Cu:Au ratio of 4–0·75, is hosted
by sericite-altered rocks. The locally enhanced gold
concentrations are mainly confined to sections where
pyrite veinlets are common. This strongly suggests that
pyrite was important for the enrichment of gold in these
areas. Processes that might explain the anomalous gold
contents associated with pyrite-rich sericite–muscovite
schist at Aitik may be the reaction between hydro-
thermal or metamorphic fluids and Fe-bearing minerals
in the host rock, causing both pyritisation and gold
precipitation,6,7 or a reaction whereby existing pyrite
acts as a trap for gold.9 Quartz veins are also common
within mineralisation style D, and from chemical
analysis of these veins it is evident that they often
contain a high gold content and thus contribute to the
locally very high gold grades (~3·0 ppm).

From a study of the mineralised and polydeformed
quartz monzodiorite, and its relationship to the ore
zone, it has been suggested that the Aitik Deposit is of
pre-metamorphic origin.11 According to this suggestion,
the ore has been affected by amphibolite facies
metamorphism and strong ductile deformation, and
significant local remobilisation of the original mineral-
isation has occurred. This remobilisation process
extended over a long period of time. Peak metamor-
phism at 1880 Ma was followed by another defor-
mational event at 1800 Ma.1 Furthermore, undeformed,
late stage quartz–zeolite-veins in the surrounding area
yield ages of 1740 Ma and 1620–1613 Ma.8 At Aitik, the
same vein type also carries sulphides, thus indicating
later stages of remobilisation.
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The gold-enriched mineralisation style D could be
the result of remobilisation of gold that was originally
part of the primary disseminated ore. Re-precipitation
of the gold may have caused concentration of gold
along shear structures, as hydrothermal or meta-
morphic fluids may remobilise considerable amounts
of previously deposited gold and transport it as
bisulphide complexes.4 Sulphide patches and clots in
the copper-enriched mineralisation style C mainly
occur in sheared rocks parallel to the north-south
foliation. This style of sulphide mineralisation
probably formed due to remobilisation of the primary,
disseminated sulphides during a north-south shearing
event related to the regional NW–SE striking shear
zone. By being transported as chloride complexes,2

copper could not only be mobilised from its original
site, but also separated from gold.

CONCLUSIONS
The ore body shows a vertical metal zoning. The
number of gold-rich areas increases with depth, while
the number of copper-rich areas decreases. Restricted
copper-rich areas at the upper levels are replaced by
more extensive, medium-grade areas deeper down, thus
resulting in approximately the same average copper
content for each level. This vertical zonation is
accompanied by a gradual change of the host rock
towards deeper levels. Three dominant mineralisation
trends are apparent. Copper mineralisation trends
predominantly north-south, and plunges NNW in the
entire deposit. However, the copper and gold
mineralised zones close to the footwall trend north-east,
and the gold mineralisation shows a north-easterly
plunge.

The ore body shows a horizontal metal zoning.
High copper and gold grades, with an average Cu:Au
ratio of 1·6, occur in the central part of the ore body in
the form of disseminated chalcopyrite (Fig. 3). A
biotite-rich gneiss is host to this high-grade core of
mineralisation. The hanging wall side can be divided
into one low-grade area (low Cu and Au) with pyrite
as the dominant sulphide, and one Au-rich area
(Cu:Au ratio < 0·75), where pyrite and minor chalco-
pyrite occur in a K-feldspar and epidote altered rock
with frequent quartz veinlets. A Cu:Au ratio > 2
occurs towards the footwall of the ore, where
disseminated sulphides are accompanied by clots,
patches, and veinlets of chalcopyrite.

The present metal distribution in Aitik is an
expression of subsequent magmatic-hydrothermal and
metamorphic processes, and fluid/rock interaction
during deformation, accompanied by redistribution
and selective concentration of metals over time. It is
suggested that the copper and gold dissemination in
the central part of the ore zone represents the primary
mineralisation in Aitik. A future study on this
particular area will, therefore, be of great importance
for the genetic interpretation of Aitik. The clots and
patches of sulphides within the strongly deformed
areas probably represent tectonically remobilised
mineralisation, precipitated along the main foliation

during a north-south shearing event. Copper and gold
could have been transported from the primary
mineralisation in the centre of the ore zone in the form
of chloride and bisulphide complexes. Re-precipitation
of the metals into favourable geological sites finally led
to the zoning pattern observed in Aitik today.
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Gold Mineralogy at the Aitik Cu-Au-Ag Deposit,
Gällivare Area, Northern Sweden

MONIKA SAMMELIN (KONTTURI), CHRISTINA WANHAINEN and OLOF MARTINSSON

Abstract: The low-grade Aitik Cu-Au-Ag deposit is a deformed and metamorphosed porphyry-
type deposit, and as such it belongs to the group of ores that require detailed mineralogical 
investigations of precious metal occurrences to assist in determining the recovery processes. The 
character of gold in the Aitik deposit varies substantially. Gold alloys display highly variable Au/
(Au  Ag) ratios, and Hg is commonly a constituent. A change from dominantly sul de-associated 
to groundmass-associated gold as mining progresses towards depth is accompanied by a change 
in the chemical composition of gold. Towards depth, the gold content in electrum and amalgam 
decreases (from ca. 66% to 22% in electrum and ca. 23% to 4% in amalgam), and the amount of 
native gold grains increases. The most common mineral assemblage associated with gold at deep 
levels (600 m and below) is K-feldspar, biotite, plagioclase, quartz, chalcopyrite and pyrite. This 
study has demonstrated that magmatic-hydrothermal and metamorphic processes responsible for 
the diversity in copper mineralization styles within the Aitik ore body probably also have played a 
role in the variable character of gold observed at Aitik today. 

Keywords: Gold mineralogy, gold recovery, process mineralogy, electron microprobe analysis, 
porphyry copper deposit, metamorphism, copper-gold ores, Aitik deposit, Northern Norrbotten ore 
province, Sweden
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Introduction

The Aitik Cu-Au-Ag mine, one of Europe’s largest copper and gold producers with an estimated 
reserve of 633 Mt of ore (0.29% copper, 0.2 ppm gold and 2 ppm silver), is situated 15 km east 
of the town Gällivare in northern Sweden (Fig. 1). The open pit is about 3000 m long and 1000 m 
wide, with a current depth of 420 m. The mine, which produces 18 Mt of ore annually (gradually 
increasing to 36 Mt/year in year 2013), has been in operation since 1968 by Boliden Mineral AB. 
The metal content within the concentrate in year 2008 was 47 225 t of copper, 1 218 kg of gold 
and 32 087 kg of silver. The Aitik deposit is a low-grade ore. Since the start in 1968, ca. 483 Mt of 
ore has been mined averaging 0.39% copper, 0.2 ppm gold and 4 ppm silver. Economically most 
important is the copper production, but the by-product of gold and silver are valuable contributions. 

0 30 km

F
I N

L
A

N
D

N

Pajala 
Tärendö

Gruvberget

Nautanen

GŠllivareÊ

Kiskamavaara

Pikkujärvi

AitikGällivare

Kiskamavaara

Pikkujärvi

Aitik

Svecofennian intrusive
rocks 1.9-1.8 Ga
Volcanic and
sedimentary rocks 1.9 Ga
Greenstones 2.2-2.0 Ga

Apatite Fe ore
 Shear zone

Cu-Au deposit

Archaean granitoid
-gneiss basement

MalmbergetMalmberget

KiirunavaaraKiirunavaara

Tjårrojåkka

Kiruna

Tjårrojåkka

Kiruna

58 N

61 N

64 N

67 N

70 N

S
W

E
D

E
N

N
O

R
W

A
Y

F
I

N
L

A
N

D

R
U

S S I A
 

12 E 20 E 28 E

Fig. 1.  Simpli ed geological map of the northern Norrbotten ore province. Inset shows the location of the northern 
Norrbotten ore province in Sweden. Geological map modi ed from Wanhainen and Martinsson 1999.

The production of ore has increased along the years at the same time as the amount of recovered 
gold has slightly decreased. Recoveries of gold have historically varied between 43-55%, thus 
a large amount of gold is lost during the concentration process. Gold recovery is dependent on 
mineralogical factors, e.g. grain size, host minerals and occurrence (Gasparrini 1983). Studies 
on the copper-gold mineralogy of concentrate from the processing plant have been performed in 
Aitik, but the gold mineralogy in the ore before processing has not previously been described in 
detail. In 1981 and 1998 two internal investigations were done to improve gold recovery in Aitik. 
The investigation from 1981 (Nysten & Annersten 1981) were based on optical microscopy to 
locate gold grains and microprobe analyses of located grains, and it showed that gold dominantly 
occurred as gold amalgam inclusions within chalcopyrite or at chalcopyrite grain boundaries. The 
investigation from 1998 showed that gold commonly occurred as native grains associated with 
chalcopyrite and pyrite (Bergmark & Sundkvist 1998). Half of the gold in the second study was, 
however, associated with other minerals than sul des. The difference in gold mineralogy between 
the investigations can probably be explained by different loading levels in the mine. A study carried 
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out by Wanhainen et al. (2003) on the distribution of copper and gold in the Aitik deposit shows 
that different mineralization styles exist, with horizontal and vertical zoning patterns of copper 
and gold. This zoning, with changes in grades and bedrock character towards depth, opened the 
question if changes in copper and gold occurrence also occur towards depth. The slight decrease 
in gold recovery along the years suggests the possibility of gold occurring in different ways at 
different levels in the deposit. 

This paper describes in detail the gold mineralogy and textures of different mineralization styles 
in the Aitik ore in an attempt to improve the understanding of gold in the deposit. This is done 
by studying ore samples by optical microscope and electron microprobe. The results will be a 
guideline to obtain a better recovery in the processing plant, since a better understanding of gold 
distribution in the deposit gives the possibility to adjust concentration processes according to the 
character of the incoming ore.

Regional Geology

The northern part of the Baltic Shield is built up by an Archaean craton, 2.8 to 2.0 Ga, by lithologies 
linked to its break-up, and by 1.9-1.8 Ga accreted terranes related to destructive plate processes 
along its margin. The 2.2-2.0 Ga Karelian greenstones, comprising ma c to ultrama c volcanic 
rocks with minor intercalation of sedimentary units, were formed in response to continental rifting 
(Martinsson 1997). Subduction of oceanic crust during the Svecofennian event at the southwestern 
margin of the Archaean craton involved both strong reworking of older crust and the generating of 
juvenile crust by accretion of several volcanic arc complexes from the SW towards NE (Nironen 
1997). This ca. 1.9 Ga Svecofennian arc magmatism is represented by calcalkaline and andesite 
volcanic successions and the comagmatic, intrusive Haparanda suite. In the Kiruna area, these 
rocks are succeeded by the bimodal Kiirunavaara Group volcanic rocks and the coeval Perthite 
Monzonite suite (Martinsson 2004). 

The Svecokarelian evolution after ca. 1.86 Ga is mainly recorded by an extensive S-type 
magmatism (1.81-1.78 Ga Lina-type) derived from anatectic melts in the middle crust. In the 
western part of the shield extensive I- to A-type magmatism formed roughly N-S trending belt of 
batholiths (the Transcandinavian Igneous Belt) coeval with the S-type magmatism and possibly as 
a result of eastward subduction (Weihed et al. 1992). Although the metamorphic history is not well-
constrained it appears that metamorphic peaks more or less overlap with the main magmatic events 
which display ages close to 1.88 and 1.80 Ga. Metamorphism is mainly of low pressure type and 
varies from upper greenschist to upper amphibolite facies (Bergman et al. 2001). 

Northern Norrbotten is an important ore district characterized by copper and iron deposits (Fig. 
1) and regional as well as ore related alteration dominated by scapolitization and strong alkali 
metasomatose. A high salinity composition of ore forming uids is characteristic and an important 
feature in the metallogenetic understanding of the ore district (Frietsch et al. 1997). Economically 
most important for the region are the apatite iron ores with a total production of about 1700 Mt from 
10 mines the last 100 years. Copper production started already in the 17th century.  During the last 
century mining has increased signi cantly with Aitik in the Gällivare area as the most important 
example. Most sul de deposits are epigenetic in character and vary from disseminated to vein style. 
Besides copper they may also contain gold as an economic metal.

Geology of the Aitik Cu-Au-Ag Deposit

The ore zone of the Aitik deposit is about 5000 m long and 450 m wide, striking approximately 
north-south and dipping 55 degrees to the west. The down dip extent of the ore zone is still open. 
Mineralization is inferred to 800 m depth in the northern part and to 600 m depth in the southern 
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part of the deposit. The mining area is divided into ore zone, hangingwall and footwall. In the ore 
zone close to the hangingwall, muscovite (sericite) schist is the most common bedrock (Figs. 2A, 
2B). The middle part of the ore zone is dominated by biotite schist and biotite gneiss. The amount of 
biotite gneiss increases towards the footwall, which consists mainly of biotite-amphibole gneiss that 
has been intruded by a 1.89 Ga old quartz monzodiorite (Wanhainen et al. 2006). The hangingwall 
is separated from the ore zone by a thrust dipping 45-60 degrees west. Amphibole gneiss intruded 
by pegmatite dikes dominates the hangingwall. These pegmatite dikes are rarely mineralized, but 
may contain sul des as they continue into the ore zone. Small intrusions of gabbro occur locally in 
the hangingwall.   

Fig. 2.  Bedrock and mineralization styles at the Aitik deposit. A. Bedrock in horizontal view at -300 m level B. 
Bedrock in vertical section at pro le 4500 C. Mineralization styles in vertical section at pro le 4500. Local coor-Local coor-
dinate system in meters.
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The Aitik ore zone includes extensive biotite alteration, often accompanied by garnet 
porphyroblasts, and white sericite alteration towards the hangingwall forming sericite schist rich 
in pyrite. K-feldspar alteration and epidotization are most extensive along the footwall contact, but 
occur locally within the entire ore zone. Tourmalinization is less common and mainly restricted to 
the immediate wall rocks of quartz-tourmaline veins and pegmatites. Scapolitization and amphibole-
pyroxene veinlets occur sporadically.

