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Abstract 

The Tjärrojäldca area is located about 50 km WSW of Kiruna, northern Sweden, and 
hosts one of the best examples of spatially related Fe-oxide Cu-Au occurrences in 
the region (the Tjärrojåkka-Fe and Tjärrojåkka-Cu). The bedrock is dominated by 
intermediate and basic extrusive and intrusive rocks. The intermediate andesites and 
basaltic andesites are cut by diabases, which acted as feeder dykes for the overlying  
basalts.  The intrusive rocks range from  gabbro  to quartz-monzodiorite in composition. 
The area is metamorphosed to epidote-amphibolite facies and has been affected by 
scapolite,  K-feldspar, epidote and albite alteration that is more intense in the vicinity of 
deformation zones and mineralisations. 
Based on geochemistry the andesites and basaltic andesites are similar to the 
Svecofennian Porphyrite Group intermediate volcanic rocks, but have also features 
common with the intermediate volcaniclastic unit in the underlying Kiruna Greenstone 
Group. Chemically the  basalts  and diabases have the same signature but cannot directly 
be correlated with any known basaltic unit. Whether the volcanic sequence represents 
the Porphyrite Group or is part of the greenstones could not be unequivocally determined 
without geochronological data. 
Three events of deformation have been distinguished in the Tjärrojåkka area; the first one 
involving NW-SE compression creating NE-SW-striking steep foliation corresponding 
with the strike of the Tjärrojåkka-Fe and Cu bodies, followed by the creation of an  E-
W deformation zone. Finally a second compressional event resulted in folding and the 
formation of a NNW-SSE striking structure possible related to thrusting from SW. 
The Tjärrojåkka occurrences are hosted by strongly sheared intermediate volcanic rocks 
and diabases. The Tjärrojåkka-Fe consists of a massive magnetite core known to a depth 
of 400 m surrounded by a apatite-magnetite  breccia.  The calculated tonnage for the 
apatite-iron ore is 52.6 Mt @51.5 % Fe with locally up to 3 % Cu. The Tjärrojåkka Cu-
occurrence is located about 750 m to NW from the Tjärrojåkka-Fe and is concentrated 
in a 30 m wide and 700 m long zone, striking NE and dipping steeply around 85° 
towards  N.  The Cu mineralisation is estimated to contain 3.23 Mt @ 0.87 % Cu. The 
Tjärrojåkka-Fe is a typical apatite-iron ore of Kiruna-type and the Tjärrojåkka-Cu 
shows the same characteristics as most other epigenetic Cu-deposits in  Norrbotten.  
The host rock has been affected by strong  Na  and  K  alteration related to the emplacement 
of the mineralisations. This study shows that Zr has been mobile in the  Na-altered 
footwall and in the mineralised zone of the copper mineralisation, while Ti behaved in 
a conservative manner. LREE were mobile in the  K  altered hangingwall while HREE 
seem to have been mobile also in the footwall. The greatest degree of REE mobility took 
place in the mineralised zone. 
The Tjärrojåkka iron and copper mineralisations show comparable alteration minerals 
and paragenesis, which might be a product of common host rock and similarities in 
ore fluid composition. The mineral chemistry of the alteration minerals indicates more  
Cl  and  Ba-rich fluids related to the alterations in the apatite-iron occurrence than in 
the copper mineralisation, where the minerals are enriched in F and S03. The mineral 
chemistry and mineralogy suggests that more oxidising S03-rich conditions were 
present at the emplacement of the Cu-occurrence. The possibility of one evolving 
system creating both occurrences exists, with the Cu-mineralisation representing 
slightly later and lower temperature products. However, without geochronological data 
and more detailed fluid inclusion and isotopic studies, it cannot be excluded that they 
formed during two unrelated mineralising events. 
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Introduction 

The study of the Tjärrojåkka Fe-oxide Cu-Au (IOCG) occurrences is part of the  
GEORANGE  research project P7 on Fe-oxide Cu-Au deposits in  Norrbotten,  
Sweden, with the aim to develop genetic and exploration models for these types 
of deposits and to increase the metallogenic understanding of the province. 
The work in this licentiate thesis covers the first part of my PhD project, which 
is dealing with the geological evolution and mineralisation processes in the 
Tj ärrojåkka area. 
The northern  Norrbotten  area is an important mining district hosting some of the 
world's largest apatite-iron ores (Kiruna and  Malmberget)  and the economically 
significant Aitik Cu-Au deposit. Hitzman et al. (1992) described the region as 
one of the IOCG-districts, and at the moment several exploration companies are 
using this concept as an exploration model in the area. The deposits belonging to 
this group show a great variation in the geological settings, alteration systematics 
and mineralising fluid compositions. Although the IOCG-classification, more 
than 10 years after the paper by Hitzman et al. (1992), is widely accepted, 
several fundamental questions with respect to how they form and the genetic 
link between the Fe-oxide-dominated and Cu-dominated deposits are still 
unanswered. 
The aim of this licentiate thesis is to describe the geology and tectonic evolution 
in the Tjärrojåkka area, as well as the mineralisations, alteration related to them 
and their mineral chemistry. This information will be used in the continuation 
of my PhD project to study the genetic link between the Tjärrojåkka iron and 
copper occurrences, their relationship to regional magmatic and tectonic events, 
and for geological targeting of Cu-Au deposits. 
The first manuscript deals with the geology, stratigraphy and tectonic evolution 
of the Tjärrojåkka area and is written in close co-operation with our colleagues 
at the Division of Applied Geophysics. The Tjärrojåkka area is located about 50 
km WSW of Kiruna close to the Caledonian front at 600-1000 metres above sea 
level. Fieldwork was carried out during the summers 2001-2003 and outcrops 
were sampled for whole-rock geochemical and petrological analyses. The 
different rock types and alterations were classified and the data were compared 
to geophysical-petrophysical information to establish a geological map of the 
area and to describe the different tectonic events. 
The second manuscript is written together with  R.  Armstrong and M. Smith as 
part of my 6 months stay at the Marie Curie ACCORD training site at the Natural 
History Museum in London. The purpose of the paper is to in detail describe 
the alteration paragenesis and mineral chemistry of the Tjärrojåkka apatite-iron 
and copper occurrences in order to clarify genetic relationships both within and 
between different deposit types belonging to the broad group of IOCG deposits. 



Four profiles (one in the iron ore and three in the copper mineralisation) 
were logged and sampled for whole-rock, petrological and mineral chemistry 
analyses. The analytical work  (SEM  and microprobe) was carried out during the 
spring and autumn 2003. The mineral chemistry of different alteration minerals 
is systematically described and compared to whole-rock geochemistry and 
petrographical information, and compared to other similar deposits in Sweden 
and elsewhere in the world. 
However, more work, such as fluid inclusion and isotopic studies, is needed to 
establish if there is a genetic link between the two occurrences at Tjürojåkka and 
their relation to regional magmatic and tectonic processes. Fluid inclusions will 
give information about the fluids involved in the formation of different alteration 
assemblages, which can be compared to other systems. Some preliminary fluid 
inclusion work has already been carried out by Curt  Broman  at Stockholm 
University and will be presented in an abstract at the Nordic Geological Winter 
Meeting in Uppsala, January 2004. Complementary work will be completed 
during the spring 2004. Sulphur isotope studies on different generations of 
sulphides will give information on the character of the mineralising fluids and 
are needed to further constrain the origin of them. A more regional study on the 
mineral chemistry of apatite and scapolite will also be carried out. The apatites 
have already been analysed for major and rare earth elements (REE) and the data 
will be compiled during 2004. 
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Abstract 

The Tiarrojåkka area is located about 50 km WSW of Kiruna, northern Sweden, and 
hosts one of the best examples of spatially related Fe-oxide Cu-Au occurrences (the 
Tjärrojåkka-Fe and Tjärrojåkka-Cu). The bedrock, depositional environment and 
tectonic evolution of the area has been studied through petrological, geochemical and 
geophysical-petrophysical investigations. 
The bedrock is dominated by intermediate and basic extrusive and intrusive rocks. 
The intermediate andesites and basaltic andesites are cut by diabases which acted as 
feeder dykes for the overlying  basalts.  The intrusive rocks range from  gabbro  to quartz-
monzodiorite in composition. The area is metamorphosed to epidote-amphibolite facies 
and has been affected by scapolite,  K-feldspar, epidote and albite alteration that is more 
intense in the vicinity of deformation zones and mineralisations. 
Based on geochemistry the andesites and basaltic andesites are similar to the 
Svecofennian Porphyrite Group intermediate volcanic rocks, but have also features 
common with the intermediate volcaniclastic unit in the underlying Kiruna Greenstone 
Group. Chemically the  basalts  and diabases have the same signature but cannot directly 
be correlated with any known basaltic unit. Some of the samples have characteristics 
comparable to the  basalts  of the Kiruna Greenstone Group. Whether the volcanic 
sequence represents the Porphyrite Group or is part of the greenstones could not be 
unequivocally determined without geochronological data. 
Three events of deformation have been distinguished in the Tjårroj åkka area; the first one 
involving NW-SE compression creating NE-SW-striking steep foliation corresponding 
with the strike of the Tiarrojåkka-Fe and Cu bodies, followed by the creation of an  E-
W deformation zone. Finally a second compressional event resulted in folding and the 
formation of a NNW-SSE striking structure possible related to thrusting from SW. 

Keywords: Proterozoic, Sweden, IOCG, whole-rock geochemistry, U-Pb dating, 
geophysics, petrophysics, tectonics, stratigraphy. 
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Archean  rocks>  ca.  2.68  Ga  

Karelian  rocks  ca.  2.4-1.98  Ga  

	 Svecofennian volcanic  and  
	 sedimentary  rocks 1.9-1.88  Ga  

M  Intrusive  rocks 1.9-1.8  Ga  

Apatite - iron ores 

Cu-Au deposits 

Introduction 

Northern  Norrbotten,  Sweden, is an important mining district of Europe and 
has been described as one of the world's Fe-oxide Cu-Au (10CG)-districts 
(Hitzman et al. 1992). It hosts several Fe-oxide and Cu-Au deposits of which the 
economically most important are the Kiruna and  Malmberget  apatite-iron ores 

and the Aitik Cu-Au deposit (Fig. 1). 

Figure I. Simplified geological map of northern  Norrbotten  showing the location of the 

Kiruna,  Malmberget  and Aitik mines, and the Tjärrojåkka study area (after Bergman et al. 
2001). Insert map: Map of the Baltic Shield with the location of the northern  Norrbotten  area. 

KNDZ—Kiruna-Naimakka deformation zone, KADZ—Karesuando-Arjeplog deformation zone, 
NDZ=Nautanen deformation zone, PSZ= Pajala shear zone. 
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The Tjärrojäkka area is located 50 km WSW of Kiruna close to the Caledonian 
front and hosts one of the best examples in  Norrbotten  of spatially related apatite-
iron ores and Cu (-Au) occurrences (Fig. 1). Extensive exploration work has been 
carried out since 1963 when the Tjärrojäkka apatite-iron ore was discovered, but 
no geological map or scientific research has been published. The Tjärrojäkka 
apatite-iron ore was drilled by the Geological Survey of Sweden during 1967-
1970 and a description of the geology and mineralisation is presented in  Ros  
&  Rönnbäck  (1971) and Quezada &  Ros  (1975). The Tjärrojäkka Cu (-Au)-
mineralisation and its mineralogy is briefly described in Grip & Frietsch (1973),  
Ros  (1979) and  Ekström  (1978). More recently short descriptions of Tjärrojäkka 
have been published in Bergman et al. (2001) and  Edfelt  &  Martinsson  (2003). 
The purpose of this paper is to characterise the rocks, depositional environment 
and tectonic evolution of the Tjärrojäkka area through petrological, geochemical 
and geophysical-petrophysical investigations. The different lithologies, styles 
of alteration and metamorphism will be described and classified through 
geochemistry and petrology. The geophysical-petrophysical studies are used for 
the interpretation of structures and the tectonic evolution in the area, as well as 
physical evidences of geological units and structures not visible in outcrop. Since 
the area hosts one of the best examples of spatially related apatite-magnetite and 
Cu (-Au)-mineralisations in  Norrbotten,  this paper is a key to the understanding 
of the mineralisation processes and the geological setting in which IOCG 
deposits in the region formed. 
All Precambrian rocks in the area are metamorphosed to epidote-amphibolite 
facies (later in this paper) and therefore the prefix meta- will not be used in this 
paper. 

Regional setting 

The Precambrian bedrock in the northern  Norrbotten  region include a ca. 2.8  
Ga  Archean granitoid-gneiss basement, which is unconformably overlain by 
greenstone, porphyry and sedimentary successions of Paleoproterozoic age (Fig. 
1). Stratigraphically lowest are rift-related 2.5-2.0  Ga  Karelian units, which in 
the Kiruna area are represented by the Kovo Group and the following Kiruna 
Greenstone Group  (Martinsson  1997). 
The Karelian units are overlain by andesitic volcanic rocks and related elastic 
sediments that were formed in a continental arc setting and are defined as the 
Porphyrite Group. The following Kiirunavaara Group is mainly restricted to the 
western part of northern  Norrbotten.  The volcanic rocks are generally phyric 
and show a bimodal character with a mainly basaltic lower part and a dacitic to 
ryholitic upper part. An intraplate origin is indicated by the chemical composition 
of these volcanic units and related intrusions. Later uplift and erosion of the 
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area resulted in the formation of the arenitic sediments constituting the Hauki 
quartzite. 
The ca. 10 km thick pile of Paleoproterozoic volcanic and sedimentary rocks was 
deformed and metamorphosed during the Svecokarelian orogeny (1.9-1.8  Ga),  
contemporaneous with intrusion of the 1.89-1.87  Ga  Haparanda  and Perthite 
monzonite suites. These plutonic rocks have a calcalkaline to alkali-calcic 
character and are comagmatic with the Porphyrite Group and the Kiirunavaara 
Group, respectively. The  Lina  suite comprises ca. 1.79  Ga  granites and 
pegmatites (Skiöld et al. 1988) that are temporally related to Trans-Scandinavian 
Igneous Belt (TIB) 1 intrusions of intermediate to felsic composition in the 
Kiruna-Narvik area (Romer et al. 1992). A second event of metamorphism and 
deformation is at least locally developed at this time (Bergman et al. 2001). The 
youngest plutonic rocks are represented by ca. 1.71  Ga  TIB 2 granitoids at the 
Swedish-Norwegian border (Romer et al. 1992). 
The northern  Norrbotten  province is characterised by regionally developed 
scapolitisation and albitisation and mineral deposits dominated by Fe and Cu, 
with Au as an economically important constituent in some sulphide deposits. 
Stratiform to stratabound mineralisations with Fe and base metals occur in 
volcaniclastic units in the middle and upper parts of the Kiruna Greenstone Group 
and include base metal sulphide deposits (Cu or Zn-Pb) and iron formations. 
Apatite iron ores are mainly restricted to the Kiruna and  Gällivare  areas and 
are spatially related to the Kiirunavaara Group volcanic rocks. Epigenetic Cu-
Au mineralisations are mainly found in the Paleoproterozoic greenstones and 
porphyries. Two major events of mineralisation are distinguished at ca. 1.88 and 
1.77  Ga  and include disseminated and vein styles of mineralisation (Billström &  
Martinsson  2000). 

Local geology of the Tjärrojåkka area 

The study area covers 8  x  8 km between 7512000-7520000  N  and 1639000-
1647000  E  in the national grid  RT  90 (Fig. 2) located in the map sheet 291 
Kebnekaise SE. The area is remote and located at an elevation between 650 to 
1000 metres above sea level. The topography shows great variation and some 
areas are difficult to access due to steep hillsides covered with debris from frost 
wedging of outcrops, bush vegetation and marsh. Outcrops are mostly sparse. 
Volcanic rocks of basic to intermediate composition dominate the bedrock. 
The intermediate volcanic rocks, which are andesitic to basaltic-andesitic in 
composition, are found in the central part surrounded by  basalts  (Fig. 2). They 
are cut by diabases that show chilled contacts to the andesites. Volcaniclastic 
rocks are of restricted occurrence and are found as a layered sequence in 
the southwestern part. Intrusive rocks of gabbroic to quartz-monzodioritic 
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composition have 
pegmatite cuts the 
generally not well 
are few and hardly 
in outcrop. 

intruded both the andesites and  basalts.  In the central part a 
earlier formed andesites and diabases. Primary structures are 
preserved in the volcanic rocks, clear stratigraphic indicators 
any contacts between the different lithologies can be observed  
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Diorite  
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Figure 2. Geology of the Tjärrojåkka area. 
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The mineralogy of the rocks is presented in Table 1 and further described 

below. 

Table 1. Mineralogy of rocks in the Tjärrojåkka area. 

Minerals presents 

Rock type  Amph Bio  Plag  K-spar Scap Tourm Qtz Chi  Fe-ox Ap  Tit  Epid  Py  Zr 

Andesite + 	A + A 	A A A 
Basaltic-andesite + 	A + A 	A A A 
Basalt + 	A + A 	A  A 
Diabase  + 	A + A A 
Quartz-monzodiorite + + +/A 	 + 
Diorite + +  A 
Gabbro  + + 
Pegmatite + + + 	 + 	+ 

Amph = amphibole,  Bio  = biotite, Tourm = tourmaline,  Plag  = plagioclase,  K-spar  =  K-feldspar, 
Scap = scapolite, Chl = chlorite, Qtz = quartz, Fe-ox = iron oxide,  Ap  = apatite, Tit = titanite, 
Epid = epidote, Zr = zircone, + = Primary essential magmatic or metamorphic mineral, 
- = Accessory magmatic or metamorphic mineral, A = Alteration mineral 

Supracrustal rocks 

The andesites are light grey to grey or reddish in colour and often porphyritic 
in texture with 5-20 % phenocrysts (Fig. 3A). The 3-6 mm large euhedral to 
subhedral phenocrysts, originally comprised of plagioclase, have in most cases 
been altered by sericite or scapolite. Microcline, like scapolite, is mostly secondary 
after plagioclase. A second generation of amphibole forming porphyroblasts is 
commonly observed within the andesites. Titanite occurs as subhedral grains in 
the matrix or occasionally as secondary rims around magnetite. Epidote is found 
as a late mineral in fracture fillings and/or as porphyroblasts. In a few outcrops 
a more phenocryst-rich intermediate rock have been observed. It is generally 
red-grey in colour with 15-50 % feldspar phenocrysts and may represent a 
volcaniclastic sequence due to the great amount of phenocrysts. The basaltic 
andesites occur as local intercalations and can be difficult to distinguish from the 
andesites by eye. They are generally grey in colour and aphyric. 
The sequence of volcaniclastic rocks in the southwestern part of the map 
area consists of alternating fine-grained and coarser-grained elastic units. The 
fine-grained layers (0.5-2 cm wide) are mafic in composition, in many cases 
scapolite altered, and alternate with bands of more felsic material. The coarse 
grained elastic rocks consist of 0.5-5 cm large slightly rounded fragments of 
varied composition, or of 0.2-3 cm elongated angular clasts of intermediate 
composition (Fig. 3B). 
The  basalts  are fine-grained, dark-grey to green-black in colour and show 
pillow lava structures in the SW with a younging direction towards SE (Fig. 
3C). Plagioclase is often sericite-altered in the centre of the grain. Scapolite is 
secondary after plagioclase and occurs as porphyroblasts (1-5 mm in size) and 
in veinlets. Amphibole is seen in two generations; one as fine-grained euhedral 
crystals in the matrix and a second occurring as porphyroblasts with inclusions of 
quartz, apatite and Fe-oxide (Fig. 3D). Chlorite is secondary after amphibole. 
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Figure 3. Typical rocks of the Tjärrojåkka area. A. Porphyritic andesite.  B.  Volcaniclastic 
rock.  C.  Basalt showing pillow-lava structures.  D.  Amphibole porphyroblast with inclusions 
of quartz, apatite and Fe-oxide (backscattered electron  (B  SE) image).  E.  Scapolite alteration 
in diabase. F. Titanite along crystallographically preferred planes in magnetite (backscattered 
electron (BSE) image). 