The Aitik Cu-Au-Ag ore has been suggested to be of magmatic origin ( ngstr m et al. 1984) 
representing a deformed and metamorphosed equivalent to porphyry copper deposits (Monro 
1988). However, all features of the ore zone are not typical for porphyry systems and it probably 
has a more complex origin, including later remobilization and possible overprinting mineralizing 
events (Wanhainen 2005). 

Mineralization styles

Mineralization within the Aitik deposit occurs mainly as dissemination and veinlets. Ore minerals 
are chalcopyrite, pyrite and pyrrhotite, with lesser amounts of magnetite, bornite and molybdenite. 
Based on geological features and copper- and gold-grades, four mineralization styles have been 
recognized within the ore body (Fig. 2C, Wanhainen et al. 2003). Mineralization style A has relatively 
high copper and gold grades (higher than the average grade of the deposit). The mineralization 
occurs as a medium to rich dissemination in biotite gneiss in the central parts of the ore zone 
and is interpreted as part of the primary porphyry copper mineralization (Wanhainen et al. 2003). 
The main sul de mineral is chalcopyrite with lesser amount of pyrite and pyrrhotite. The garnet-
bearing biotite gneiss is ne-grained and consists of quartz, biotite and feldspar, with tourmaline, 
garnet, epidote, sphene, apatite and magnetite as accessories (Table 1). Veins containing barite, 
quartz, epidote and K-feldspar occur, as well as pegmatite dikes. Below the 300 m level, garnet 
porphyroblasts are less common and the amount of amphibole increases in the host rock. Pegmatite 
dikes and veins of thaumasite, barite and anhydrite start to occur more frequently. 

Mineralization style B is hosted by muscovite (sericite) schist with common pegmatite and 
barite veins, which changes into biotite-amphibole gneiss with pegmatite dikes, epidote, and 
anhydrite veins at deeper levels (Table 1). This mineralization style is usually found close to the 
hangingwall contact, and is dominated by pyrite occurring as ne dissemination and as euhedral 
grains aligned parallel to foliation. Mineralization style B mostly has copper and gold grades below 
the average of the deposit, but with a similar Cu:Au ratio (5:1, with Cu in wt% and Au in ppm) as 
within mineralization style A. Some enrichment of gold may, however, occur in pyrite-rich areas 
(Wanhainen et al. 2003). 

Mineralization style C occurs towards the footwall and is characterized by high copper grades 
(higher than the average grade of the deposit) and a high Cu:Au ratio (>2:1), with locally more 
Au-rich areas. The host rock is a garnet-bearing biotite schist/gneiss, with an increasing content 
of amphibole towards depth (Table 1). Quartz, barite, and epidote veins are found at the upper 
levels and at deeper levels veins of quartz, barite, thaumasite and anhydrite are found together 
with pegmatite dikes. Chalcopyrite occurs as patches, clots and veinlets, and weakly disseminated. 
Due to structural and textural features characteristic of the mineralization and its host rock in this 
particular area, mineralization style C is suggested by Wanhainen et al. (2003) to have formed by 
remobilization of the primary ore during deformation. 

Mineralization style D has a low Cu:Au ratio with gold grades occasionally exceeding 1g/t. The 
host rock is garnet-bearing biotite schist (gneiss), gradually changing to garnet-bearing muscovite 
schist at deeper levels with pegmatite dikes, quartz, and epidote veins (Table 1). The host rock is 
commonly strongly altered by K-feldspar and epidote. Mineralization style D is often found close 
to pegmatite dikes and quartz veins near the hangingwall, but also at deeper levels close to the 
footwall.
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Samples and methods

Mineralization styles A-D were sampled from 13 drill cores crosscutting the Aitik ore body. All 
samples, varying between 1-20 dm of drill core, were analyzed for copper, gold and silver by 
Atomic Absorption (AA) and Fire assay at Centrallaboratoriet, Boliden Mineral AB. 19 polished thin 
sections were made from the drill core samples by Vancouver Petrographics Ltd, Canada, and these 
were examined microscopically in transmitted and re ected light. An automatic search program 
(TurboScan) was used to locate gold grains in the thin sections. The compositions (Au, Ag, Hg, 
Cu, Sb, Bi, Te, Se) of located gold grains were analyzed by electron microprobe (Cameca Camebax 
SX50) at the Geological Survey of Finland (by Bo Johansson and Lassi Pakkanen). All elements 
except Au, Ag and Hg were mostly below detection limit. For gold analyses the accelerating voltage 
was 15-20 kV with a beam current of 15-30 nA and measuring times of 10-30 seconds. When 
analyzing the gold content of sul des, the accelerating voltage was 35 kV and the probe current 
500 nA with extended measuring times of 600 seconds. Different pure metals (e.g. gold, silver) and 
natural minerals (e.g. cinnabar, chalcopyrite) were used as standards.

 
Type 
area 

 
Cu/Au 
ratio 

 
Rock type 

 
Alteration 

 
Sulfide occurrence 

 
Veins 

 
A 

 
1:1 

 
U. Biotite schist/gneiss 

 
grt, ser, qtz, 
ep, kfs, chl 

 

 
ccp, py (d, v) 
ccp, py, po (c) 

 
brt, qtz, ep, kfs, peg 

 

   
L. Biotite-Amphibol gneiss 

 
- - - 

 
ccp, py, po (d) 

ccp (v) 
 

 
peg, tha, brt, anh  

 

 
B 

 
1:1 

 
U. Muscovite schist 

 
ser, grt 

 
py, po (d) 

py, ccp, po (peg) 
ccp, py (ba) 

 

 
peg, brt 

 

   
L. Biotite-Amphibol gneiss 

 
grt, chl, qtz, 

cal, ep 
 

 
ccp, py (v, d) 

 
peg, ep, anh 

 
C 

 
2:1 

 
U. Biotite schist/gneiss 

 

 
grt, ep, kfs, 

chl 
 

 
ccp, py (d, ep, qtz, brt) 

ccp (p) 
py, ccp (k) 

 

 
qtz, brt, ep 

 

   
L. Biotite (Amphibol) gneiss 

 

 
grt, kfs 

 

 
po, ccp, py (v, k) 

ccp, py (d, p) 
ccp (qtz) 

 

 
qtz, brt, peg, tha, anh 

 

 
D 

 
1:2 

 
Biotite (muscovite) schist/gneiss 

 
grt, kfs, ep, 

ser 

 
ccp, py (qtz) 

py (d) 
ccp, po , py (v) 
py, po, ccp (ep) 

 

 
qtz, peg, ep 

 

Table 1. Summary of characteristics for the Aitik mineralization styles

1 U. = upper levels (100-400 m), L. = lower levels (400-600 m)
2 ser = sericite, grt = garnet, chl = chlorite, qtz = quartz, cal = calcite, ep = epidote, py = pyrite, po = pyrrhotite, 
ccp = chalcopyrite, brt = barite, anh = anhydrite, kfs = k-feldspar, tha =thaumasit, c = clot, p = patch, v = vein, 
d = dissemination
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Results

The analyzed drill core sections show variations in gold content from 0.001 ppm (detection limit) 
up to 9.60 ppm. Gold grains were not found in all samples which could be due to the small grain 
size and the low grades, but also because the gold grains are usually irregularly distributed and tend 
to occur as clusters in higher grade areas, and are thereby less likely to be found in a thin section 
(Gasparrini 1983). Gold grains at Aitik are usually <10 μm in size, but larger grains up to 35 μm 
have been detected. They vary in shape from rounded to angular, and they occur as native (>95 
wt% gold), electrum with 13-41% gold, and amalgam with 3-4% gold (Fig. 3). The most common 
minor elements found in the gold grains are Cu, Sb and Te (preferably in electrum and amalgam), 
compared to less frequent Bi (only in amalgam). Se was not detected in any of the grains (Table 2). 
Of the 19 thin sections analyzed for gold in pyrite and chalcopyrite, only one contained gold over 
the detection limit (20-30 ppm) in a pyrite grain.

Au
Aitik
Långdal
Långsele
Boliden

Ag Hg
Fig. 3.  Composition of gold from deposits in the northern Norrbotten 
and Skellefte ore districts plotted in the system Au-Ag-Hg (mol%). 
Data taken from Weihed et al. 2002 (L ngdal), Nysten 1986 (L ng-
sele), Bergman Weihed et al. 1996 (Boliden).

Sample Au Ag Hg Cu Bi Sb Te Se 

4.523.1 13.81 68.58 13.53 0.04 ---- 0.03 0.12 ---- 
4.523.1 18.48 64.01 14.04 ---- ---- ---- 0.12 ---- 
4.523.1 41.23 45.57 8.87 0.08 ---- 0.04 0.07 ---- 
3.88.1 38.43 49.16 8.50 0.02 ---- ---- ---- ---- 

9.903.2 3.91 59.79 34.98 ---- 0.19 ---- 0.02 ---- 
9.903.2 3.83 59.78 35.40 0.03 ---- 0.07 0.05 ---- 
9.903.2 3.66 59.27 35.15 0.02 ---- 0.01 0.01 ---- 
9.903.2 4.03 60.10 34.67 0.04 0.13 0.02 0.17 ---- 
9.903.2 3.84 59.75 33.71 ---- 0.07 0.03 0.13 ---- 
9.903.2 3.77 59.32 33.85 ---- ---- 0.12 ---- ---- 
9.903.2 3.69 59.37 34.51 0.02 ---- 0.04 0.14 ---- 
1.641.1 96.99 0.04 0.12 0.01 ---- ---- ---- ---- 
1.641.1 97.27 ---- 0.25 ---- ---- ---- ---- ---- 

 

Table 2. Electron microprobe analyses of gold grains (wt%).



8

Native gold more often occur with non-sul de minerals compared to electrum and amalgam 
(Table 3). Native gold also varies most in its way of occurrence and mineral associations compared 
to electrum and amalgam which are mostly found associated with sul des. 

 
Occurrence 

 

 
Native gold 

 
Electrum  

 
Amalgam 

 
Cracks and 

cavities 
 

 
In quartz and chalcopyrite 

 
 

 
                                                                 

 
Inclusion 

 

 
In quartz, tourmaline, epidote, 
K feldspar, albite, pyrite 

 
K feldspar, biotite, plagioclase 
pyrite, chalcopyrite 

 
Pyrite, chalcopyrite as mixed grains 

 
Contact 

 

 
Quartz-Tourmaline, biotite, 
epidote 

  
Pyrite and Fe-oxides 

 
Between 

 

 
Biotite, K feldspar, plagioclase, 
chalcopyrite/biotite 

 
Quartz and mica 
pyrite and chalcopyrite 

 

 
Grain 

boundaries 
 

 
Pyrite, limonite 

  

 
Vein 

 

  
In a chloride vein cutting 
plagioclase 

 

 
Rimmed 

 

   
Chalcopyrite  

    
 

Table 3.  Occurrence of different type of gold grains

Gold occurs in many 
different associations in 
mineralization styles A-D 
(Table 4). In mineralization 
style A, characterized by strong 
dissemination of sul des and 
minor magnetite in dominantly 
biotite gneiss, gold grades 
vary between 0.34-1.16 g/t 
and copper grades between 
0.65-1.7% in the analyzed 
drill core sections. Four of 
seven analyzed thin sections 
from mineralization style A 
contained gold grains. Most 
of the gold occur as native 
and are found between silicate 
grains (e.g. K-feldspar, biotite, 
plagioclase) (Fig. 4A) and 
between chalcopyrite grains 
(Fig. 4B). Native gold is also 
found as inclusions in pyrite 
(Fig. 4D) and chalcopyrite. 
Electrum occur with biotite-
pyrite and chalcopyrite 
(Fig. 4C), and with quartz, 

Type 
area 

Sample Gold grain 
microns 

Gold occurrence 

A 5.643.1 1,5 Ø Native gold grain in contact between biotite, K feldspar and 
plagioclase 

A 5.643.1  Native gold grain in contact between biotite and chalcopyrite 
A 5.643.1 2 6 Native gold grain as an inclusion in pyrite 
A 5.643.1 Largest 3 7 Eight electrum grains in a chlorite vein cutting plagioclase 
A 9.903.1 2 3 Electrum grain as an inclusion in K feldspar 
A 8.725.1 1 2 to 

5 10 
Ten native gold grains and electrum grains as inclusions in 
quartz, K feldspar and between quartz and K feldspar and mica 

A 8.725.1  Electrum grain between chalcopyrite, pyrite and biotite 
A 9.903.2 1,5 Ø Electrum grain as an inclusion in chalcopyrite 
A 9.903.2  Amalgam grains close to Fe-oxide grain boundaries 
A 9.903.2  Amalgam and electrum grains with chalcopyrite in contact zone 

to pyrite and Fe-oxide 
A 9.903.2  Chalcopyrite rimmed by amalgam 

 
B 6.883.1  Electrum grain between quartz and mica 
B 5.757.2 1 1 Native gold grain at grain boundary of limonite 
B 5.757.2 4 4 Native gold grain between quartz and epidote 

 
D 3.646.2 3 3 Native gold grain at grain boundary of pyrite 
D 3.646.2 3 4 Native gold grain in chalcopyrite cavity 
D 4.523.1 2 3 to 

8 10 
More than ten native gold grains and electrum grains as 
inclusions in plagioclase and between pyrite, chalcopyrite and 
biotite grains 

D 1.641.1 2 2 to 2 3 Five native gold grains and electrum grains as inclusions in 
quartz and in pyrite fractures. 