Intrusive rocks 

Diabases are abundant in the Tjärrojåkka area and they cut andesites and the 
volcaniclastic sequence with which they show chilled contacts. They are fine- to 
medium-grained and dark grey to black in colour. Usually they are equigranular, 
but ophitic and porphyritic textures have also been observed. Scapolite occurs 
as porphyroblast (1-4 mm in size) and in thin veinlets (Fig. 3E). In the case of 
porphyritic texture the phenocrysts are 5  x  2 mm in size comprising of sericite-
or scapolite-altered plagioclase. Amphibole occurs as euhedral grains in the 
matrix or as later formed porphyroblasts. Titanite is often secondary occurring 
as rims around magnetite. 
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In the southern part some ultra-mafic dykes and/or sills occur within the  basalts.  
They consist almost exclusively of chlorite with some minor amphibole, 
scapolite, magnetite and epidote. 
The intrusion in the central part of the area is a light grey, medium-grained 
quartz-monzodiorite. The plagioclase grains are strongly sericite-altered in the 
centre and the amphibole has been partly chloritised. Titanite occurs as anhedral 
grains in the matrix. The textural evidence suggests that the titanite has a 
magmatic origin and that its age can constrain the emplacement of the intrusion. 
However, the intrusion itself has been altered and metamorphosed which could 
also have affected the titanites. To the  E  of the quartz-monzodiorite an intrusion 
of dioritic character has been observed in a few outcrops. Here titanite also 
occurs associated with magnetite and has developed along crystallographically 
preferred planes in the magnetite structure (Fig. 3F). A gabbroic intrusion in the 
NE is coarser grained than the other two intrusions described. The pegmatite in 
the central part is up to 5 m wide and shows sharp contacts to the surrounding 
rock. 

Mineralisations 

Several magnetite-apatite and Cu-mineralisations occur in the Tjärrojåkka area. 
The largest ones are the Tjärrojälka-Fe and the Tjärrojakka-Cu. The Tjärrojåkka-
Fe consists of a massive magnetite-apatite body surrounded by  breccia  and 
veins of magnetite and is calculated to contain 52.6 Mt of iron ore at 51.5 % Fe 
(Quezada &  Ros  1975). Chalcopyrite and pyrite occur as disseminations mainly 
in the surrounding  breccia,  otherwise sulphides are rare. The Tjürojåkka-
Cu mineralisation is located about 750 m NW of the Tjårrojåkka-Fe and is 
characterised by veins and disseminations of chalcopyrite and bornite. The 
calculated tonnage is 3.23 Mt @ 0.9 % Cu  (Ros  1979). Other mineralisations 
occurring in the area are Hannoive (Cu), Palsen (Cu), Tjärrojåkka-S (Cu) and 
Täunatjåkka (Cu and Fe). The mineralisations in the area are hosted both in 
andesites and  basalts  and the Tjårrojåkka-Fe and Cu occurrences seem to 
be related to NE-SW trending structures (Sandrin & Elming 2003). Intense 
alteration of the host rock is commonly associated with the mineralisations. 
Based on preliminary U-Pb titanite data, the Tjårrojåkka-Cu belongs to the 
younger group (ca. 1.78  Ga)  of epigenetic Cu-Au mineralisations in  Norrbotten  
(Billström &  Martinsson  2000). 

Metamorphism and alteration 

According to Bergman et al. (2001) the Tjärrojåkka area has undergone a 
medium-grade metamorphism and  Ros  (1979) determined the metamorphic 
grade to epidote-amphibolite facies. The mineral assemblage of the basic rocks 
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(basalt and diabase) consisting of hornblende + plagioclase ± epidote ± quartz 
is typical for the transition between greenschist and amphibolite facies at higher 
pressure identified as the epidote-amphibolite facies (Spear 1993). In some basic 
rocks a retrograde alteration of amphibole to chlorite is observed and in the 
southernmost part of the area garnets have been observed indicating an increase 
in the metamorphic grade towards S. 
The bedrock has been affected by several stages of regional and local alteration 
related to metamorphic and mineralisation processes. The most widespread 
alteration occurs within and adjacent to major structures and mineralisations, 
and comprise scapolite,  K-feldspar (microcline), epidote and albite. 
Scapolitisation is a widespread alteration in most supracrustal and intrusive 
rocks in  Norrbotten,  except in the Archean units, and has been suggested to 
relate to former evaporitic beds in the Kiruna Greenstone Group (Frietsch et 
al. 1997;  Martinsson  1997). It has affected the basic rocks in the Tjärrojåkka 
area to a greater extent than the intermediate, and occurs as porphyroblasts, 
veinlets or sometimes as massive scapolite rocks. It replaces plagioclase and 
occurs often together with biotite. Scapolitisation is also seen in association 
with the Tjärrojåkka Fe and Cu-occurrences as a local alteration related to the 
mineralisation.  
K-feldspar alteration is more common in the intermediate rocks than in the basic. 
In the intermediate rocks the alteration is either pervasive replacing plagioclase 
in the matrix showing foam textures or as veins formed along fissures. In the 
basic rocks it occurs locally in veins. Close to faults and mineralisations the  K-
feldspar alteration is often very intense resulting in a totally red coloured rock 
named "red Oscar" by previous workers during field mapping. The colour is 
often enhanced by staining of fine-grained hematite. Regionally the  K-feldspar 
alteration postdates the scapolite alteration. Epidotisation frequently occurs 
together with  K-feldspar alteration as fissure fillings or patches. 
Albitisation is not as widely distributed as scapolite and  K-feldspar but has 
been observed related to the Tjärrojåkka-Fe and in the structural footwall of 
the Tjärrojåkka-Cu. Carbonate is a common constituent in the albite-altered 
rock. Silicification and sericitisation are less widespread alteration styles but 
have locally been noticed in the area. The former in relation to the Palsen Cu-
mineralisation and the latter close to some shear zones and the Tjärrojåkka-S 
Cu-mineralisation. 

Structures 

Several faults and shear zones cut the Tjärrojåkka area, which is located at a 
splay off of a larger regional NW-SE trending structure (Fig. 1). At least three 
stages of deformation, of which two included compression, have been recognised 
in outcrop. The apparently oldest one is expressed by NE-SW foliation 
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corresponding with the strike of the Tjärrojäkka-Fe and Cu-mineralisations. 
It was followed by the development of an  E-W trending deformation zone 
defined from analysis of aeromagnetic data. The third deformation stage was 
characterised by ENE-WSW compression and can be seen in folding in the 
central part of the area and an NNW-SSE trending structure characterised by 
gently dipping foliation towards SW. The observed fold is an open upright fold 
plunging 500  towards SSE. This multistage history of deformation is illustrated 
by the complex variation in the stike and dip of the layering found in the 
volcaniclastic rocks in the SW part of the area. 
The earlier formed faults were probably reactivated at a later stage and created 
the ENE-WSW-striking post-glacial Pärve-fault  (Lundqvist  &  Lagerbäck  
1976). 

Sampling and methodology 

65 rock samples representing different lithologies and alteration types were 
collected from outcrops in the Tjärrojäkka area for petrological characterisation 
and whole-rock analyses. Petrographical and mineralogical work was carried 
out using a Nikon ECLIPSE E600  POL  microscope at the  Luleå  University 
of Technology and a Joel 5900LV  SEM  at the Natural History Museum in 
London.  SEM  observations were made using a back-scattered detector  (B  SE), 
an acceleratory voltage of 20 kV and a beam current of 1 nA measured specimen 
current in pure cobalt metal. 
The samples were analysed for major, trace and rare-earth elements (REE) 
by Activation Laboratories, Canada. The major elements were analysed using 
inductively coupled plasma method (ICP-OES), while trace and rare earth 
elements were analysed by inductively coupled plasma mass spectrometry (ICP-
MS) and instrumental neutron activation analysis (INAA). 
A quartz-monzodioritic intrusion (sample 291231E013, see Fig. 2) was sampled 
for age determination. Titanite was separated from a hand specimen and 
handpicked under a binocular microscope. Two titanite fractions were treated in 
the clean laboratory, and initially washed in acetone in an ultra-sonic bath, then 
with diluted HNO3  on a hot plate, and finally rinsed in double distilled water. 
Isotope dilution analysis was performed as follows. The sample was spiked with 
a  233- 

U
236T T /205 

/ Pb solution and a mixture of  HF  and HNO3  was added. Following 
this, it was dissolved in a Teflon bomb at ca. 200  °C  for 5 days. After evaporation 
and dissolution in HBr an initial ion exchange step was carried out from which 
a purified Pb aliquot resulted. The uranium fraction went through a second ion 
exchange procedure in HC1 where eventually remaining Fe was removed. Finally, 
the resulting Pb fraction was loaded on a single filament, while the uranium was 
loaded using a double-filament arrangement, and the appropriate isotopic ratios 
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were measured on a Finnigan MAT 261 spectrometer. The chemical procedures 
and mass spectrometry was carried out at the Laboratory for isotope geology 
at the Swedish Museum of Natural History in Stockholm. A software package 
from Ludwig (1991a, 1991b) was used to calculate and plot relevant ages and 
associated errors. 
Petrophysical, gravity and aeromagnetic databases from the Geological Survey 
of Sweden  (SGU)  and samples collected from outcrops by the authors were used 
for the petrophysical and geophysical study. More than 150 rock samples from 
21 outcrops were collected and densities were determined by standard methods 
at the petrophysical laboratory at the  Luleå  University of Technology. The  SGU  
petrophysical database includes density and the magnetic properties of 255 
samples from 180 sites in the Tjårrojåkka area. The  SGU  datasets  and results 
from laboratory measurements were used for interpretation of gravity data and 
the software GMM (Geovista AB) was used for 2.5D modelling of the data. The 
original airborne magnetic data  (SGU  database) was collected with a distance 
between the flight lines of 200 m, station spacing ca. 40 m, altitude ca. 30 m and 
flight direction  N-S.  The cell size in the contour map is 50 m  x  50 m and kriging 
with low smoothing has been used for interpolation. 

Geochemistry 

Major, trace and rare earth elements (REE) 

Major, trace and rare earth element (REE) data for representative rock samples 
from the different lithologies in the Tjårrojåkka area is shown in Tables 2A and  
B.  The bedrock is strongly affected by scapolite and  K-feldspar alteration and 
is metamorphosed to epidote-amphibolite facies; hence the geochemical data 
might not record only primary magmatic features of the extrusive and intrusive 
rocks. 
The andesites range in Si02  content from 55-62 % with high combined alkalis 
(Na20 + K,0 = 6.5-11 %), high Zr (191-370  ppm)  and low TiO, (0.5-0.7 %). 
The widespread potassic alteration within the andesites is expressed by elevated 
values of K,0 (4-11 %) and  Ba  (800-3400  ppm).  The basaltic andesites are 
generally lower in Si02  and Zr than the andesites, but higher in TiO, and CaO. 
The  basalts  and diabases are relatively high in TiO2  with a Si02  content varying 
from 44.7 to 47.7 % and combined alkalis (Na20 + K20) from 2.5 to 8 %. Some  
basalts  are more similar in geochemistry to the  basalts  of the Kiruna Greenstone 
Group with lower P205, Zr, La, and Th values than the other  basalts  (Freitsch & 
Perdahl 1994;  Martinsson  1997). 
A considerable amount of samples plot outside the igneous spectrum in the 
diagram after Hughes (1973) mainly as a result of the widespread potassic 
alteration. Only a few samples show a more  Na-dominated character (Fig. 4A). 
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Table 2. Whole-rock geochemical data for representative samples from the Tjärrojåkka 
area. A. Major and trace element geochemical data. All elements are analysed with ICP.  
B.  Trace element geochemical data. All elements are analysed with ICP-MS except the 
ones marked with * that are analysed with INAA. 
Description andesite basaltic 

andesite 
basalt basalt diabase quartz 

monzodiorite  
diorite  gabbro  

Sample no. 
Location  N  

E  

29IAE082 29IAE130A 29IAE161 29IAE263 29IAE237 29IAE013 29IAE166 29IAE230 
7515364 	7517930 	7517219 	7513033 	7514474 	7515103 	7518066 	7514630  
1642068 	1641501 	1643174 	1641937 	1640386 	1644124 	1644361 	1644402 

Weight % 

Si02 60.02 51.63 49.02 47.70 45.98 61.99 51.36 52.70 
A1203 16.02 15.52 15.05 14.46 15.55 16.59 14.41 14.33 
Fe203  7.29 15.59 12.34 14.04 13.00 5.77 11.21 11.71 
MnO 0.170 0.063 0.136 0.302 0.328 0.052 0.117 0.101 
MgO 3.16 2.08 6.48 7.82 6.86 2.40 5.98 6.52 
Ca0 2.78 4.89 8.14 10.97 8.58 3.94 7.92 5.61 
Na20 3.58 3.93 3.61 2.38 2.67 4.89 4.41 4.79 
K20 5.58 4.37 1.68 0.45 2.74 2.76 1.08 1.26 
TiO2 0.640 0.792 1.682 1.099 1.596 0.468 1.792 0.873 

P205 0.25 0.30 0.59 0.07 0.47 0.23 0.33 0.12 
LOI 0.62 0.63 1.16 0.77 1.86 1.08 1.33 2.04 

Total 

ppm  

100.12 99.80 99.87 100.06 99.64 100.17 99.93 100.05  

Ba  1187 2659 605 307 568 1389 267 296  
Sr  216 351 389 166 234 780 378 181 
Y 16 15 24 23 28 10 21 21  
Sc  15 22 31 44 31 12 46 33  
Zr  277 112 84 56 72 116 94 98  
Be  2 1 1  ND ND  1 1 1 
V 102 220 241 313 256 89 270 240 

For the identification of element mobility the approach of Cann (1970) was used. 
For the basic rocks  (basalts  and diabases) Zr and TiO, show a strong positive 
correlation with some exceptions (Fig. 4B). K20 and TiO2, on the other hand, 
show no correlation indicating mobility of  K.  Hence Ti and Zr can be considered 
as immobile within the basic rocks. For the intermediate rocks (andesites and 
basaltic andesites) the situation is different. As stated before intensive potassic 
alteration has affected the intermediate rocks in the area meaning that  K  has been 
mobilised. However, Zr and 1(20 show a positive correlation suggesting that Zr 
has been mobile together with  K  (Fig. 4C), which also could explain the elevated 
values of Zr in some of the andesites. Even if Zr is considered to be immobile 
up to upper amphibolite facies (Pearce 1996) studies show that "immobile" 
elements can be mobile in the presence of CO2-rich fluids during metamorphism 
(e.g. Hynes 1980; Janardhan et al. 1982) and in F-rich  hydrothermal  systems 
(Rubin et al. 1993). The mobility of Zr might be a reason to suspect that other 
"immobile" elements also have been mobile at Tjärrojåkka. 
The rare earth patterns normalised after Boyton (1984) exhibit characteristic 
patterns for each magma type (Fig. 4D). The intermediate rocks show LREE-
enrichment and no or a positive  Eu-anomaly, while the basic rocks that also 
are LREE-enriched and show a negative  Eu-anomaly. Positive  Eu-anomalies in 
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Table 2. cont. 
Description andesite basaltic 

andesite 
basalt basalt diabase 	quartz 	diorite  

monzodiorite 
gabbro  

Sample no. 29IAE082 29IAE130A 29IAE161 29IAE263 29IAE237 29IAE013 29IAE166 29IAE230 

1111m 
Ag  ND ND ND ND ND ND ND ND  
As* 5.2  ND  2.6 2 3.6 0.8 3.8 N 
Au*  (ppb) ND ND ND  200 57  ND  4 6  
Ba  1 100 2 830 616 307 642 1 320 272 332 
Bi  ND ND ND ND  1.1  ND ND  N  
Br*  ND  9.5  ND ND ND ND  4.8 N  
Co*  24 25 43 43 49 16 30 42  
Cr*  50 23 160 32 113 12 88 127  
Cs  1.5  ND  1.7  ND  2.8  ND  0.1  ND  
Cu  ND  158 82 101 932  ND  17 179  
Ga  18 20 19 17 20 18 18 16  
Ge  1 1 2 2 2 1 2 2 
Hf 6.3 2.6 2.1 1.8 2.1 2.7 2.6 2.6 
In  ND ND ND ND ND ND ND ND 
Mo* ND ND ND ND  8  ND ND ND 
Nb  9 4 4 4 3 4 6 6 
Ni  ND ND  76 99 70  ND  59 58  
Pb ND ND  5  ND  6 5  ND  6  
Rb  157 61 67 9 133 35 37 43  
Sb*  0.2  ND ND ND  0.5  ND  0.3  ND  
Sn  ND  1 13 1 1  ND  1  ND  
Sr  191 381 417 166 252 726 407 192  
Ta  0.7 0.1 0.2 0.2 0.1 0.2 0.3 0.5 
Tb 0.5 0.5 0.8 0.6 0.8 0.4 0.7 0.6  
Th  7.7 1.3 1.4 0.3 0.3 2.3 1.1 4.2 
T1 0.5  ND  0.3  ND  0.4 0.2  ND  0.1 
U 2.2 1.8 0.4 0.3 1.4 0.4 1.2 0.8 
V 93 224 230 311 236 79 266 218 
W  ND ND  3 2  ND ND ND ND  
Y 15 16 24 23 28 10 23 22  
Zn ND ND  321 107 56  ND  47 54  
Zr  258 100 72 57 72 123 88 89 

La 36.8 25.6 20.4 3.7 12.2 37.0 29.1 10.3  
Ce  77.6 49.6 44.3 9.6 28.1 65.1 46.7 23.2 
Pr 8.18 5.97 5.97 1.39 4.12 7.16 4.97 3.17  
Nd  32.3 24.3 26.1 7.4 19.2 27.9 19.4 13.4  
Sm  5.3 4.3 5.3 2.4 4.4 4.3 4.0 3.0  
Eu  1.17 1.24 1.64 0.95 1.61 1.19 1.40 0.86  
Gd  3.5 3.4 5.2 3.2 4.6 2.6 4.0 3.0 
Dy 2.7 2.7 4.4 3.8 4.8 2.0 4.0 3.5 
Ho 0.5 0.6 0.9 0.8 1.0 0.4 0.9 0.8 
Er 1.6 1.6 2.5 2.5 2.9 1.1 2.5 2.2  
Tm  0.23 0.24 0.35 0.38 0.41 0.15 0.37 0.33  
Yb  1.5 1.6 2.2 2.4 2.5 1.0 2.4 2.1  
Lu  0.21 0.26 0.33 0.36 0.37 0.14 0.39 0.32  

andesitic rocks from the  Luleå  and Kiruna areas has also been noted by Perdahl 
& Frietsch (1993) and could be a result of epidotisation (Kähkönen et al. 1981;  
Nyström  1984). The basalt exhibiting geochemical characteristics more similar 
to those of greenstones elsewhere in  Norrbotten,  shows a non-fractionated REE 
pattern. 
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Figure 4. Major, trace and rare earth element (REE) plots of the rocks in the Tjärrojåkka area. 
A. Diabases,  basalts,  basaltic andesites and andesites plotted on the igneous spectrum diagram 
after Hughes (1973). Samples outside the igneous spectrum lines are considered metasomatic.  
B. Identification of mobile elements in  basalts  and diabases after Cann (1970). Zr and TiO2  
show a strong positive correlation in the basic rocks.  C.  K20-Zr-diagram of the intermediate 
rocks showing a positive correlation indicating mobility of Zr with  K. D.  REE patterns of 
representative rock samples. Chondrite normalisation after Boynton (1984). 0 = andesite, A = 
basaltic andesite,  EJ  = basalt , + = diabase. 