D 1.641.1  Electrum grain at pyrite-chalcopyrite grain boundary 
D 1.641.1 20 30 Native gold grain in quartz fracture 
D 4.645.1 2 3 Electrum grains in albite and biotite 
D 4.645.1 2-10 Ø Amalgam grains as pyrite rim and as mixed grains with 

chalcopyrite 
D 3.88.1 3 3 to 4 7 Eight native gold grains as inclusions in pyrite, tourmaline and 

K feldspar. Some gold grains between quartz and tourmaline 
D 3.88.1 10 10 Amalgam grain on pyrite surface 
D 3.88.2 2 2 and 

4 4 
Native gold grains as inclusions in quartz and tourmaline 

 

Table 4.  Gold grain size and way of occurrence
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K-feldspar and micas, and also as inclusions in quartz and K-feldspar. Chalcopyrite rimmed by 
amalgam (Fig. 4E) and a chlorite vein with abundant electrum grains (Fig. 4F) are noticed in 
samples taken from this mineralization style. 

Fig. 4.  Photomicrographs of gold A. Native gold grain between biotite (Bt), K-feldspar (Kfs) and pla-
gioclase (Pl). Sample 5.643.1 from mineralization style A B. Native gold grain between biotite (Bt) and 
chalcopyrite (Ccp). Sample 5.643.1 from mineralization style A C. Electrum grain between chalcopyrite 
(Ccp), pyrite (Py) and biotite (Bt). Sample 8.725.1 from mineralization style A D. Inclusion of native gold 
within pyrite (Py) grain. Sample 5.643.1 from mineralization style A E. Chalcopyrite (Ccp) partly rimmed 
by amalgam. Sample 9.903.2 from mineralization style A F. Electrum grains in a chlorite (Chl) vein cutting 
plagioclase (Pl). Sample 5.643.1 from mineralization style A.
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Mineralization style B is characterized by a weak dissemination of pyrite and magnetite, with 
lesser amounts of chalcopyrite and pyrrhotite. The host rock varies from muscovite (sericite) schist 
to biotite-amphibole gneiss. Drill core sections sampled from mineralization style B hold gold 
grades between 0.18-0.24 g/t and copper grades between 0.14-0.21%. Native gold grains are found 
at contacts between quartz and epidote (Fig. 5A), and electrum grains are found between quartz and 
mica in two of three studied samples.

Mineralization style C is represented by two analyzed thin sections and no gold grains were 
found in them. Analyzed drill core sections had gold grades varying between 0.34-0.49 g/t and 
copper grades between 1.13-1.58%. Sul des occur as veinlets and as blebs of chalcopyrite and 
small amounts of pyrrhotite and pyrite. 

Fig. 5. Photomicrographs of gold A. Native gold grain between quartz (Qtz) and epidote (Ep). Sample 
5.757.2 from mineralization style B B. Inclusion of electrum grain within plagioclase (Pl). Sample 4.525.1 
from mineralization style D C. Inclusion of electrum grains within plagioclase (Pl). Sample 4.523.1 from 
mineralization style D D. Native gold grain between quartz (Qtz) and tourmaline (Tur). Sample 3.88.1 
from mineralization style D E. Electrum grains between chalcopyrite (Ccp) and pyrite (Py). Sample 
1.641.1 from mineralization style D F. Electrum in pyrite fracture. Sample 1.641.1 from mineralization 
style D.
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Mineralization style D consists of a varying degree of disseminated pyrite and chalcopyrite, and 
of sul de veins. Other characteristic features are quartz veins, K-feldspar and epidote alteration, 
and tourmalinization. Seven of eight thin sections from mineralization style D contain gold grains. 
The samples represent high gold grades of 0.86-7.62 g/t and copper grades varying between 0.30-
1.51%. In mineralization style D, native gold and electrum are found as inclusions in quartz, epidote, 
plagioclase, and biotite (Fig. 5B and 5C). Native gold is also found in quartz fractures, at grain 
boundaries (eg. between quartz and tourmaline grains, Fig. 5D) and as inclusions in tourmaline and 
K-feldspar, and electrum as inclusions in albite. Furthermore, native gold, electrum and amalgam 
occur in mixed grains of pyrite and chalcopyrite, at contacts between these sul des (Fig. 5E), and 
in sul de fractures and cavities (Fig. 5F). 

Discussion

In spite of the very low grade of gold (0.2 g/t) in the Aitik ore, the high production rate (36 Mt/
year in 2013) in combination with a high price of gold, encourages the mining company to improve 
gold recoveries through metallurgical test work and mineralogical studies. The primary porphyry-
style mineralization in Aitik is overprinted by amphibolite facies metamorphism, strong ductile 
deformation with signi cant local remobilization of the primary ore indicated by the large variation 
in mineralization styles within the orebody, and IOCG-style (iron oxide copper-gold) hydrothermal 

uids (Wanhainen et al. 2003, Wanhainen 2005). Some of the copper and gold present in Aitik may, 
consequently, have been added by post-ore hydrothermal events (Wanhainen 2005). 

Mineralogical studies performed on porphyry deposits worldwide show that gold usually 
occurs in chalcopyrite either in native form or as Au-Ag-Cu alloys of different composition (Fig. 
6), indicating a common source for both base and precious metals (Colley et al. 1989). During 
precipitation of ore metals the primary deposition of gold is as solid solution in Cu-Fe sul des 
at high temperature, followed by gold exsolvation to form speci c gold-rich phases as the ore 

)
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w( 
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Aitik Cu-Au-porphyry
Cerro Casale Au-porphyry
Grasberg Cu-Au-porphyry
Sinyukha Cu-Au-skarn
Ertsberg Cu-Au-skarn 0.8

1.0

0.6

0.4

0.2

0.20.0 0.4 0.6 0.8 1.0
0.0
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0.6

0.8
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Epithermal
Gold-rich Cu-porphyry

Fig. 6.  Au-Ag-Cu discrimination diagram for gold in porphyry-, skarn-, and epithermal 
deposits. Data taken from Palacios et al. 2001 (Cerro Casale, epithermal and gold-rich 
porphyry-Cu deposits), Roslyakova & Scherbakov 1999 (Sinyukha), Rubin & Kyle 
1997 (Grasberg, Ertsberg)  
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forming hydrothermal system is cooling (Kesler 2002). These late- to post-ore processes may cause 
signi cant redistribution of gold within porphyry copper deposits (Kesler 2002). Redistribution of 
gold at low temperature (250-300  C) by diffusion into sites with lower chemical potential is driven 
by the decrease in free energy of the system (Boyle 1979). As a result, the exsolved gold grains 
tend to concentrate along fractures and sul de grain boundaries. This is exempli ed by the Bajo de 
la Alumbrera porphyry copper-gold deposit where the highest copper-gold grades are found in the 
earliest porphyry (P2) and adjacent andesite (Proffett 2003). These rocks show intense hydrothermal 
alteration and mineralization (Ulrich & Heinrich 2001), and high copper-gold grades are associated 
with abundant quartz veins and secondary K-feldspar  magnetite  biotite  anhydrite (Proffett 
2003). Copper and gold are closely associated at all scales which suggest co-precipitation of both 
metals during potassic alteration, with remobilization during waning stages of magmatic uid input 
(Ulrich & Heinrich 2001).

In earlier investigations of precious metals in the Aitik ore much of the gold was shown to be 
associated with copper, and the strong gold-copper correlation was taken as an indication that most 
of the gold was associated with disseminated chalcopyrite in the deposit. Bulk analyses of silver 
and copper, and high silver recoveries suggest a similarly strong correlation between silver and 
copper. In mineralization style A, dominated by sul de dissemination and suggested by Wanhainen 
et al. (2003) to represent the least altered part of the ore zone and thus re ecting the primary 
mineralization, most of the gold found in this study is, however, associated with quartz, biotite, 
K-feldspar veins, and plagioclase. Some gold also occur in sul de veins. Similarly, mineralization 
style B which is characterized by sericite altered rocks and higher gold grades in areas where 
pyrite veinlets are common, shows a correlation between gold and quartz-mica/quartz-epidote 
grain boundaries instead of an expected gold-pyrite association. This probably means that if the 
gold in mineralization style A and B primarily was deposited together with copper it must later 
have been mobilized and partly separated from copper. The copper-enriched mineralization style 
C has been suggested to have formed due to north-south shearing related to the regional NW-
SE striking Nautanen shear zone, which caused remobilization of copper into veinlets along the 
foliation (Wanhainen et al. 2003). High salinity uid inclusions have been demonstrated for late 
hydrothermal uids at Aitik (Wanhainen 2005), and transported as chloride complexes copper 
could be mobilized from its original site and also separated from gold, which during remobilization 
processes commonly is transported as bisulphide complexes (Crerar & Barnes 1976, Gammons & 
Williams-Jones 1997, Stefansson & Seward 2004). 

In this study, there is no obvious correlation between the chemistry of gold alloys and the 
mineralization style in Aitik. Native gold and electrum are present in all four mineralization styles, 
although with slightly different associations. Native gold grains are dominantly associated with 
silicate minerals while electrum grains are mostly found with sul de minerals. Amalgam on the 
other hand is only present in mineralization style A and D, where it is exclusively associated with 
chalcopyrite, pyrite and magnetite. The strong association between amalgam and ore minerals 
might explain the absence of amalgam in mineralization style B, which has the lowest content of 
sulphide and oxide minerals among the four. 

Since gold of low-temperature rocks generally has higher contents of Hg than gold of high-
temperature rocks (Borisenko et al. 2006), amalgam in Aitik has probably formed relatively late in 
the mineralizing process. Au-Ag-Hg alloys are common in epithermal ore systems, and epithermal 

uids overprinting porphyry systems through telescoping of the early magmatic-hydrothermal 
system is a well-described feature (e.g. Sillitoe 1994). Gold alloys with elevated Hg contents 
have been reported from both epithermal and VMS deposits in the Skellefte district (Nysten 1986; 
Bergman Weihed et al. 1996; Wagner & Jonsson 2001; Weihed et al. 2002; Wagner et al. 2007) (Fig. 
3). Hg is, however, absent in the gold grains of the high-grade metamorphic En sen epithermal 
deposit, central Sweden (Nysten & Annersten 1985), and it seems likely that Hg in the strongly 
metamorphosed Aitik ore is of post-metamorphic origin. 
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In the early studies performed by Boliden AB, the gold content in amalgam varied between 15-
30% and in electrum between 52-80% (Nysten 1986). In this study, with samples taken from deeper 
parts of the ore system, the gold content is 3-4% in amalgam and 13-41% in electrum. More native 
gold grains are, however, recognized in the present study, where it is found in several combinations 
with non-sul de minerals. The overall gold grade in Aitik therefore increases with depth (Fig. 7) 
although recovery is unchanged due to the common association between native gold and silicate 
minerals. The gold-enriched deeper parts of the Aitik ore have been suggested by Wanhainen et 
al. (2003) to be the result of re-precipitation of the gold that was originally part of the primary 
disseminated ore. Roslyakova & Scherbakov (1999) and Arif & Baker (2004) in their studies of 
gold-rich skarn- and porphyry deposits claim that a re nement from Au-Ag-Cu alloys to Ag-Au 
alloys, and nally to native Au proceeds during the post-ore evolution of the deposits, partly due 
to the AgCl2

- and Au(HS)2
- transporting mechanism of silver and gold (Morrison et al. 1991). 

Therefore, in many cases, the presence of native Au is simply due to depletion of Ag from the host 
alloy rather than a secondary gold precipitation (Hough et al. 2009).

Fig. 7.  Gold distribution given by the Aitik block model, with contoured maps for the 100, 300 and 500 m levels 
(Wanhainen et al. 2003). 

N

Internal variations in gold composition within an individual deposit may re ect differing conditions 
of Au/Ag deposition within the hydrothermal system. Conditions like temperature, pressure, redox 
state, pH and the activity of ligands all have an affect on the nal precious metal composition 
(Morrison et al. 1991, Gammons & Williams-Jones 1995). As can be seen in gure 6, the variation of 
gold compositions at the Aitik deposit is not characteristic for porphyry Cu-Au ores. The distribution 
of gold grain compositions in the diagram may rather re ect the post-ore history of the deposit, 
with different gold mineral assemblages and gold compositions forming at later stages related to 
hydrothermal and/or metamorphic uids. As Aitik constitutes a deformed and metamorphosed 
porphyry copper-gold deposit with at least 160 Ma of post-ore modi cation (Wanhainen 2005), the 
complex origin of the ore could hence explain some of the variations observed. According to this 
genetic model, the low neness gold (Ag-rich electrum) which becomes more common at depth 
together with native gold appears close to the core of the ancient porphyry system, while the high 

neness gold (Au-rich electrum) are distributed more distal to the core. A similar distribution is 
reported from the Cerro Casale porphyry deposit in Chile, where gold crystals recovered from the 
granodiorite that represents the center of the hydrothermal system have higher abundances in Ag 
than gold crystals recovered from the surrounding white mica alteration zone (Palacios et al. 2001). 
At the Guinaoang porphyry Cu-Au deposit in the Philippines, the low neness gold is dominantly 
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associated with chalcopyrite (Ramsden et al. 1985), altogether suggesting co-precipitation of copper 
and Ag-rich gold in the early stages of porphyry ore formation, with an increasing abundance of 
Au in electrum as hydrothermal alteration processes evolve and move outwards in the ore forming 
system. 

Although it is dif cult to estimate how much precious metals that could have been added to the 
Aitik ore body during later processes, it has to be taken into account that some of the gold in Aitik 
could be related to overprinting mineralizing event(s). A high neness gold composition, similar 
to that of distal porphyry-related gold, has been reported for IOCG deposits in Australia and Brazil 
(Foster et al. 2007; Monteiro et al. 2008) and for shear zone hosted orogenic gold deposits (Groves 
et al. 1998), thus supporting the possibility of Aitik containing multistage gold mineralization. 
The data presented on Aitik gold grain compositions by Nysten (1986) are in agreement with the 
data presented in this study but also includes some samples with an Au:Ag ratio more typical of 
porphyry Cu-Au deposits. 