In the discrimination diagram after Winchester & Floyd (1977) the basic rocks 
classify as  basalts  and the intermediate ones fall into two distinct groups (Fig. 5). 
Even if the mobility of Zr in the intermediate rocks has been proved, it appears 
that the classification diagram to some extent can be used for these rocks. This 
could be due to the fact that even if Zr has been mobile, there has not been a 
great enrichment or depletion of the element. An addition of for example 100  
ppm  would only make a small change within the diagram as a result of the 
logarithmic scale. 
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Figure 5. Classification diagram after Winchester & Floyd (1977) revised by Pearce (1996) 
showing the major rock types occurring in the Tjärrojåkka area. 

In the Ti-Zr plot after Pearce (1982) (Fig. 6A) the andesites and the basaltic 
andesites plot mostly in the arc field in the same area as the Porphyrite Group. 
Some Zr-rich samples plotting in the within-plate field, and overlapping with 
the Kiirunavaara Group volcanic rocks, might be an expression of secondary Zr-
enrichment. The  basalts  and diabases plot in the mid-ocean ridge basalt (MORB) 
field. The quartz-monzodiorite plot in the arc field similar to that of  Haparanda  
suite intrusion, while the  gabbro  and diorite plot close to the within-plate field in 
the same area as the Perthite monzonite suite (Fig. 6B). 

Figure 6. A. Ti-Zr diagram for Svecofennian volcanic rocks in northern Sweden 
distinguishing the Porphyrite and Kiirunavaara Group. Discrimination fields after Pearce 
(1982). Discrimination line between basic-evolved after Powar & Patwardhan (1984). TAB 
= island arc  basalts,  MORB = mid-ocean ridge  basalts,  WPB = within-plate  basalts.  Data for 
Porphyrite and Kiirunavaara Group volcanic rocks from  Martinsson  (unpubl. data).  B.  Nb-Y 
discrimination plot for the  Haparanda  and Perthite monzonite intrusive suites. Discrimination 
fields after Pearce et al. (1984). WPG = within-plate granitoids, VAG+syn-COLG = volcanic 
arc granitoids +  syn-collision granitoids, ORG = ocean ridge granitoids. 
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U/Pb dating of a quartz-monzodiorite intrusion 

The analytical results from the U-Pb work are summarised in Table 3 and 
presented in Fig. 7. Data from the two analyses do not overlap within analytical 
error, a feature which may indicate sample heterogeneities, or analytical 
problems. However, e.g. common Pb contents and 208Pb/20613b ratios are similar 
for the two fractions suggesting that the data are equally valid, and possibly the 
two samples were formed at two discrete times. Therefore, the corrections for 
common Pb in the samples were made at 1850 Ma (sample ÅE013-I) and 1870 
Ma (sample ÅE013-II) using the Stacey &  Kramers  (1975) two-stage model. 
The common lead corrected Pb/U ratios change only marginally based on this 
deviation in ages, and the data points plot at slightly discordant positions and 
their respective 02 of 7p, ,206 Pb ages are 1845±11 and 1865±5 Ma. With regard to the 
discordant behaviour the samples are likely to have lost part of their radiogenic 
Pb during some event post-dating the initial crystallisation. Judging from other 
U-Pb isotope dating studies in the Fennoscandian shield (cf.  Larsson  &  Tullborg  
1998) such an event could be approximated by a 300±100 Ma age. Thus, by 
forcing separate regressions through a fixed lower intercept at 300+100 Ma 
for each analytical data point in the concordia diagram, a better estimate of 
the true crystallisation age may be obtained. Such a procedure results in ages 
of 1855±11 and 1869±6 Ma, respectively. Given that the two deviating ages 
were obtained for two titanite fractions, which are optically undistinguishable, a 
precise crystallisation age cannot be determined. It is not unlikely that titanites 
formed at different times during a magmatic cooling stage, which would be 
consistent with the observed similarity in common Pb contents and proportions 
of the various radiogenic isotopes (Table 3) as well as the difference in Pb and 
U contents between the two fractions. If this is correct, the analysis yielding the 
older age (sample ÅE013-II) is trustworthier if one is trying to estimate the time 
of the magmatic crystallisation. This analysis also is the least discordant and has 
the best precision, and an emplacement age close to 1.87  Ga  is indicated for the 
intrusion. 

Table 3. U-Pb titanite (29ÅE013) data from the quartz-monzodioritic intrusion at Tjårrojokka. 
Fraction Weight U 	Pb tot 206pb/204pba 206pb _ 207pb_ 208pb 206pb/238ub 207pbj235ub 207pb/206pbb 207pb/206pbb 

(mg)  ( ppm) (ppm)  measured 	radiog.  Pb, at% 

	

0.0968 46.3 	38.3 	335 	36.9- 4.1 -60.0 	0.3253 	5.0592 	0.1128 	1845 
II 	0.171 	81.3 	65.3 	382 	36.5- 4.2 -59.3 	0.3285 	5.1654 	0.1140 	1865 
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Figure 7. U-Pb concordia diagram for titanite (fraction I and II) from the quartz-monzodioritie 

at Tjårrojokka. Data-point error ellipses are 2cr. 

Geophysics and petrophysics 

Density, magnetic susceptibility (MS), gravity and aeromagnetic data were used 
for the interpretation of geological units, structures and tectonic implications. 
The plot of magnetic susceptibility (MS) vs. density (Fig. 8) shows that the 
character of the rocks in the Tjärrojåkka area follows the two trends defined 
by Henkel (1991). One trend is characterised by high MS at various densities 
and represents susceptibilities due to relatively high content of ferromagnetic 
minerals, while the second trend, with lower susceptibilities, represents 
paramagnetic minerals such as biotite and amphibole. Most of the samples fall in 
the "ferromagnetic-trend", suggesting that high susceptibility magnetic minerals 
(magnetite/Ti-magnetite and minor (Ti)-maghemite - Sandrin, A., unpublished 
data) are widely present in the area. 
From analysis of density data four major groups of rocks have been identified 
(Fig. 9A): 

1. granitic rocks: 	 2600-2700 kg/m3  
2. andesites: 	 2700-2800 kg/m3  
3. basalts: 
	

2800-3000 kg/m3  
4. diabases and gabbroic rocks: 	2900-3200 kg/m3  
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Figure 8. Magnetic susceptibility (MS) vs. density plot of rock samples from the Tjårrojåkka 
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Figure 9. A. Histogram of density values for rocks in the Tjåsrojåkka area (all units in  SI,  y-
axis of the histogram gives the proportion normalised to the unity - 255 samples).  B.  Contour 
map of the density values obtained through kriging interpolation of the data. The density values 
are expressed by black rhombi (density units in kg/m' — 255 samples from 180 sites). Data for 
both A and  B  from the Geological Survey of Sweden. 
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The density values for 180 sites  (SGU  petrophysical database) are shown in Fig. 
9B as a contour map of density that has been plotted using a kriging interpolation 
method. No petrophysical data are available for the southeastern corner of the 
Tjärrojåkka area. An area of low density, 3 km wide and elongated in southwest-
northeast direction, characterises the central part. Some sites with extremely 
low density (less than 2700 kg/m3) occur in the NE, while the rest show higher 
density values (>2800 kg/m3). According to the relations between density and 
rock type, the central area and its extension towards SW (density values between 
2700 and 2800 kg/m3) have been interpreted as rocks of andesitic composition. 
High-density rocks, representing  basalts  and minor mafic intrusions, surround 
this area. Single outcrops with high density (-2900 kg/m3) within the area of 
andesites are mafic dykes (diabases). The low-density area (2600-2700 kg/m3) 
in the northeastern part of the map is probably related to the presence of a 
granitic intrusion. Such an interpretation is supported by gravity data (Fig. 10A) 
expressing a contrast in density properties, which coincide with the suggested 
extension of a granitic body. The extent of this intrusion has been investigated 
by a 2.5D gravity modelling (Fig. 10B). Density values and dip angles used in 
the model have been obtained from geological field observations, petrophysical 
analyses and  SGU  databases. The gravity model is characterised by a granitic 
intrusion (density: 2630 kg/m3), in the northeast, in contact with high-density 
(2950 kg/m3) basic rocks. A thin layer (max. thickness ca. 1000 m) of relative 
low-density andesitic rocks (2750 kg/m3) explains the decrease in the gravity 
field towards south along the profile. 