Implications for ore processing
A low gold recovery from copper-gold deposits is a well-known problem. In porphyry copper 

deposits, where the main product is copper and low grades of gold constitutes a by-product, low 
(<50%) gold recoveries are characteristic due to a certain amount of gold being associated with 
minerals that are not recovered in the ordinary process. According to earlier mineralogical studies 
on tailing samples from Aitik, gold is associated with quartz, tourmaline, epidote, K-feldspar, 
plagioclase, Fe-oxides, biotite and pyrite, very similar to the mineral associations discovered in ore 
samples in the present study.

At some copper-gold deposits, several recovery methods beyond otation are being used in order 
to improve gold recovery. One example is the Bajo de La Alumbrera porphyry copper deposit in 
Argentina, where gravity/ otation circuits giving an overall gold recovery of about 75% are used 
(30% is gravity recoverable, Chryssoulis 2001). The possibility to use mineralogy to optimize gold 
recovery has been discussed by Chryssoulis (2001), who studied the unrecovered 25% of the Bajo 
de La Alumbrera ore mineralogically. According to Chryssoulis (2001), the unrecovered part mostly 
contained free gold, and a cause for loss of free gold was depressants coupled with inadequate 
collector loading and small sizes. To increase gold recovery, reduction/better control of the use of 
lime/soda ash blend (as high pH and surface calcium depress free gold), more ef cient recover of 
small gold grains, and the allowance for more of the pyrite host, was suggested (Cryssoulis 2001). 

Another example where multiple recovery methods are used is at the concentrator at the Los 
Pelambres deposit in Chile, which processes a porphyry copper ore containing 1.0% Cu, 0.02% 
Mo and 0.03-0.05 g/t Au. Much of the rejected gold at Los Pelambres was free gold of otable 
size, systematically with less sul des and silver, and enriched in lead and iron oxyhydroxides. 
Flotation plant trials were performed to activate gold otation with NaHS, and this nally led to an 
improvement of 7% in gold recovery (Cryssoulis 2001).

At Aitik, the present recovery method is copper otation, with a copper recovery >90% and gold 
recovery <50%. The throughput in the processing plant is high and the usage of lime has increased 
along the years. The different mineralization styles at Aitik do contain oatable gold, represented by 
the gold associated with copper minerals, which occur mostly in native form, but also as electrum 
and amalgam. A majority of gold grains found in this study are, however, associated with silicate 
minerals and pyrite, associations that are not oated. Whether free gold oat or not depends on gold 
grain size. The gold associated with pyrite is depressed in the chalcopyrite-pyrite otation stage, 
since at present pyrite is diverted to the tailings. 

When testing cyanide leaching at Aitik it turned out uneconomic due to several factors, e.g. the 
low grade, the low tonnage at the time, and the high cost of cyanide. Also, copper and iron minerals, 
such as chalcopyrite, pyrite and pyrrhotite, consume cyanide leaving little for the actual leaching 
of precious minerals. Complex sul de ores may contain cyanicides and oxygen consumers and 
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are therefore precluded from gold extraction with cyanide leaching (Vaughan 2004). Furthermore, 
gold leach circuits are sensitive to the presence of cyanide soluble minerals (Sillitoe 1993), and 
silver-rich electrum can produce secondary silver sul de, usually with sizes of 1-2 microns in the 
metallurgical product, thus enclosing the electrum and keeping out the cyanide solution (Gasparrini 
1983).

Based on this study on gold mineralogy and mineral associations at the Aitik deposit, and on 
comparisons with similar ore types worldwide, it would be interesting to test an additional recovery 
method such as gravimetric methods, e.g. with Knelson separators, for the free gold and the gold 
associated with gangue minerals. It also seems necessary to investigate the use of lime in the 
recovery process because of its ability to depress gold, and to estimate the amount of invisible gold 
in pyrite in order to identify another potential explanation to gold losses. To have information on 
the most common gold mineral associations present in different areas within the mine at the loading 
stage already, would probably increase the chances to improve gold recovery in Aitik.

Conclusions

In this study of the gold mineralogy in a low-grade sul de ore, native gold are commonly 
found with non-sul de minerals in the matrix of the bedrock, and with quartz  tourmaline veins, 
rather than with sul de minerals. Electrum occurs similarly as native gold, but also commonly 
in association with sul des. Amalgam is mainly found associated with sul des. The overall most 
common gold mineral associations are K-feldspar, biotite, plagioclase, quartz, chalcopyrite and 
pyrite. A change from sul de-associated to non-sul de associated gold when mining proceeds at 
deeper levels, consequently leading to a decreasing gold recovery since otation is the extraction 
technique used, is accompanied by a change in the chemical composition of gold. The gold content 
in both electrum and amalgam has decreased substantially as mining has progressed towards depth, 
and the amount of pure gold grains have increased. Mineralogical studies on the distribution and 
composition of gold grains in the Aitik deposit can assist in determining the recovery processes, 
and may help to distinguish primary porphyry copper-gold minerals from gold phases formed by 
remobilization during metamorphism and by later overprinting hydrothermal events.
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Abstract

The Gällivare area is situated along a major shear zone in Norrbotten, northern Sweden. The 
Aitik Cu-Au-Ag mine is located in this area and also several smaller mineralizations that are not in 
production today. The Cu-Au mineralizations occur in volcaniclasitic metasediments with a pelitic, 
arenitic or andesitic composition. The volcanosediments are intruded by granites and pegmatites. 
The shear zone consists of strongly schistose rocks in several parallel branches of high strain. 
The rocks in the shear zone are affected by widespread K-feldspar alteration, scapolitization, 
seriticization and tourmalinization. The Cu-Au mineralizations within the area are of disseminated 
or quartz vein network style. The area is highly prospective for Cu-Au and Au-only deposits and 
for successful exploration it is important for the exploration companies to have a good control on 
type of deposit and extent of mineralization. In addition to standard geochemical analyses, a key 
knowledge concerns the ore-forming uids and the cause of precipitation. Fluid inclusion data can 
be used to characterize the ore-forming uids. In order to test the effectiveness of the uid inclusion 
technique as an exploration tool, doubly-polished 150 m thick sections of gold-rich samples from 

ve Cu-Au deposits (Aitik, Liikavaara East, Fridhem, J rbojoki and Muorjevaara) were examined 
for their uid inclusion contents. Cu is the economically most important metal and uid inclusion 
studies show that high salinity aqueous uids are responsible for the main Cu-sulphide precipitation. 
Gold is an essential by-product and found in association with both sulphides and silicates. This 
implies that different, more or less ef cient, processes have been involved in gold mineralization. 
Fluid inclusion data reveals a positive correlation between CO2 and gold in all deposits, but the 
appearance of the CO2 may differ with uid inclusions composed of either pure CO2, CO2-CH4, 
CO2-H2O or present as calcite in aqueous inclusions. The most elevated gold grades are found in 
association with CO2 in silicates and with CO2-CH4 in gold-CuFe sulphide assemblages.  
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Introduction

The Gällivare area (Fig. 1) forms a part of the Northern Norrbotten ore district, a large ore province 
in northern Sweden. Most economically important ores in the area include Fe-oxide deposits, with 
mines at Malmberget and Kiruna, and the Aitik Cu Au mine.  The Aitik deposit is interpreted to 
be of mixed origin, with a major part of the copper ore originating from an early porphyry copper 
system, and a second, minor part, originating from an overprinting iron-oxide Cu-Au (IOCG) system 
(Wanhainen 2005). A porphyry-type mineralization hosted within a 1.9 Ga quartz monzodiorite 
is located stratigraphically below the Aitik main ore, suggesting that the ore zone represents the 
continuation of a porphyry copper mineralising system developed in the intrusion. Microthermometric 
data from ore-related quartz in Aitik (stockwork quartz among others) reveal an ore-forming uid 
of highly saline Na-Ca-Cl-rich composition. This uid composition is similar to that in many other 
occurrences of Cu-Au mineralization in Norrbotten, which are commonly rich in Ca and Na, but 
different from that in most porphyry copper deposits which usually have high K-Na contents and 
low Ca content (Wanhainen et al. 2003). Many deposits in northern Norrbotten, including Aitik, do 
have features that are common in the IOCG (iron oxide-copper-gold) style of deposits as de ned by 
Hitzman et al. (1992), such as temporal association with igneous activity, structural control, extensive 
Na-Ca-Cl alteration, dissemination or vein network style of mineralization, simple metal association 
(Cu, Fe, Au Ag Mo), and high-temperature and very-high-salinity Cu-depositing uids. Gold is 
a valuable by-product in the Cu Au deposits and generally present in association with copper-iron 
sulphides. However, in a study of the distribution pattern of Au and Cu in the Aitik Cu Au deposit 
(Wanhainen et al. 2003) it was shown that high gold grades not always correlate with copper, but 
is rather commonly found associated with quartz veins. Wanhainen et al. (2003) suggested that 
such gold-enriched zones in the deposit could result from remobilization by metamorphic uids 
of gold originally precipitated 
by primary ore-forming uids 
in disseminated gold-sulphide 
assemblages. Occurrences 
of gold-only and high Au/Cu 
deposits have been described 
from northern Finland, but are 
rarely reported (so far) from 
the Northern Norrbotten ore 
district (Billstr m et al. 2011). 
This apparent dissimilarity in 
gold-mineralization style has 
been ascribed to a W-E trending 
compositional variation of the 
ore-forming uids from northern 
Sweden to Finland (Billstr m 
et al. 2011). Knowledge about 
composition of gold-associated 

uids and uids involved in 
post-mineralizing stages is thus a 
key factor when ore deposits are 
characterized into speci c types, 
which in turn is of fundamental 
importance in ore exploration. 
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Figure 1. Geological map of the Gällivare area (Martinsson and Wan-
hainen 2000)
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The Gällivare area hosts several Cu-Au deposits, including the Aitik mine, of varying size along a 
major shear zone, the Nautanen Deformation Zone (NDZ) that runs in a NNW direction. Extensive 
alteration is common along this zone, with K-feldspar alteration, scapolitization, seriticization and 
tourmalinization. The deposits are disseminated and/or vein type style of mineralization. In the 
present study we have selected gold-rich samples from ve Cu-Au deposits for an investigation 
of the uids that have been active during their genesis; besides the Aitik deposit, the occurrences 
at Liikavaara East, Fridhem, J rbojoki and Muorjevaara are included. Of these mineralizations, 
the Aitik mine is the only one in production today. In this study an attempt is made to evaluate the 
effectiveness of the uid inclusion technique as an exploration tool. The aim is to unravel a uid, 
trapped as a speci c uid inclusion type, which is related to the gold-depositing process in each 
deposit. Visible gold is present, but typically rare in the investigated deposits and the relationship 
between gold and a certain type of uid inclusion is dif cult to obtain by direct observation. Instead, 
a statistical procedure was carried out, where the frequencies of all types of uid inclusion present in 
the samples is determined. A comparison is then made with gold grades to distinguish a relationship 
with the most frequent uid inclusion type. The uid trapped as such inclusions must also have a 
composition that is suitable for gold transport and deposition.

Regional Geology

In northern Sweden a Palaeoproterozoic succession of greenstones, porphyries and clastic 
metasediments, rest unconformally upon a deformed 2.7-2.8 Ga old Archaean basement. 
Stratigraphically lowest are the rift-related Karelian units that are dominated by the 2.5-2.0 Ga 
Kiruna Greenstones (Martinsson 1997, Bergman et al. 2001). They are overlain by Svecofennian 
units that include the ma c to felsic volcanic rocks and ruditic to pelitic clastic sediments (Bergman 
et al. 2001). These rocks were formed in relation to northward subduction at the south-western 
margin of the Archaean paleocontinent. 

The Palaeoproterozoic pile of volcanic and sedimentary rocks were deformed and metamorphosed 
during the Svecokarelian orogeny (1.9-1.8 Ga). Synorogenic 1.89-1.87 Ga intrusions range in 
composition from gabbro to granite. Minimum melt granites and pegmatites formed at c. 1.79 Ga 
(Ski ld et al. 1988). Limited data suggests at least two metamorphic and deformation events at c. 
1.88 and 1.80 Ga, respectively (Bergman et al. 2001). The youngest plutonic rocks are represented 
by c. 1.71 Ga TIB 2 granitoids in the Rombak window (Romer et al. 1992).

Local geology 

Two major units of supracrustal rock occur in the Gällivare area. Rocks of a mainly volcaniclastic 
origin occur in the eastern part, while intermediate to felsic volcanic rocks dominate towards west. 
The internal stratigraphy of the volcaniclastic rocks is poorly known and the upper and lower 
contacts are not exposed. Pelites and lithic arenites occur in the stratigraphically lower part as 
some hundred meters thick and alternating units. Cross bedding and minor intercalations of gravel 
conglomerate occur within the arenites. Andalusite porphyroblasts are common in the pelites. 
The upper part of the volcaosedimentary pile is dominated by volcaniclastic rocks of andesitic 
composition. Amygdaloidal andesite lava and volcanogenic conglomerates are minor constituents 
(Roos 1980). 

The supracrustal rocks are intruded by plutonic rocks varying from peridotite to granite. The 
youngest intrusive phase is represented by large areas of the Lina Suite granites. Related pegmatites 
are mainly found within the supracrustal rocks. The Nautanen Deformation Zone (NDZ) is the 
most prominent tectonic structure in the area running in a NNW direction. Strongly schistose or 
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mylonitic rocks occur in several parallel branches of high strain within an up to 3 km wide zone 
(Bergman et al. 2001). Minor shear zones with a similar direction occur also outside the NDZ.