19 



1642000 1644000 	 1646000 

2950 kg/m3  

1640000 

B 
(gu) 

--150 

- -200 

- -250 

0 	1000 	2000 	3000 	4000 

8000 (m) 

1000-

2000-

3000-

4000-

5000 

6000 

-2900 	0 
 i  2000 

2630 kg/m3  

Fe 

Cu 

CU >fe 
Cu 

Cu  
e  

Fe 

Gr  nitic  Intrusion  

Andesites  
-500 

-550 

-600 

I -660 

-700 

Figure 10. A. Bouguer anomaly map and Cu-Fe occurrences. White line: profile selected 
for 2.5D gravity modelling. Hatched white line marks the limit of a granitic intrusion; 
black-hatched lines denote the boundaries of andesitic rocks. Black crosses mark gravity 
measurement stations. Data from the Geological Survey of Sweden.  B.  2.5D gravity modelling 
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Aeromagnetic data from the Geological Survey of Sweden have been used as a 
complementary tool for tectonic interpretations. A magnetic lineament striking 
NW-SE (uppermost arrow; Fig. 11) has been interpreted as an area of alteration 
of magnetite corresponding with a decrease in magnetisation. It has been noted 
by Airo (2002) that magnetite can be destroyed under  hydrothermal  conditions, 
and that the content of magnetite decreases in shear and fracture zones owing 
to introduction of oxidising fluids. According to this a second deformation zone 
striking  E-W (down-left arrow) has been interpreted from aeromagnetic data. 
Other magnetic lineaments are defined by strongly magnetised rocks (white 
hatched lines) striking approximately WSW-ENE, with a gentle change to an 
almost pure  E-W strike in the centre of the investigated area. 

C‘2' 

Figure 11. Aeromagnetic map of Tjärrojåkka. Magnetic anomaly expressed in nTesla with 
a reference field of 51800 nTesla. The arrows show magnetic lineaments interpreted as 
deformation zones; the white hatched lines mark high magnetic bodies. 
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Discussion and conclusions 

The volcanic rocks in the Tjärrojåkka area can be divided into two major 
groups; the first one comprising intermediate rocks of andesitic to basaltic 
andesitic compositions and the second one with basaltic composition. Based on 
petrography and geochemistry the andesites and basaltic andesites are similar 
to the calcalkaline Porpyrite Group with some samples showing characteristics 
more like the Kiirunavaara Group volcanic rocks (i.e. higher in Zr). Chemically 
they also have features common with the volcaniclastic unit of the Viscaria 
formation in the Kiruna Greenstones Group  (Martinsson  1997), except for higher 
Zr and La values. The  basalts  and the diabases cutting the andesites show the 
same chemical signature and can hence be interpreted as being formed from the 
same magma with the latter representing feeder dykes for the basaltic volcanism. 
However, they do not correlate well with the chemical signature of  basalts  from 
known Svecofennian volcanic units in northern  Norrbotten  (i.e. the Porphyrite 
Group and the Kiirunavaara Group). The main difference is their low content 
of Th, Zr and LREE combined with a higher content of Cr, which indicates a 
more primitive and MORB-type character of the magma and reflecting only 
minor interaction with continental crust. In this respect some of the  basalts  in the 
Tjärrojåkka area are similar to the pillow  lavas  and volcaniclastic units from the 
upper part of the Kiruna Greenstone Group  (Martinsson  1997). 
Compared to existing plutonic suites in northern  Norrbotten  the quartz-
monzodiorite at Tjärrojåkka is chemically classified as a  Haparanda  suite 
intrusion and the  gabbro  and diorite as belonging to the Perthite-monzonite suite. 
The poorly constrained 1.87  Ga  old titanite age for the quartz-monzodioritic 
intrusion is consistent with an affinity to both  Haparanda  intrusions (ca. 1.89-
1.86  Ga)  (Bergman et al. 2001) and the Porphyrite Group (1.89-1.86  Ga).  
Additional geochronological work is planned on the volcanic rocks in order to 
constrain their emplacement ages. 
Based on the geochemistry of the volcanic rocks and the difficulties to 
unequivocally relate the  basalts  to other known extrusive units in northern  
Norrbotten,  two models for the stratigraphy and the geological evolution of the 
Tjärrojåkka area can be proposed: 

1 If the intermediate volcanic rocks do belong to the Porphyrite Group 
they would have formed in association with volcaniclastic rocks and 
quartz-monzodioritic intrusions during subduction related magmatism in 
a volcanic arc environment on the Archean continental margin above the 
Kiruna Greenstone Group. The overlying MORB-type basalt with related 
feeder dykes cutting the andesites may represent a local extensional event 
in a back arc setting with extrusion of mantel derived magma showing 
only minor contamination of continental crust. Associated with this event 
some basic intrusions were also formed in the Tjärrojåkka area. Gravity 
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modelling indicates a unit of high-density (2950kg/m3) mafic rock below 
a ca. 1 km thick layer of intermediate volcanic rocks. This mafic rock 
could represent the underlying Kiruna Greenstone Group. 

2. If the  basalts  are part of the Kiruna Greenstone Group, the andesites 
could not be Svecofennian in age as they are overlain by the  basalts  
and are cut by their feeder dykes. Intermediate rocks occur in the 
volcaniclastic Viscaria Formation, which is situated below the MORB-
type pillow-lavas  found in the upper part of the Kiruna Greenstone Group  
(Martinsson  1997). These andesitic to dacitic units occur as up to 100 m 
thick intercalation of tuff and tuffite. The much thicker unit of andesites 
found at Tjårrojåkka might then represent a volcanic centre and a source 
to regionally extensive units of thinner volcaniclastic beds found within 
the middle part of the Kiruna Greenstone Group. The gravimetrically 
indicated mafic unit below the andesites could then represent the lower 
part of the greenstone pile, while the intermediate rocks found SE of 
the basaltic pillow  lavas  at Tjårrojåkka would be part of the overlying 
Porphyrite Group. 

Based on geological and petrophysical information from outcrops and geophysical 
interpretations it is suggested that the Tjårrojåkka area was deformed during at 
least three different events. Two of them involved compression and can also be 
correlated to the regional tectonics in the  Norrbotten  area (Bergman et al. 2001). 
The first compressional event created NE-SW-striking steep foliation, with the 
same strike as the Tjårrojåkka Cu and Fe occurrences, followed by the formation 
of an  E-W trending deformation zone defined from analysis of aeromagnetic 
data. During the second compressional event folds were formed and a NNW-
SSE striking structure developed close to the contact of a large granitic intrusion 
in the northeast, which is indicated by a high gradient of the Bouguer anomaly. 
This structure is defined by a strong foliation dipping gently towards SW and 
might have formed by thrusting from the SW as a local expression of crustal 
shortening close the large body of more rigid granitic rock. 
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Abstract 

The northern  Norrbotten  area, northern Sweden, is an important mining district and 
hosts several deposits of Fe-oxide Cu-Au-type. The Tjärrojäkka Fe-oxide Cu-Au 
occurrences, which are one of the best examples of spatially related apatite-iron and 
copper mineralisations in the region, are hosted by strongly sheared intermediate 
volcanic rocks and diabases. The Tjärrojäkka-Fe is a typical apatite-iron ore of Kiruna-
type and the Tjärrojåklca-Cu shows the same characteristics as other epigenetic deposits 
in  Norrbotten  (e.g. Nautanen, Pikkujärvi, Kiskamavaara). 
The host rock has been affected by strong  Na  and  K  alteration related to the emplacement 
of the mineralisations. This study shows that Zr has been mobile in the  Na-altered 
footwall and in the mineralised zone of the copper mineralisation, while Ti behaved in 
a conservative manner. LREE were mobile in the  K  altered hangingwall while HREE 
seem to have been mobile also in the footwall. The greatest degree of REE mobility took 
place in the mineralised zone. 
The Tjärrojäkka iron and copper mineralisations show comparable alteration minerals 
and paragenesis, which might be a product of the common host rock and similarities 
in ore fluid composition. The mineral chemistry of the alteration minerals indicates 
more  Cl  and  Ba-rich fluids related to the alterations in the apatite-iron occurrence 
than in the copper mineralisation where the minerals are enriched in F and S03. The 
mineral chemistry and mineralogy suggests that more oxidising S03-rich conditions 
were present at the emplacement of the Cu-occurrence. The possibility of one evolving 
system creating both occurrences exists, with the Cu-mineralisation representing 
slightly later and lower temperature products. However, without geochronological data 
and more detailed fluid inclusion and isotopic studies, it cannot be excluded that they 
formed by two unrelated mineralising events. 

Keywords: Proterozoic, Sweden, magnetite, copper,  hydrothermal  alteration, mineral 
chemistry 
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Introduction 

The northern  Norrbotten  area, northern Sweden (Fig. 1), hosts several economic 
and subeconomic Fe-oxide and Cu (-Au) deposits and has been described as an 
Fe-oxide Cu-Au (IOCG) district (Hitzman et al., 1992). The most economically 
significant deposits of the district are the Kiruna and  Malmberget  apatite-iron 
and the Aitik Cu-Au ore. The Tjärrojäkka area is located about 50 km WSW 
of Kiruna and hosts one of the best examples in  Norrbotten  of spatially related 
apatite-iron and Cu-mineralisations (Fig. 1). Following an extensive drilling 
program, a large number of drill cores are available from the area but no 
scientific research has been published to date. The occurrences are briefly 
described in  Ros  &  Rönnbäck  (1971), Grip & Frietsch (1973), Quezada &  Ros  
(1975),  Ekström  (1978) and  Ros  (1979). More recently short descriptions of 
Tjärrojäkka area have been published in Bergman et al. (2001) and  Edfelt  &  
Martinsson  (2003). 
Previous work shows a great variation in the geological settings, alteration 
systematics and mineralising fluid compositions among deposits classified as 
IOCG-type (e.g. Hitzman et al., 1992; Porter, 2000; Sillitoe, 2003). Detailed 
descriptions of specific parageneses and mineral associations are important 
in order to understand the genetic relationships between different deposit 
types within this broad classification. This paper will describe the alteration 
characteristics of the Tjärrojäkka apatite-iron and Cu (-Au) occurrences in terms 
of whole-rock geochemistry, mineral chemistry and paragenesis. These data will 
be used to examine the relationship between these types of mineralisation and 
compare them to other deposits and occurrences from the region. 