Geology of Cu-Au deposits in the Gällivare area

The Gällivare area was rst recognised for its 
iron deposits in the 18th century. However, a large 
number of epigenetic Cu-Au mineralizations have 
been found in the Gällivare area during the last 100 
years of exploration (Fig. 1) and most of them occur 
spatially associated to the NDZ. 

The Aitik Cu-Au-Ag deposit is situated 20 km 
southeast of the town Gällivare (Fig. 1). The deposit 
was found 1932, but was not economical before 
1968 when mining started. The main production is 
copper, but the ore contains valuable by-products of 
gold and silver. Today the annual production is 28 
million tons of ore grading 0.27 % of copper, 0.16 
ppm of gold and 2.07 ppm of silver (Boliden annual 
report 2010). In the year 2010 mining resulted in 
67 168 tons of copper, 2.2 tons of gold and 36.5 
tons of silver. The ore has an average gold grade of 
0.22 ppm, but shows a wide range of grades up to 
9.6 ppm (Kontturi and Martinsson 2000). The ore 
zone is 3200 meters long and 200-600 meters wide, 
with a dip of 50 degrees to the west and plunge to 
northwest (Fig. 2). Inferred mineralization is found 
down to 800 meters in the northern part and 400 
meters in the southern part of the open pit. The ore 
zone can be divided into footwall, main ore zone 
and hanging wall based on tectonic boundaries 
and copper grades (Drake 1992). The northern part 
of the footwall is dominated by feldspar-biotite-
amphibole gneiss (less than 0.26% copper), with a 
small porphyritic quartz monzodiorite intrusion at 
depth. In the southern part of the footwall, a larger 
porphyritic quartz monzodiorite intrusion dominates, 
which is weakly Cu-mineralized with chalcopyrite, 
pyrite, molybdenite and magnetite present as veins 
and dissemination. Towards the footwall the main 
ore zone consists of garnet-bearing biotite gneiss 
and schist depending on the strength of schistosity. 
Towards the hanging wall, sericite becomes 
important forming sericite schist rich in disseminated 
pyrite. Ore minerals comprise chalcopyrite, pyrite, 
pyrrhotite, magnetite and small amounts of bornite 
with the sulphides occurring mainly disseminated 
and in thin veinlets. Copper and gold correlates to 
each other and the grades of these metals are largely 

Figure 2. Geology of the Aitik deposit (modi ed 
from Wanhainen 2005)
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dependent on the amount of sulphide dissemination (Wanhainen et al. 2003). However, with 
increasing amount of chalcopyrite veins gold do not always follow the enhanced copper grade. 
Instead high gold values can be correlated to pyrite, amphibole alteration, or with quartz veins. 
The hanging wall consists of hornblende gneiss intruded by later pegmatites. The hanging wall is 
separated from the ore zone by a thrust fault dipping 45º towards west. K-feldspar alteration and 
epidotization are most common close to the ore contacts, but are also present locally in the ore zone 

The Liikavaara East Cu-Au(-Ag) deposit is situated 4 km east of the Aitik deposit (Fig. 1) and 
was discovered in 1932. It contains 9.5 million tons of ore, with an average grade of 0.45 % Cu, 
0.10 ppm Au and 4.60 ppm Ag. Zweifel (1976) has described the geology of the Liikavaara East 
deposit and it is suggested to be a shear zone controlled type of mineralization. The deposit is about 
1000 meters long, 50-200 meters wide and known to a depth of 270 meters. The mineralization 
is still open at depth and to the south. The ore strikes NNW-SSE, with a dip of 80 degrees to the 
west. The host rocks are biotite schist, amphibolite, feldspar quartzites and aplite. The sulphides are 
mostly located in the biotite schist, but also in the amphibolite and about 10 % of the mineralization 
is hosted by aplite. Chalcopyrite, pyrrhotite and pyrite are the main ore constituents occurring 
disseminated and as irregular veinlets and veins of quartz-carbonate. The host rocks are affected 
by biotitization, cloritization, silici cation and epidotization. Higher grades of gold in the deposit 
are mostly related to quartz veins and pyrite- and amphibole enrichment (Wanhainen et al. 2003).

The Fridhem Au-Cu deposit is located 10 km north of the Aitik deposit (Fig. 1). It is a small gold 
copper quartz vein type deposit. It was discovered by Lars Bj rkqvist who mined the Fridhem 
deposit in the early 1900. In 1905 about 7 tons of gold ore was mined from three shallow shafts 
and trenches (Geijer 1918). The host rocks are dominated by volkanogenic sandstone and pelites 
metamorphosed to middle-upper amphibolite facies. Open folds plunging towards southeast 
characterize the deformation. The mineralization consists of sometimes visible gold associated with 
chalcocite and bornite. Grab samples from the shaft dumps analyzed by Boliden AB reached high 
grades (10 ppm Au, 1.5 % Cu). Shaft 1 and 2 are today closed and thereby not available. The third 
shaft has collapsed and lies 400 meters south of the others. There are two mineralization styles; one 
in shaft 1 and 2 with dm-thick milky medium grained quartz veins, with some bornite and chalcosite, 
traces of hematite and usually also supergene malachite and small amounts of chalcopyrite. Quartz 
from shaft 2 is richer in copper than shaft 1. The other mineralization style contains the same ore 
minerals, but is associated with sub mm quartz veins in a silici ed host rock in shaft 3.

The Jårbojoki Cu-Au deposit is located approximately 13 km southeast of the Aitik mine (Fig. 1) 
and since 1947 it has been the focus for several exploration campaigns including geophysics and 
drillings (Carlson 1982, 1984, 1989). The mineralization is situated in the southeastern part of the 
Liikavaara syncline close to a major NNW-SSO directed fault zone. It is hosted by the Muorjevaara 
Group metasediments (biotiteschist or gneiss) that are intruded by diorite and granite (Fig. 3). The 
layering of the bedrock at J rbojoki has a steep dip of 70-90 degrees southwest. The prospect is 
15-30 meters wide, with extensive alteration, quartz veins and hematitization. Most of the sulphide 
mineralization is related to narrow quartz veins. Pyrite and chalcopyrite in varying proportions 
and often together with minor amounts of magnetite are the main ore minerals. There are several 
different styles of mineralization; copper-pyrite dissemination with quartz, massive chalcopyrite 
veins, pyritic veins, scheelite dissemination, and hematitic dissemination. The quartz veins contain 
up to 10 g/tons of gold. The mineralization is folded and appears on the limbs of antiform structures. 
The mineral resources are estimated to 0.43 million tons with 0.83 % Cu and 0.61 ppm Au. 

The Muorjevaara Cu-As-Au deposit is located west of the Muorjevaara village and 22 km east of 
Gällivare (Fig. 1). This mineralization was discovered 1986 by drilling during an exploration project 
called Northeastern Norrbotten. The drilled mineralization is up to 5 m wide and 200 m long and 
is estimated to contain 0.14 million tons with 0.44 ppm Au (Gustafsson 1986). It is dominated by 
pyrrhotite, varying amounts of arsenopyrite and minor chalcopyrite and pyrite. The mineralization 
strikes N50ºW and dips 60 degrees to southwest and follows the hanging wall contact of a granitic 
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sill intruding into sillimanitic gneiss of sedimentary origin (Fig. 4). Mineralization of gold occurs at 
both contacts of the sill but higher grades are mainly related to a one meter wide quartz vein at the 
hanging wall contact. High grades of gold also occur locally within the granitic sill.
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Figure 3. Geology of the J rbojoki deposit (modi ed from Carlson 1989)
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Figure 4. Geology of the Muorjevaara deposit (modi ed from Gustafsson 1986)
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Methods

Fluid inclusions were studied at the Department of Geological Sciences, Stockholm University, 
in doubly polished 150 m thick sections of quartz-rich ore samples. A conventional, petrographic 
microscope was used to establish uid inclusion paragenesis and different uid inclusion types. 
The microthermometric analyses were made on a Linkam THM 600 heating-freezing stage (for 
details, see Shepherd et al. 1985) mounted on a Nikon microscope utilising long working distance 
lenses. The thermocouple readings were calibrated by means of SynFlinc synthetic uid inclusions 
and well-de ned natural inclusions in Alpine quartz. The precision of the measurements was 

0.1oC for temperatures in the range -180 C to +35 C and 1oC for higher temperatures. Laser 
Raman microspectrometry to con rm the identi cation of gases and solids in uid inclusions was 
performed using a multichannel Dilor X  Raman spectrometer. Exciting radiation was provided by 
the green (514.5 nm) line of an Innova 70 argon laser source. The laser beam was focused on the 
sample through a 100X objective. The instrument was wavenumber calibrated using a neon lamp 
and a silicon standard.

Sampling

The samples examined for uid inclusions in this study are collected from drill cores and outcrops 
from ve Cu-Au mineralizations in the Gällivare area; Aitik (5 samples), Liikavaara East (2 
samples), Fridhem (2 samples), J rbojoki (2 samples) and Muorjevaara (2 samples). The 13 studied 
samples represent gold-rich sulphide-bearing quartz veins with gold grades above average for each 
locality (Table 1). Sections of the sampled drill cores were previously analyzed for Cu (Atomic 
Absorption) and Au (Fire Assay) at Centrallaboratoriet, Boliden Mineral AB, and these analyses 
were used as guidance in order to nd gold-rich samples. 

From the Aitik deposit four drill cores were selected for sampling. They all consisted of garnet-
bearing biotite gneiss/schist with a varying amount of muscovite and quartz veins. The rock was 
sporadically biotite-tourmaline-epidote-K-feldspar-altered. Quartz vein samples from drill core 
sections with varying gold grades were collected (Table 1). One additional sample was taken from 
the northern bottom part of the open pit, from an outcrop with massive tourmaline bordered by 
sulphide- and zeolite-bearing quartz veins, together forming a distinctive chocolate tablet fabric 
(Fig. 5). 

Figure 5. Photograph showing location of Aitik sample A, with massive 
tourmaline bordered by sul de- and zeolite-bearing quartz veins, forming 
a chocolate tablet fabric. 
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From the Liikavaara East deposit two samples adjacent to each other from the same quartz vein 
were taken from one drill core (Table 1). One sample consists of a clear quartz type with some 
chalcopyrite; the other sample consists of a more cloudy quartz type and is richer in chalcopyrite 
with some pyrrhotite and tourmaline. In the transition from the clear to the cloudy quartz, a band of 
calcite is present.  These quartz veins, and aplitic dikes, are hosted by biotite schist/gneiss. 

 From the Fridhem deposit two samples were taken from the waste dump at shaft 2 (Table 1). The 
samples contain quartz veins with malachite and bornite, and are hosted by a ne-grained meta-
arenite.

From the Jårbojoki deposit two samples of chalcopyrite  pyrite-bearing quartz veins within biotite 
gneiss/schist were collected (Table 1). A distinctive K-feldspar alteration, sometimes occurring as a 
network, was present in one of the samples, and occurred sporadically in the drill cores.

Deposit Drill 
core 

Section (m) Sample description Au 
(ppm) 

Cu 
(%) 

Aitik Dc 88 210.08-210.18 Quartz vein with chalcopyrite and 
pyrite hosted by biotite schist. 

3.10 1.51 

Aitik Dc 646 686.25-686.30 Quartz vein with chalcopyrite and 
some pyrite and with a band of calcite 
near the contact to the host biotite 
schist 

7.60 0.38 

Aitik Dc 643 676.80-676.90 Quartz vein with pyrite and chalco-
pyrite hosted by biotite schist. Most of 
the quartz is whitish due to a large 
number of healed microfractures.   

0.49 0.35 

Aitik Dc 928 66.05- 66.08 Quartz vein with chalcopyrite and 
minor pyrite hosted by garnet-biotite 
schist. 

3.48 1.23 

Aitik Hand-
specimen 
Sample A 

Northern part 
of open pit 
Mine level 

–300m 

Quartz vein with chalcopyrite, pyrite 
and tourmaline within a thin “chocolate 
tablet” structure hosted by a fine-
grained tourmaline-rich rock. 

0.50 2.00 

Liikavaara 
East 

Dc 302a 189.20-189.35 Clear quartz in the margin of the vein 
with chalcopyrite. A thin band of 
calcite occurs in the contact to the host 
biotite-amphibolite gneiss and in the 
transition to the cloudy quartz (sample 
302b).  

1.66 3.61 

Liikavaara 
East 

Dc 302b 189.20-189.35 Cloudy quartz in the center of the vein 
with chalcopyrite, pyrrhotite and 
tourmaline hosted by biotite-amphi-
bolite gneiss. A thin band of calcite 
occurs in the transition to sample 302a. 

1.66 3.61 

Fridhem Hand-
specimen 
Sample A 

Waste shaft 2 Quartz vein with malachite and hosted 
by a fine-grained meta-arenite. 

0.86 0.06 

Fridhem Hand-
specimen 
Sample B 

Waste shaft 2 Quartz vein with bornite and a few 
grains of visible gold. The vein is 
hosted by a fine-grained meta-arenite. 

2.20 0.20 

Jårbojoki Dc 83701 41.06-41.12 Quartz vein with pyrite and chalco-
pyrite hosted by biotite schist. The 
sample has been deformed.  

3.40 1.16 

Jårbojoki Dc 83705 129.00-129.20 Thin quartz vein with coarse pyrite in 
the center and stringer-like chalco-
pyrite in the margins and in the red-
colored (by hematite) K-feldspar 
altered host rock.  

2.60 1.60 

Muorjevaara Dc 86004 104.00-104.05 Coarse-grained quartz vein with 
pyrrhotite and some chalcopyrite 
hosted by mica-rich gneiss. 