Regional geological setting and metallogeny 

The Precambrian bedrock in the northern  Norrbotten  region includes a ca. 
2.8  Ga  Archean granitoid-gneiss basement, which is unconformably overlain 
by a volcanic sequence of Paleoproterozoic age. Stratigraphically lowest are 
rift related 2.5-2.0  Ga  Karelian units followed by ca. 1.9  Ga  Svecofennian 
successions including several units of volcanic and epiclastic rocks. In the central 
Kiruna area the Svecofennian successions comprise the Porphyrite Group, the 
Kurravaara Conglomerate, the Kiirunavaara Group and the Hauki Quartzite. 
Most of these Paleoproterozoic units extend outside the Kiruna area, thus they 
are regionally developed in northern  Norrbotten.  The calcalkaline and andesite 
dominated Porphyrite Group is suggested to be subduction related, while the 
Kiirunavaara Group have a bimodal character and a geochemical signature 
resembling within plate volcanic rocks  (Martinsson  and Perdahl, 1994). 

2 



7//  

.ar sua 	 N 

6'7 illi  

pejal
i 
 

ö. 

I  

Archean  rocks  >  ca.  2.68  Ga  

	 Karelian rocks ca. 2.4-1.98  Ga  
	 Svecofennian volcanic and 
	 sedimentary rocks 1.9-1.88  Ga  
M Intrusive rocks 1.9-1.8  Ga  

Caledonian  orogen  

Shear zone  

d  Apatite - iron ores 

9 Cu-Au deposits 

Figure 1. Simplified geological map of northern  Norrbotten  showing the location of the major 
occurrences and mines, and the Tjärrojåkka study area (after Bergman et al., 2001). Insert 
map: Map of the Baltic Shield with the location of the northern  Norrbotten  area. KNDZ = 
Kiruna-Naimakka deformation zone, KADZ =  Karesuando-Arjeplog  deformation zone, NDZ = 
Nautanen deformation zone, PSZ = Pajala shear zone. 

The ca. 10 km thick pile of Paleoproterozoic volcanic and sedimentary rocks was 
deformed and metamorphosed during the Svecofennian orogeny (1.9-1.8  Ga),  
contemporaneous with intrusion of the 1.89-1.87  Ga  Haparanda  and Perthite 
monzonite suites. These plutonic rocks have a calcalkaline to alkali-calcic 
character and are comagmatic with the Svecofennian volcanic rocks (Witschard, 
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1984). The  Lina  Suite comprises ca. 1.79  Ga  granites and pegmatites (Skiöld 
et al., 1988), which are temporally related to Trans-Scandinavian Igneous Belt 
(TIB) 1 intrusions in the Kiruna-Narvik area (Romer et al., 1992, 1994). A 
second event of metamorphism and deformation was at least locally developed 
at this time (Bergman et al., 2001). 

Northern  Norrbotten  is an important mining province dominated by Fe- and 
Cu- deposits, with Au as a minor constituent in some of the Cu-occurrences. 
The main occurrences and their characteristics are summarised in Table 1. 
Economically, the most important for the region are the iron ores with an annual 
production of ca. 31 Mt of ore from the Kiirunavaara and  Malmberget  deposits, 
and a total production of about 1600 Mt from 10 mines during the last 100 
years. Besides magnetite and hematite most of the iron ores contain significant 
amounts of apatite. This class of deposits has been named "apatite iron ores" or 
iron ores of "Kiruna type" with the Kiirunavaara deposit being the largest and 
best-known example. It contains more than 2000 Mt of high-grade ore and was 
first described by  Geijer  (1910). Totally about 40 apatite iron occurrences are 
known from northern  Norrbotten.  Individual deposits have an average content of 
Fe and  P  varying between 30-65% and 0.05-5%, respectively. They are almost 
exclusively hosted by volcanic rocks belonging to the Kiirunavaara Group or the 
Porphyrite Group  (Martinsson,  2003). 
Copper has been produced intermittently during the 17th and 18th centuries 
and recently in larger scale in the Kiruna area. Sweden's largest sulphide mine, 
Aitik, is situated in the  Gällivare  area. With an annual production of 18 Mt of 
ore it is one of the major Cu and Au producers in Western Europe. Although only 
a few economic sulphide deposits have been found in the northern  Norrbotten  
ore province, a large number of epigenetic Cu-Au occurrences exist in the area. 
They exhibit great variation in mineralisation style, host rock composition and 
ore related alterations. 
Most Cu-deposits are hosted by tuffitic units of the Karelian greenstones and 
mafic to intermediate volcanic rocks within the Svecofennian porphyries (i.e. 
the Porphyrite Group and the Kiirunavaara Group). Some of them display a 
close genetic and/or spatial relation to intrusive rocks varying in composition 
from monzodiorite to granite and are represented by  plutons  belonging to 
the  Haparanda  and Perthite monzonite suites. Magnetite is a common minor 
component in many of the occurrences and locally they occur adjacent to major 
magnetite deposits. Besides structural traps also chemical traps may be important 
with  redox  reactions involving graphite schist to trigger sulphide precipitation. 
In addition to Cu several occurrences also contain Co and/or Au in economic to 
subeconomic amounts  (Martinsson,  2000; Bergman et al., 2001). 
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Table 1. Summary of characteristics of Fe-oxide and Cu-Au deposits in the northern  Norrbotten.  

Deposit 
	

Grade and size 
	

Ore minerals and 
	

Host rocks — wall rocks 
	

Alteration minerals 
	

References 
gangue minerals 

Kiirunavaara 

Rektorn 

Malmberget 

Mertainen 

Aitik 

Pahtohavare 

Gruvberget 

Nautanen 

Pikkujärvi 

Kiskamavaara  

>2000 Mt with >60% Fe, 
ca. 1%  P  
20 Mt @ 33% Fe, 
3.5%  P  
660 Mt with 51-61% Fe, 
<0.8%  P  
166 Mt @ 35% Fe 

606 Mt @ 0.38% Cu 
0.21g/ton Au 
1.68 Mt@ 1.89 %Cu 
0.88  ppm  Au 
0.2 Mt with 0.5-1% Cu 
(production) 
0.07 Mt with 1-1.5% Cu 
(production) 
5 Mt @ 0.61% Cu 

3.4 Mt @ 0.37% Cu, 
0,09% Co  

Mag, (Hem),  Ap, Amph  

Hem, Mag,  Ap, Qtz, Carb  

Mag, Hem,  Ap  

Mag,  Amph 

Cp,  Py,  Po,  (Bo, Mag,  Mo), 
Ba,  Bi,  Qtz,  Ga  
Cp,  Py,  Po,  Ab,  Carb, Scap 

Cp,  Bo, Mag,  (Mo), K-spar,  
Ep,  Carb 
Cp,  Bo, Mag,  (Mo), K-spar,  
Ser,  Tourm,  Ga,  Qz,  Amp  
Cp,  Bo, Mag,  (Mo), K-spar, 
Tourm, Scap  
Py,  Cp,  Mag, Hem,  (Mo), 
K-spar 

Trachyandesite, rhyodacite 

Rhyodacite, rhyolite 

Trachyandesite, rhyodacite 

Trachyandesite 

Andesitic volcaniclastic?, 
qtz-monzodiorite 
Basaltic tuffite, 
graphite schist, 
Andesite ? 

Andesitic volcaniclastic? 

Basalt, qtz-monzonite 

Andesite 

Amph, Ab, Bio  

K-spar, Qtz, Ser, Chl, 
Bio, Tourm  
Ab,  K-spar, Bio, 
Amph, Scap?  
Ab,  Scap, Amph 

Bio, Ser,  K-spar,  Epid, 
Ga  
Ab,  Scap,  Bio,  Carb  

Ab,  K-spar, Epid, Amph,  
Ga,  Px 
K-spar,  Bio,  Scap,  Ga,  
Ser,Tourm, Qtz 
K-spar,  Bio,  Scap, Tourm 

K-spar, Ser, Scap, Bio, 
(Tourm)  

Bergman et al., 2001 

Bergman et al., 2001 

Bergman et al., 2001 

Lundberg & Smelli,1979 
Bergman et al., 2001 
Wanhainen et al., 2003 

Lindblom et al., 1996 
Bergman et al., 2001 
Frietsch, 1966 

Bergman et al., 2001 

Bergman et al., 2001 

Bergman et al., 2001  

Ab  = albite, Amph = amphibole,  Ap  = apatite,  Ba  = barite,  Bio  = biotite, Carb = carbonate, Chl = chlorite, Epid = epidote,  Ga  = garnet,  K-spar  =  K-feldspar, Px = pyroxene, 

Qtz = quartz, Scap = scapolite,  Ser  = sericite, Tourm = tourmaline 

Bo = bornite,  Cp  = chalcopyrite, Hem = hematite,  Mag  = magnetite,  Mo  = molybdenite, Po = pyrrhotite,  Py  = pyrite 



Ore-related alterations are dominated by  K-feldspar, albite and scapolite with 
carbonate, tourmaline and sericite as locally important products. The paragenetic 
sequence from oldest to youngest is mostly: scapolite + biotite — albite 
— carbonate, or: scapolite + biotite —  K-feldspar — sericite — tourmaline. Stilbite 
and chabazite may be late phases occurring in druses and veins together with 
calcite. Ore minerals form mainly at the intermediate or late stages of alteration. 
Chronological data from Cu-Au deposits and  hydrothermal  alterations in the 
region demonstrates two major events of ore formation at ca. 1.87  Ga  and 1.77  
Ga,  respectively (Billström &  Martinsson,  2000). The importance of saline  
hydrothermal  fluids to explain the origin of regional albite-scapolite alteration 
and the nature of the ore deposits in the northern  Norrbotten  ore province and 
adjacent Karelian areas in northern Finland and Norway has been emphasised 
by Frietsch et al. (1997). Highly saline fluid inclusions with 30 to 45 eq. wt % 
NaC1 and depositional temperatures of 500 to 300  °C  are recorded for the Cu-
Au deposits in this region (Ettner et al., 1993; Lindblom et al., 1996;  Broman  
&  Martinsson,  2000). Characteristic for most Cu-Au occurrences is the high Ca 
content and this might be an expression of added components from evaporitic 
sediments within the Karelian greenstones that contributed to the salinity of the 
mineralising fluids (Wanhainen et al., 2003). 