0.30 --- 

Muorjevaara Dc 86005 56.35-56.45 Coarse-grained quartz vein with 
pyrrhotite minor chalcopyrite and 
coarse arsenopyrite hosted by mica-
rich gneiss. The sample are affected by 
post-mineralization deformation 

1.40 --- 

 

Table 1. Analyzed samples
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From the Muorjevaara deposit two samples of coarse grained quartz containing chalcopyrite, 
arsenopyrite, pyrite and pyrrhotite, were collected. The quartz veins are hosted by biotite (-muscovite) 
gneiss,

Fluid inclusion results
 

Fluid inclusion types and occurrence
The studied quartz vein samples contain uid inclusions with different characteristics and based 

upon their phases present at room temperature they can be divided into ve types, I-V (Fig. 6 and 
Table 2). The estimated frequencies in percent of different uid inclusion types observed in each of 
the studied sample are illustrated in Fig. 7. 

10 m 

(c) 
vapour 

aqueous liquid 

10 m 

(d) 

vapour 

aqueous liquid 

10 m 

(a) 
halite 

vapour 

aqueous 
liquid  

10 m 

(b) 

calcite halite 

aqueous liquid 

vapour 

10 m 

(e) 

CO2 (liquid) 
 

10 m 

(f) 

CO2 (liquid) 
 

CO2 (gas) 
 

aqueous liquid 

Figure 6.  Photos showing different uid inclusion types (at room temperature).
Photo (a) and (b). Type I: aqueous inclusions with halite  calcite.
Photo (c). Type II: aqueous inclusions with constant phase ratios.
Photo (d). Type III: aqueous inclusions with variable phase ratios.
Photo (e). Type IV: CO2 uid inclusions.
Photo (f). Type V: CO2-bearing aqueous uid inclusions.
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Type I. Fluid inclusions with an aqueous liquid, a vapour (5 vol. %) and one (halite, 5-10 vol. %) 
or two (halite and calcite, vol. % vary) solid phases (Fig. 6a and b). The solid phases were identi ed 
from their optical properties, their behaviour on heating during microthermometry, and by Raman 
spectroscopy. The inclusions occur at random and are typically up to 20 m in size. Their shape is 
irregular or round, often ellipsoidal. This type was only found in chalcopyrite-rich samples from the 
Aitik deposit (Table 2 and Fig. 7).

Type II. Fluid inclusions with an aqueous liquid and a vapour ( 5 vol. %) phase (Fig. 6c). The 
inclusions occur most commonly in healed microfractures, but also in groups connected to grain 
boundaries. They have a round, ellipsoidal shape and their size is generally below 15 m, but a few 
larger exist. This type is present in four of the Aitik samples, one of the Liikavaara samples, in all 
Fridhem and Mourjevaara samples, but not in the J rbojoki samples (Table 2 and Fig. 7).

 Aitik Dc 88 
210.08-210.18 m 

 Aitik Dc 646 
686.25-686.30 m 

 Aitik Dc 643 
676.80-676.90 m 

 Aitik Dc 928 
    66.05-66.08 

     Aitik Sample A 
Northern part, level -300 m 

 Liikavaara Dc 302 
   “a” 189.20-189.35 m 

 Liikavaara Dc 302 
   “b” 189.20-189.35 m 

 Fridhem Sample A 
         Waste shaft 2 

 Fridhem Sample B 
         Waste shaft 2 

 Jårbojoki Dc 83701 
         41.06-41.12 m 

 Jårbojoki Dc 83705 
         129.00-129.20 m 

 Muorjevaara Dc 86004, 86005 
     104.00-104.05 m, 56.35-56.45 m 

Aqueous inclusions with halite ± calcite
Aqueous inclusions, constant phase ratio
Aqueous inclusions, varying phase ratio
CO2 fluid inclusions
CO2-bearing aqueous fluid inclusions

Estimated frequency (%) of different fluid inclusio types 

Figure 7. Pie-graphs showing the estimated frequency, given in percent of the total number 
of inclusions, of the different uid inclusions types present in each of the studied samples.
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Type III. Fluid inclusions with an aqueous liquid and a vapour in varying phase proportions, from 
liquid-rich inclusions to those that are completely lled with vapour (Fig. 6d). These inclusions 
occur in healed microfractures and have a round shape and a size that may reach 50 m. This type 
occurs in two Aitik samples, all Liikavaara samples, one of the Fridhem samples, all J rbojoki 
samples and the Muorjevaara samples (Table 2 and Fig. 7).

Type IV. Fluid inclusions with one (Fig. 6e) or two carbon dioxide phases (liquid and gas). These 
inclusions appear in different ways. Some may be found at random, but in general they form clusters 
or bands or are trapped in healed microfractures. Their shape is round to irregular and their size can 
be up to 25 m. This type is found in three Aitik samples, all Liikavaara and Fridhem samples, and 
one J rbojoki sample, but not in the Muorjevaara samples (Table 2 and Fig. 7).

Type V. Fluid inclusions with an aqueous liquid and one or two carbon dioxide phases (liquid 
and gas) that occupy  20 % of the total inclusion volume (Fig. 6f). The inclusions occur in 
groups or bands. Their shape is round to irregular and the size may reach 20 m. These were 
found in one Aitik sample and in the J rbojoki and the Muorjevaara samples (Table 2 and Fig. 7). 

Location Drill core Fluid inclusion types 

  Type I  Type II  Type III  Type IV  Type V  
Aitik 88 + + - - - 
Aitik 646 - + - + - 
Aitik 643 + + + - - 
Aitik 928 + - + + - 
Aitik sample A - + - + + 
Liikavaara 302 a - + + + - 
Liikavaara 302 b - - + + - 
Fridhem sample A - + + + - 
Fridhem sample B - + - + - 
Jårbojoki 83701  - - + + + 
Jårbojok 83705  - - + - + 
Muorjevaara 86004 - + + - + 
Muorjevaara 86005   + + - + 
 

Table 2. Summary of uid inclusion types in the studied samples.

Type  I = Aqueous inclusions: aqueous liquid + vapour + halite  calcite
Type  II = Aqueous inclusions: aqueous liquid + vapour (constant phase ratios)
Type III = Aqueous inclusions: aqueous liquid + vapour (varying phase ratios)
Type IV = Carbon dioxide inclusions: CO2 liquid or CO2 liquid + CO2 gas
Type V = Carbon dioxide-bearing aqueous inclusion; aqueous liquid + CO2 liquid + CO2 gas

Microthermometric results
The results are presented in gures 8 to 11 plus Table 3 and 4.
Type I: After freezing, rst melting of the ice was observed around -65 C in all type I inclusions. 

The temperature is lower than the stable eutectic temperature of the NaCl-CaCl2-H2O system 
(-52 C), but close to the metastable eutectic temperature ( -70 C) reported for the same system 
(Davis et al. 1990). However, other salts like MgCl2 and KCl may also be involved. The salinity 
is estimated from the halite dissolution (Sterner et al. 1988). Halite dissolved in the range 120  
to 314 C (Table 3 and Fig. 8) and indicates salinities between 29 and 39 eq. wt. % CaCl2-NaCl. 
The highest salinities were in general found for inclusions which contained calcite in addition to 
halite. Homogenization of the inclusion content took place to the liquid phase and in almost all 
cases the halite dissolution was also the homogenization temperature of the inclusions. The nal 
homogenization was preceded by a partial homogenization of the liquid and the vapour phases in 
the presence of halite  calcite. This occurred to liquid at temperatures from 116  to 242 C (Table 
3 and Fig. 8).
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Type II. For all the inclusions of this type a large variation, -52  to -80 C, in rst melting temperatures 
could be observed, but within each single group or trail of inclusions in a sample a more narrow 
range was found. The temperatures of rst melting are typical for aqueous compositions dominated 
by NaCl-CaCl2 MgCl2 KCl (Davis et al. 1990). Inclusions with the lowest temperatures were 
generally the most salt-rich. A large spread was also found for the nal ice melting temperatures 
with values between -8.7  and -43.0 C (Table 3 and Fig. 9). The low rst and nal ice-melting 
temperatures is likely to be an indication of CaCl2-rich inclusions and since other chlorides (at least 
NaCl) may also be present it is believed that the best estimate of the salinities is made using the 
data for the CaCl2-NaCl-H2O system (Oakes et al. 1990). Calculations show that the corresponding 
salinities are between 12.5 and 29.0 eq. wt. % CaCl2+NaCl. Homogenization temperatures were 
measured for all inclusions from 94  to 243 C (to liquid) with variations between samples (Table 
3 and Fig. 9). 

Type III. First observed melting for the inclusions with varying liquid/vapour ratio took place 
around -22°C. This is very close to the eutectic melting of the NaCl-H2O system (-21.2°C; Shepherd 
et al. 1985). Final ice melting between 0.0° to -2.0°C (Table 3 and Fig. 9) corresponds to salinities of 
0.0 to 3.4 eq. wt. % NaCl (Bodnar 1993). Somewhat deviating melting temperatures were measured 
in the Sample A from the Fridhem deposit with rst melting at -35°C, typical for NaCl-MgCl2-
H2O (Shepherd et al. 1985), and nal ice melting at -2.1° to -2.3°C (Fig type II and III) which 
corresponds to between 3.5 and 3.9 eq. wt. % NaCl (Bodnar 1993). Most inclusion are one-phase 
and lled with vapour, these can not be used for measurements of homogenization temperatures, 
but for the liquid-rich inclusions homogenization was found to occur either to the liquid phase 
between 149° and 365°C or to the vapour phase in the range 231° to 346°C (Table 3 and Fig. 9).

TABLE 3
Type IV. After freezing, melting of the solid carbon dioxide was observed between -56.6° and 

-57.1°C. Homogenization of the CO2 liquid and the CO2 gas occurred to the liquid phase from 
-16.4° to +25.9°C and to the gas phase between +25.2° and +30.7°C (Table 4). In Fig. 10 the melting 
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temperature has been plotted versus the homogenization temperatures for the studied deposits. In 
Fig. 10 it can be seen that the CO2 is pure or almost pure with up to 3 mole % CH4. Raman analysis 
con rms the presence of CH4. Gashydrates were not formed indicating the absence of a signi cant 
aqueous phase. In Fig. 10 it is also shown that there was a large spread in molar volumes (molecular 
mass / density) with values from about 43 to 70 cm3/mole for inclusions that homogenized to liquid 
and about 100 to 110 cm3/mole for those with homogenization to gas.  

Type V.  The CO2-bearing aqueous inclusions displayed melting of the CO2 at temperatures of 
around -56.6° to -57.1°C and homogenization to liquid of the CO2 phases at +8.1° to + 28.8°C 
(Table 4). During freezing CO2-hydrates were formed and melted within a broad temperature range 
from -9° to +13°C (Fig. 11) which indicates a large variation in salinities between 0.2 and 24 
eq. w. % NaCl (Table 4) using data from Bakker et al. (1996). The hydrate-melting temperatures 
above +10°C are probably due to the presence of some CH4 besides CO2. It was dif cult to obtain 
results for total homogenization, the increased internal pressure during heating caused decrepitation 
of many inclusions; a few decrepitated when the temperature exceeded 200°C but decrepitation 
was commonly noted above 260°C. However, for some inclusions it was possible to observe 
total homogenization of the aqueous and the CO2 phases and for these inclusions homogenization 
occurred in two ways; to liquid between 204° and 353°C or to gas between 254° and 408°C (Fig. 
11). 

Deposit Sample Tfm(a) 
(°C) 

Final ice 
melting 

(°C) 

Liquid-vapour 
homogenization 

(°C) 

Halite 
melting 

(°C) 

Salinity(b) 

(eq. wt. %) 

Type I                                                                                                                                 (CaCl2+NaCl): 

Aitik Dc 88 -65  165 to 197 245 to 314 34.3 to 38.9 
Aitik Dc 643 -65  116 to 137 153 to 179 31.2 to 32.8 
Aitik Dc 928 -65  121 to 242 120 to 293 28.8 to 37.6 

Type II                                                                                                                                (CaCl2+NaCl): 
Aitik Dc 88 -60 -16.7 to -20.2 121 to 140  18.8 to 20.7 
Aitik Dc 646 -78 -31.0 to -32.0 124 to 144  25.0 to 25.5 
Aitik Dc 643 -65 to   

-80 
-36.0 to -43.0 116 to 180  26.5 to 29.0 

Aitik  Sample A -58 -12.0 to -14.5 116 to 147  16.0 to 18.2 
Liikavaara Dc 302a -49 to   

-70 
-11.0 to -32.0 100 to 222  15.0 to 25.5 

Fridhem Sample A -68 -37.7 to -38.0 118 to 120  27.0 
Fridhem Sample B -70 -29.6 to -41.0 94 to 120  24.5 to 28.0 

Muorjevaara Dc 86004 -58  -9.0 to -10.4 126 to 247  12.8 to 14.4 
Muorjevaara Dc 86005 -52 to   

-55 
 -8.7 to -9.1 126 to 237  12.5 to 13.0 

Type III                                                                                                                                     (NaCl): 
Aitik Dc 643 -22 0.0 to -1.7 <100* to 257  

<100* to 265  
 0 to 2.9 

Aitik Dc 928 -22 0.0 <100* to 356   0.0 
Liikavaara Dc 302b -22 -1.0 to -2.0 <100* to 185  1.7 to 3.4 
Fridhem Sample A -35 -2.1 to -2.3 <100* to 317  3.5 to 3.9 
Jårbojoki Dc 83701 -22 -1.2 to -1.4 <100* to 254  2.1 to 2.4 
Jårbojoki Dc 83705 -22 -1.4 <100* to 358 

<100* to 346 
 2.4 

Muorjevaara Dc 86005 -22 -0.3 to -1.2 <100* to 369  0.5 to 2.1 
 

Table 3. Microthermometric data for the aqueous uid inclusion types I-III

(a) Tfm = First observed ice melting. Homogenization to the liquid phase is indicated with 
regular text, homogenization to the vapour phase is in italic. * = Homogenization indicated 
as <100°C is for single-phase inclusions in the sample. (b) = The salinity for type I and II are 
given as eq. wt. % CaCl2+NaCl and for type III as eq. wt. % NaCl.
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Figure 10. Plot of CO2 homogenization versus melting temperatures for the CO2-bearing 
uid inclusions (type IV and V) from the studied samples. The melting temperature 

of pure CO2 (-56.6°C) and the in uence of 5 mole % CH4 on the homogenization and 
melting temperatures of CO2 have been indicated by dotted lines. The numbers in italics 
denote molar volumes (cm3/mole) for inclusions with homogenization to liquid and the 
attached solid lines show the variation with different combinations of homogenization 
and melting temperatures. The curves are constructed after data in van den Kerkhof and 
Thiéry, 2001.

+ 
+ 

+ 

+ 

+ + 

+ + 
+ 

+ 
+ 
+ + + + 

+ 
+ 

+ + + 

 
 
 
400 
 
 
350 
 
 
300 
 
 
250 
 
 
200 
 
 
150 
 
 
100 

Te
m

pe
ra

tu
re

 (o C
) 

-15           -10            -5              0             +5           +10          +15 
Gashydrate melting (oC) 

Aitik sample A 

Jårbojoki 
Dc 83705 

Jårbojoki 
Dc 83701 

Muorjevaara 
  Dc 86005 

Muorjevaara 
  Dc 86004 

+ Homogenization      = to liquid,     = to gas,      = decrepitation 

Figure 11. Plot of homogenization or decripitation temperature versus 
gashydrate melting for the CO2-bearing aqueous type V uid inclusions. All 
data points measured on the same sample have been encircled by a dashed 
line and marked with the sample name.



16

Discussion

In Northern Norrbotten, Sweden, several different styles of Cu-Au mineralization occur including 
iron oxide-copper-gold (IOCG), porphyry copper and orogenic style of mineralization (Billstr m 
et al. 2011). In most deposits copper is the economically most important metal with relatively low 
contents of gold (< 1ppm). However, in a few deposits gold is the main commodity with grades 
in the range 1-10 ppm. Fluid inclusion studies have shown that typical for these Cu-Au deposits 
is the high salinity (18 to > 60 wt. % NaCl eq.) of the ore uids (Lindblom et al. 1996; Broman 
and Martinsson 2000; Wanhainen et al. 2003; 2005; Williams et al. 2003; Edfelt et al. 2007). In 
addition, CO2-rich uid inclusions with variable abundance (from rare to common) are present in 
the Cu-Au deposits. A typical characteristic for the CO2-rich uid inclusions is their variable molar 
volumes which suggest trapping at different pressures. The high salinity uid is clearly related to 
Cu mineralization and a gradual decrease in salinity can be linked to a change in Cu-mineralogy 
from a chalcopyrite- to a bornite stage. However, the role of the CO2-rich phase is still poorly 
constrained, but a possible relationship to gold has been proposed (Lindblom et al. 1996; Broman 
and Martinsson 2000). 

The Cu-Au ores in Norrbotten have formed during multiple magmatic, hydrothermal and 
metamorphic mineralization stages where early episodes have been overprinted by later events. 
Metals have been redistributed and possibly added which have resulted in a complex mineralization 
pattern. This means that several pulses of uid in ltration have affected the ores and left behind 
footprints in the form of different generations of uid inclusions (e.g. as reported for the Aitik 
deposit; Wanhainen 2005). Each pulse had its speci c uid composition and if a correlation can be 
distinguished for a certain type of uid inclusion and enhanced gold grades, a genetic relationship 
is most likely. The uid inclusion data presented in this study indicate a connection between gold 
and CO2. When looking at the frequency of different uid inclusion types in the studied deposits, 

Deposit Sample CO2 
melting 

(°C) 

CO2 
homogenization  

(°C) 

Gashydrate 
melting 

(°C) 

Total 
homogenization  

(°C) 

Salinity 
eq. wt. 
% NaCl 

Type IV 
Aitik Dc 646 -56.6 to 

-57.0 
+2.9 to +25.3 

+25.2 to +30.5 
   

Aitik Dc 928 -56.6 -6.4 to +20.2    
Aitik Sample A -56.6 -5.4 to +7.4    

Liikavaara Dc 302a -56.6 +21.2 to +23.1    
Liikavaara Dc 302b -57.0 -16.5 to +26.2    
Fridhem Sample A -56.6 +29.2 to +30.7    
Fridhem Sample B -56.6 -7.6 to +18.1    
Jårbojoki Dc 83701 -57.0 +6.6 to +25.6    

Type V 
Aitik Sample A -56.6 to 

-56.9 
+10.5 to +26.6 -5 to -9 204 

281 to 408 
21 to 24 

Fridhem Sample B   +8 308 to 347 3.5 
Jårbojoki Dc 83701 -57.0 to 

-57.1 
+8.1 to +18.9 +9 to +9.9 213 to 257 0.2 to 2 

Jårbojoki Dc 83705   +3.9 to +9.4 317 to 331 
342 to 390 

0.5 to 11 

Muorjevaara Dc 86004   +2.7 to +2.8  12.5 
Muorjevaara Dc 86005   +13 241 to 353 ~ 0.5 
 

Table 4. Microthermometric data for CO2-bearing uid inclusion types IV-V

For both the CO2 homogenization and the total homogenization, phase transitions to the 
liquid phase are indicated with regular text, whilst homogenization to the vapour phase is in italic.
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it seems to be a tendency that the gold grades are, in general, signi cantly higher when abundant 
CO2-bearing uid inclusions are present. Table 3 and 4 summarize the results from the investigated 
deposits. Each of the studied samples contain other types of uid inclusions in addition to the CO2 
inclusions (Table 2 and Fig. 6) and the estimated frequencies of all inclusion types observed in 
each of the studied samples are illustrated in the diagrams (Fig. 7).  The following additional uid 
inclusion types were observed: (1) The calcium-rich and halite-bearing aqueous inclusions (type I) 
have previously been interpreted to be synchronous with main chalcopyrite deposition (Lindblom 
et al. 1996; Broman and Martinsson 2000; Wanhainen et al. 2003; Wanhainen 2005; Williams et 
al. 2003; Edfelt et al. 2007) and characteristic for Cu mineralization in IOCG and porphyry copper 
style ores. Based on Br/Cl ratios of uid inclusion leachates, the source of these highly saline uids 
in IOCG systems in Norrbotten is either magmatic, with some in uence of a crustal signature, 
or due to halite dissolution (Williams et al. 2003; Gleeson et al. 2009). A subtype of the halite-
bearing inclusions in chalcopyrite-dominated samples contains calcite. The occurrence of calcite 
as daughter mineral in uid inclusions from several deposits demonstrates that the highly saline 

uids locally were mixed with CO2. It is not known if this CO2 component was originally a part 
of the magmatic uid or achieved after uid-rock reactions or obtained after mixing with another 

uid at a late stage of the Cu-mineralizing process. Elevated Au grades (>3 ppm) are measured in 
chalcopyrite-bearing samples containing this type of uid inclusion (Table 1 and 2) and its presence 
or absence may be the cause for the variation of Cu and Au grades within an ore body (e.g. Aitik; 
Wanhainen et al. 2003). (2) The calcium-rich saline aqueous inclusions (type II) with constant 
vapour to liquid ratios and without a halite cube proposed to be related to a second, commonly 
bornite-rich mineralization (Broman and Martinsson 2000; Wanhainen et al. 2003; Wanhainen 
2005; Edfelt et al. 2007; Billstr m et al. 2011). (3) The aqueous uid inclusions with low salinity 
and variable vapour to liquid ratios (type III) interpreted to represent uids that have taken part in 
metamorphic alteration reactions (Wanhainen 2005), but without metal deposition related to these 

uids. (4) CO2-bearing aqueous inclusions with variable salinity (type V). High molar volume of 
the CO2-phase indicates low-pressure conditions and a late-stage (metamorphic ) uid type. The 
Au content is elevated in samples containing this type of uid inclusions.  

      

Is CO2

Gold deposits may form in different ways and could, based on character and origin of uids, 
geodynamic setting, metal associations and alterations, be classi ed into several different genetic 
types (Nesbitt 1988; Robert et al. 1997). Most of these genetic types have characteristic uid 
compositions, although the source of the uids might be enigmatic and for orogenic style of gold 
deposits the uids may be of magmatic or metamorphic origin (Ridley and Diamond 2000). Fluids 
involved in the deposition of the orogenic style of gold deposits are generally reported to be low 
salinity (< 5 wt. % NaCl) aqueous uids rich in CO2 (Ridley and Diamond 2000). A few deposits lack 
the typical H2O-NaCl-CO2 composition of the gold-associated uid and have a clear predominance 
of CO2-rich uids (Ridley and Diamond 2000) with the Ashanti Belt in Ghana as a good example 
(Schmidt Mumm et al. 1997). Even though CO2 is a characteristic component of gold-depositing 

uids, the importance of CO2 in the formation of gold deposits is not well understood.

Gold transport and deposition 

It is not clear if the CO2-rich uid inclusions in gold-forming systems are trapped after phase 
separation of an originally mixed H2O-CO2 uid or alternatively represent an originally CO2-
dominated uid. Chemical bonding between Au ions and CO2 is not strong and it has been argued 
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in many studies that gold transport in CO2-rich uids requires the presence of an aqueous phase 
in addition (Phillips and Evans 2004). The aqueous phase can transport gold predominantly as 
Au(HS)2

- complexes in near neutral pH uids that are low in chloride and preferably at temperatures 
below about 450°C or as AuCl2

- complexes in chloride-rich and low pH uids at higher temperatures 
(Stefánsson and Seward 2004). CO2 has a more indirect, but important, role in gold transport mainly 
by buffering the pH around neutral (Phillips and Evans 2004). If the gold-transporting uids are 
unbuffered for pH, the acidity will be modi ed by different uid-rock interactions. These changes 
in pH would result in a decreased gold solubility and removal of small amounts of Au from the 

uids before it reaches higher concentration (Phillips and Powell 2010). If CO2 is present, it will 
have a buffering capacity (through H2CO3 = CO3

2- + 2H+) of keeping the pH relatively constant 
where gold has its maximum solubility (Phillips and Evans 2004). Gold is continuously enriched 
in the uid until the gold transporting complexes are destabilized by changes in PT-conditions, 
separation or mixing of phases, or uid-mineral reactions in the wallrocks which in turn leads to 
deposition of gold.

Source of gold and CO2

Two main sources have been proposed for the derivation of a CO2-rich uid: (a) A magmatic 
source, where the CO2 is exsolved from mantle melts or melts of subducted crust (Lowenstern 2001) 
or (b) A metamorphic source, where CO2 is generated by devolatilization processes at greenschist-
amphibolite facies conditions (Phillips and Powell 2010).

(a) Magmatic source. Gold in magmas are largely controlled by the abundance and oxidation state 
of sulphur. Chloride may also be important, but complexes with S are stronger (Sun et al. 2004). 
Sulphate is the dominating S species in ma c magmas and by redox reactions involving Fe with 
reduction of SO4

2- endorse the formation of Au(HS)2
- complexes that can escape with the uid phase 

(Sun et al. 2004). CO2 is one of the most abundant volatiles in magmatic processes and the dominant 
uid in the upper mantle (Touret 2005). Free uid transport from the mantle to the lower crust it 

not possible, but the CO2 can be transported upwards dissolved in a melt and subsequently released 
as a high-density phase in the lower crust during crystallization of the magma (Touret 2005). Other 

uids have a low solubility in such high-density CO2 uids, but in a Raman spectroscopic study 
made on super-dense CO2 uid inclusions in mantle xenoliths, the presence of very small amounts 
(< 1 mole %) of H2S and H2O vapour were detected (Frezzotti et al. 2007). Raman spectroscopy in 
the present study on the CO2 inclusions from the Gällivare area did not show any evidence of H2S 
or H2O. This may be due to that the concentration of H2S and H2O in the uid at the entrapment 
conditions is below the detection limits of the instrument or that both species were lost to the gold 
depositing system during chemical reactions with the host rocks. 

(b) Metamorphic source. Metamorphic devolatilization at greenschist to amphibolite facies 
conditions of ma c or greywacke rocks involve dehydration and decarbonation reactions (Elmer et 
al. 2006). Fluids produced from the rocks during these metamorphic conditions are usually reported 
as having a low salinity H2O-CO2-H2S composition with the highest proportion of CO2 from rocks 
altered at amphibolite facies (Elmer et al. 2006; Phillips and Powell 2010). The in general low 
Cl-content (salinity) of these uids is unfavourable for transporting base metals which are more 
effectively transported as Cl-complexes. Higher salinities can be produced by reactions involving 
evaporites. The gold extracted from the rocks by the low salinity H2O-CO2-H2S uids is principally 
transported as Au(HS)2

- complexes (Stefánsson and Seward 2004). The amount of gold in the uids 
depends on how much gold that can be liberated from the rocks during metamorphosis. Factors like 
type of rock (e.g. sedimentary and ma c rocks), high permeability, considerable time for reactions 
and extensive volumes of leached rocks are important for generating a gold-bearing uid (Phillips 
and Powell 2010). 
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Structural control

Fluids produced as a result of magmatic or metamorphic processes will leave the source and 
ascend upwards through the crust. The migration of the gold-transporting uid depends on the 
permeability of the rocks and active deformation is vital to effectively maintain open fractures. High 

uid pressure, seen in the studied samples by CO2 uid inclusions with low molar volumes (high 
densities) that occur at random or in clusters, may also be of great importance in weakening fault 
zones and thereby increasing the permeability and uid ow. At decreasing uid pressure, fractures 
are progressively sealed; this is re ected by the secondary CO2 uid inclusions with gradually 
increasing molar volumes (Fig. 10). Well-de ned subvertical faults and shear zones that focus 
upward moving uids generated at large depths are important for the formation of gold deposits 
(Goldfarb et al. 2001).  The studied gold-rich deposits in the Gällivare area are all structurally-
controlled and located along a major shear zone, the Nautanen Deformation Zone. It is therefore 
believed that the timing of CO2 in ltration and associated gold deposition is contemporaneous with 
deformation.

CO2

Although this study is focused on gold-rich mineralization in the Gällivare area and based on 
uid inclusion evidence that suggests an intimate connection between gold and CO2, it must also 

be mentioned that there is another positive correlation between chlorine and base metals. High 
Cl- contents (12.5 to 38.9 eq. wt. % CaCl2+NaCl) in aqueous uid inclusions (type I and II) were 
measured in all the samples that are rich in Cu, consistent with previous investigations (Lindblom 
et al. 1996; Broman and Martinsson 2000; Wanhainen et al. 2003; Wanhainen 2005; Williams et al. 
2003; Edfelt et al. 2007). Some gold might of course have been transported as a complex with Cl- 
in an aqueous uid and deposited together with the copper sulphides. However, gold is not always 
allied with copper at Aitik, but also occurs associated with quartz veins (Wanhainen et al. 2003). The 
CO2 inclusions without a visible aqueous phase (type IV) and that are ubiquitous in the quartz from 
all deposits except Muorjevaara, might represent an almost pure CO2 uid that is released during 
crystallization of a magma (Lowenstern 2001) or alternatively, has separated from a mixed H2O-
CO2 uid of metamorphic origin (Phillips and Powell 2010). A magmatic alternative is supported 
by the fact that there is no clear evidence for unmixing of a H2O-CO2 uid; CO2 inclusions occur 
in the quartz without associated aqueous inclusions which would be a typical feature for such a 
process. The initial high pressures of the CO2-rich uids, as indicated by the low molar volumes 
(around 43 cm3/mole) of these inclusions, imply a deep-seated source that could be either magmatic 
or metamorphic in origin. Magmatic uids exsolved at large depths tend to be more CO2 dominated 
(CO2-only uids) than those exsolved at shallower depths which with progressive fractionation 
evolve to uids with decreasing CO2/H2O ratios (Lowenstern 2001). A metamorphic alternative 
is supported by these low molar volumes of the CO2 inclusions which correspond to the same PT-
conditions ( 500°C, 4-5 kbar) as for the transition from greenschist to amphibolite facies where 
auriferous metamorphic uids are found to be most effectively generated (Phillips and Powell 
2010). It is therefore dif cult to speculate about the source of the CO2 other than that the CO2 in 
type IV inclusions is mainly derived from a deep-seated source. However, further work, including 
analyses of the elemental and isotope composition of noble gases in the CO2 inclusions, is required 
to better constrain the CO2 source. Minor CO2 ows probably occurred both before and after the 
main CO2 in ltration and uid inclusion evidence shows that mixing of in owing CO2 uids with 
aqueous phases have occurred at different stages during the evolution of the ore-forming systems in 
the Gällivare area. CO2 is a constituent of two other types of uid inclusions; the halite- and calcite-
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bearing aqueous inclusions (subtype of type I) and the CO2-bearing aqueous inclusions variable 
salinities and CH4 content (type V). Even though an explanation could be a continuous more or less 
intense CO2 ow over a signi cant time period, it is more likely that CO2 was present at different 
times and most likely derived from more than one source. CO2 represented by the calcite in some of 
the halite-bearing aqueous inclusions may have a magmatic origin as it was trapped together with 
the high-salinity aqueous uid (type I) which previously has been interpreted as having a magmatic 
source (Gleeson et al. 2009), while the CO2-bearing aqueous inclusions (type V), found in Aitik, 
J rbojoki and Muorjevaara, have compositions that suggest a metamorphic source. This type (type 
V) of inclusions shows local variations in salinity (0.2 to 24 eq. wt. % NaCl; Table 4) with relatively 
higher values measured for the Aitik samples which may be explained by an input of chlorine from 
an evaporitic source as suggested by Cl isotope data of uid inclusion leachates from the Gällivare 
area (Gleeson et al. 2009). 

An additional component recorded in many of the CO2 dominated uid inclusions is methane. 
A mantle origin is not realistic for CH4 (Fiebig et al. 2004), but methane can be generated by 
metamorphism of carbonaceous rocks and the composition seen in uid inclusions would be the 
result of a simple mixing with the CO2. However, methane was not detected in all CO2 inclusions. 
It is therefore more likely that the CH4 could be a by-product after reactions in the uid with 
reduction of CO2. This can be achieved by reactions with Fe-bearing silicates and oxide minerals 
in the wallrocks or by hydrogen derived from desulphidation reactions of the uid where the 
gold-transporting bisulphide complexes are destabilized and gold is precipitated (Naden and 
Shepherd 1989). The presence of CH4 in some groups of CO2 inclusions could thus be a key to gold 
mineralization as gold-sulphide assemblages within the Gällivare ores, while inclusions without 
detectable methane prevail in sulphide-poor gold occurrences (e.g. Fridhem in this study).

Fluid inclusion data and relation to gold grades

Aitik: The Aitik deposit is made up of multiple ore-forming stages and is strongly deformed and 
metamorphosed (Wanhainen 2005). This is also mirrored in the complexity of overprinting uid 
inclusion populations observed in samples from this ore body. Five samples were studied from 
this deposit. All samples are Cu-mineralized and associated with the Cu is aqueous inclusions 
with high to very high salinity (16.0-38.9 eq. wt. % CaCl2+NaCl). Homogenization temperatures, 
that are uncorrected for the entrapment pressure, imply Cu-deposition at temperatures of at least 
about 300°C during the very-high-salinity stage (type I) and 140°-180°C for the high-salinity stage 
(type II). The measurements are in agreement with previous work on Aitik by Wanhainen et al. 
(2003) and Wanhainen (2005). A stage of metamorphic alteration, without related sulphide and gold 
mineralization, has involved low-salinity (0-2.9 eq. wt. % NaCl) aqueous uids (type III). The large 
variation in homogenization temperatures of type II inclusions may depend on large uctuations in 
temperature with boiling and cooling. 

Two types of gold-associated CO2-bearing uids are present (type IV and V). It is interesting to 
note that in the most gold-rich sample Aitik Dc 646, 85 % of the inclusions are CO2 dominated 
(Fig 7) and an assortment with and without CH4 is present. These two factors together give the 
impression to be the ultimate characteristics for an indication of high gold grades. The samples 
Aitik Dc 928 and Dc 88 are also showing elevated gold contents (Table 1). Aitik Dc 928 has 30 % 
CO2 inclusions (Fig. 7) and in Aitik Dc 88 calcite is common constituent of the very-high-salinity 
inclusions (type 1). The sample Aitik Dc 643 has been affected by deformation and contains 50 
% aqueous inclusions related to metamorphic alteration (Fig.7). The content of Au and Cu in this 
sample might be lower than originally due to metamorphic adjustment. The results from Aitik 
Sample A are dif cult to explain; the large amount of CO2 inclusions point to higher gold values 
than shown in Table 1. However, the sample is not typical for Aitik. The absence of the early primary 
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Cu-stage and an elevated Cu content (highest of the Aitik samples) that is related to the second Cu-
stage together with homogenization temperatures and salinities of the aqueous inclusions which 
are lower than normal, are features that deviate from other Aitik samples. Nevertheless, it contains 
some gold. 

Liikavaara: The two investigated sections were sampled adjacent to each other from the same 
quartz vein. One of the vein samples with clear quartz, Liikavaara 302a, contains high-salinity (15.0 
to 25.5 eq. wt. % CaCl2+NaCl) inclusions (type II) that indicate trapping at minimum temperatures 
of around 200°C (uncorrected for pressure). Chalcopyrite is the only sulphide in this sample and 

uid inclusion data imply that Cu-mineralization at Liikavaara occurred at a stage that is comparable 
with the late Cu stage at Aitik. There were no early-stage halite-bearing inclusions present. Calcite 
marks the transition to the more cloudy quartz in the other sample, Liikavaara 302b. This part of the 
vein contains both pyrrhotite and chalcopyrite, but the only aqueous inclusions found in this part 
are the low-salinity type III inclusions related to metamorphic alteration. Some type III inclusions 
could also be seen in Liikavaara 302a. There are a large number of CO2 inclusions in both samples 
(Fig. 7). Liikavaara 302a contain inclusions that are all found in healed microfractures and which 
have a pure CO2 composition, while the CO2 inclusions in sample 302b contain some CH4. The 
latter are present both at random with low molar volumes (<50 cm3/mole; Fig. 10) and in healed 
microfractures with higher molar volumes (>60 cm3/mole; Fig. 10). Gold and copper analyses 
show the same values for both samples, but according to the evidence of the low molar volumes 
obtained from the CO2 inclusions, sample Liikavaara 302b should be richer in gold. However, the 
samples have been signi cantly altered by the metamorphic uid and this has probably affected the 
distribution of gold. 

Fridhem: The studied samples from the Fridhem deposit are relatively low in Cu and contain only 
bornite and malachite. In the Gällivare area the high-salinity aqueous inclusion type II is typically 
found in association with bornite and in the Fridhem samples, salinities of 24.5 to 28.0 eq. wt. % 
CaCl2+NaCl were measured for inclusions with a minimum trapping temperature of 120°C. Sample 
A further contains the low-salinity aqueous inclusions (type III) and bornite was probably altered 
to malachite by the aqueous uid represented by these inclusions. Both samples are lled with a 
very large number of CO2 inclusions, 80 % of all inclusions in both cases (Fig. 7). A pure CO2 
composition is suggested by the analyses; no CH4 was detected (Fig 10). This is in agreement with 
the fact that the deposit is low in sulphides and that gold is mainly found associated with silicates.

Jårbojoki: The J rbojoki deposit is severely altered by metamorphic uids revealed by the 
presence of a great number of aqueous low-salinity type III inclusions. In one of the studied 
samples, J rbojoki Dc 83705, 90 % of all inclusions are type III and the other contains 60 % type 
III inclusions (Fig 7). CO2 occurs as separate gas-inclusions (type IV) or mixed with an aqueous 
phase (type V) of comparable low salinity (mainly <2 eq. wt. % NaCl, Table 4) as the aqueous type 
III inclusions. All CO2 inclusions are CH4-bearing and have relatively high molar volumes (>50 
cm3/mole; Fig. 10). It is therefore very likely that the gold mineralization at J rbojoki occurs in 
gold-sulphide assemblages and has a metamorphic origin.

 Muorjevaara:  The two studied samples from the Muorjevaara deposit have a matching frequency 
of uid inclusion types. The deposit differs from the other studied localities in that it is rich in 
pyrrhotite and arsenopyrite, but only minor chalcopyrite. Two types of aqueous inclusions are 
found; type II with medium salinities (12.5 to 14.4 eq. wt. % CaCl2+NaCl) and type III with low 
salinity (0.5 to 2.1 eq. wt. % NaCl). Type II inclusions show minimum temperatures for trapping 
in the range 200°-250°, which is higher than the typical late stage Cu mineralizations. Type II 
inclusions from Muorjevaara have the same characteristics as similar inclusions from the other 
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studied deposits. The high temperatures measured for type II inclusions may be due to a partial 
leakage of these inclusions related to post-entrapment modi cations. A CO2 phase is mixed with 
an aqueous phase; both in inclusions (type V) with a medium salinity (comparable with type II 
inclusions) and in low-salinity inclusions (comparable with type III inclusions). The gold grade 
is much lower in sample Mourjevaara 86004 where the CO2-phase occurs in the medium-salinity 
inclusions and shows that this mixture is unfavourable for high gold grades (Table 1). On the other 
hand, CO2 in overprinting low-salinity inclusions in sample Muorjevaara 86005 contains small 
amounts of CH4 and is associated with enhanced gold grades (Table 1).

Our uid inclusion study of gold-rich mineralization in the Gällivare area in northern Sweden 
discloses a positive correlation between CO2 and gold. The area is highly prospective for Cu-
Au and Au-only deposits. Even though many deposits already have been discovered in the area, 
the potential for further ndings is still promising. When an ore system has been discovered it 
is important for the mining companies to have a good control on type of deposit and extent of 
mineralization. A key knowledge is the ore-forming process including factors like the ore-forming 

uids and the cause of precipitation. Fluid inclusion data can be used to check if the ore-forming 
uids have the characteristics of a particular type of ore-system. A certain kind of mineralization is 

deposited from a speci c type of uid; inclusions of the uid are therefore positively correlated with 
this mineralization. The intensity of the mineralizing process may also be followed by detecting 
gradual changes in uid characteristics. Application of uid inclusions is an effective technique and 
a valuable compliment to standard geochemical analyses.

Five Au-rich deposits in the Gällivare area (Aitik, Liikavaara, Fridhem, J rbojoki, Muorjevaara) 
were sampled and analyzed for their uid inclusion content. Contrasting uid compositions were 
found among inclusions related to Cu-dominated ore stages, the Au mineralized quartz veins and 
metamorphic altered areas in the ore bodies. Fluid inclusions revealed a link between CO2 and gold. 
Depending on the processes that generated the uid and deposited gold, CO2 can be present in the 
ore samples as CO2-only uid inclusions, CH4-bearing CO2 uid inclusions, mixed CO2-H2O uid 
inclusions or as a solid calcite phase in aqueous very-high-salinity uid inclusions. The rst two 
alternatives are found in samples with the most enhanced gold grades; CO2-only uid inclusions 
showed a preferable connection to silica associated gold, while CH4-bearing CO2 uid inclusions 
showed a relationship to gold-sulphide assemblages.       
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