6 



Geology of the Tjärrojåkka area 

The geology in the TATojåkka area is dominated by basic to intermediate 
extrusive and intrusive rocks (Fig. 2). The stratigraphically lowest unit 
comprises andesites and basaltic andesites cut by diabases that acted as feeder 
dykes for the overlying basaltic unit  (Edfelt  et al., in preparation). Intrusions 
of gabbroic to quartz-monzodioritic compositions have crosscut the andesites 
and  basalts.  The rocks are metamorphosed to epidote-amphibolite facies and 
have been strongly affected by regional scapolite and  K-feldspar alteration. The 
area, which is located at a splay off of a regional NW-SE trending sheare zone, 
has undergone at least three stages of deformation including two compressional 
events. It hosts several structurally controlled Fe- and Cu-mineralised bodies 
(Sandrin & Elming, 2003) of which the largest ones are the Tjärojåkka apatite-
magnetite and copper occurrences located 750 m apart. 
The Tjärojåkka-Fe was discovered through airborne magnetic measurements 
in 1963 by the Geological Survey of Sweden. A drilling program was initiated 
in 1967 and continued for 3 years during which some Cu-bearing boulders and 
outcrops were found, and the Tjårrojåkka-Cu prospect was discovered. Between 
1970 and 1975 62 drill holes were drilled on the Cu-mineralisation. 
The Tjårrojåkka-Fe is hosted by strongly sheared intermediate volcanic rocks 
(mainly andesites) and diabases, which have not been as strongly affected by 
the deformation as the intermediate rocks. It consists of a massive magnetite 
core known to a depth of 400 m surrounded by a fractured host rock infilled 
with apatite-magnetite veins in this paper referred to as  breccia.  The calculated 
tonnage for the apatite-iron ore is 52.6 Mt @ 51.5 % Fe (Quezada &  Ros,  1975) 
with locally up to 3 % Cu. 
The Tjårrojåkka Cu-occurrence is hosted by the same types of rocks as the 
iron occurrence. The copper mineralisation is concentrated in a 30 m wide and 
700 m long zone, striking NE and dipping steeply around 85° towards  N  and is 
estimated to contain 3.23 Mt @ 0.87 % Cu (cut-off 0.4 %)  (Ros,  1979). 

Sampling and methods 

Four profiles (one in the apatite-iron ore and three in the Cu-mineralisation, Fig. 
2) were logged and sampled for thin and polished section preparation and whole-
rock geochemical analysis. The sections were initially examined in transmitted 
and reflected light at the  Luleå  University of Technology, Sweden and using a 
Jeol 5900LV  SEM  at the Natural History Museum, London.  SEM  observations 
were made using a back-scattered electron detector (BSE), an accelerating 
voltage of 20 kV and a beam current of 1 nA measured specimen current in pure 
cobalt metal. 
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Figure 2. Geology of the Tjärrojåkka area with location of insert map. Insert map: Drill holes 
in the Tjärrojåkka-Fe and Cu occurrences with the investigated profiles marked. 

Mineral analyses were performed using a Cameca SX50 electron microprobe at 
the Natural History Museum, London with the technique described in Potts et al. 
(1995). The analytical conditions used for analysing the different minerals are 
summarised in Appendix 1 and the samples are described in Appendix 2. Silicate 
analyses were carried out using an accelerating voltage of 15 or 20 kV, a beam 
current of 20 nA and a 5 Inn beam diameter. Apatites were analysed using an 
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accelerating voltage of 15 kV, a beam current of 20 nA and a 5 !.tm beam diameter. 
For sulphides and oxides a 1 pIn beam diameter, an accelerating voltage of 15 
or 20 kV and a beam current of 20 nA were used, except for one set of sulphide 
analyses when a 60 nA beam current was used. Different pure metals, natural 
minerals and synthetic glasses were used as standards. Interferences between 
X-ray peaks for Ba/Ti, Ce/Ti, Ce/Ba, Nd/Ce, Co/Fe, F/Ce, Mo/S and V/Ti were 
corrected empirically using previously collected data from standards. 
Whole-rock analyses for major, trace and rare earth elements were carried out 
on 89 samples at Activation Laboratories Ltd in Canada. The major elements 
were analysed using inductively coupled plasma method (ICP-OES), while trace 
elements were analysed by inductively coupled plasma mass spectrometry (ICP-
MS) and instrumental neutron activation analysis (INAA). 

Whole-rock geochemistry 

The results of whole-rock analyses of drill core samples from the Tjärrojåkka 
iron and copper occurrences are presented in Tables 2A and  B.  

Table 2 A. Major and trace element whole-rock geochemical data for 
representative rocks analysed with ICP. 

Rock type 
Drill hole 
nn along hole 

andesite 
75316 

75.10-75.40 

andesite 
70309 

21.35-21.57 

andesite 
74319 

79.74-80.02 

andesite 
74319 

200-208 

diabase 
69306 

155.0-162.0 

diabase 
74320 

153-156 

Weight % 
Si02  58.88 61.58 58.80 59.82 47.68 46.71 
TiO2  0.679 0.596 0.658 0.915 1.882 1.759 
A1203  15.27 16.20 16.16 15.93 15.08 15.40 
Fe203  (total) 7.21 4.46 6.93 5.29 14.67 14.01 
MnO 0.255 0.073 0.097 0.100 0.053 0.328 
MgO 4.32 2.05 2.37 1.64 7.33 6.21 
CaO 3.77 3.64 3.95 2.56 2.59 7.53 
Na20 3.77 7.15 3.63 2.11 4.84 2.92 
K20 3.51 1.13 6.19 8.06 2.63 2.53 

P205 0.24 0.76 0.26 0.32 0.62 0.52  
LO!  1.27 2.08 0.96 1.49 2.42 2.05 

Total 

ppm  

99.18 99.72 100.00 98.23 99.79 99.96  

Ba  907 657 1881 5344 182 802  
Be  2 2 2 2 3  ND 
Sc  18 9 16 20 21 30  
Sr  327 240 263 307 127 347 
V 117 53 127 133 238 268 
Y 13 35 18 22 45 24  
Zr  259 352 292 264 117 73 
S*  (%) NA NA NA  0.936  NA  0.069  

ND = not detected 
NA = not available 
* = analysed by XRF 
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Table 2  B.  Trace element geochemical data for representative rock samples. 
Elements analysed with ICP-MS except the ones marked with * that are 
analysed with INAA. 
Rock type andesite andesite andesite andesite diabase diabase 
Drill hole 75316 70309 74319 74319 69306 74320 
m along hole 75.10-75.40 21.35-21.57 79.74-80.02 200-208 155.0-162.0 153-156 

PI'm  
Ag  ND ND ND  0.7  ND ND  
Ba  1 060 644 2 280 5 790 190 807 
Bi  ND ND ND  3.8  ND ND 
Cs  1.4  ND  0.5 1.4 1.4 1.2  
Cu ND  51  ND  8 240  ND  1 020  
Ga  21 21 21 20 19 20  
Ge  1.0 0.8 1.1 0.9 2 1.3 
Hf 7.8 9.1 8.8 7.2 3.2 2.6 
In  ND ND ND ND ND ND 
Nb  10 9 14 11 7 4 
Ni  ND ND  64  ND  48 74  
Pb ND  30 15  ND  6 N  
Rb  119 24 135 177 117 85  
Su ND  1 1 3 4  ND 
Sr  344 207 295 310 129 325  
Ta  0.7 1.0 1.0 0.7 0.2 0.1 
Tb 0.6 1.2 0.9 0.8 1.7 0.8  
Th  8.6 15.3 11.2 8.5 2.5 0.5 
Ti 0.2  ND  0.3 0.5 0.2 0.3 
U 2.2 3.2 3.4 4.8 3.9 0.8 
V 121 46 134 128 215 235 
W  ND ND ND  2  ND ND  
Y 15 37 23 24 47 26  
Zn  53 52 44 36 37 82  
Zr  266 359 303 275 114 87 

La 48.2 65.8 86.4 81.6 93.5 19.0  
Ce  92.3 168 159 144 305 41.0 
Pr 10.5 20.7 17.2 15.0 36.2 5.25  
Nd  39.0 74.0 66.4 55.3 145 23.7  
Sm  6.4 14.5 11.3 7.5 21.8 4.7  
Eu  1.13 2.77 2.10 2.10 5.55 1.90  
Gd  4.1 9.1 5.8 5.5 14.9 5.4 
Dy 3.0 6.9 4.9 4.3 9.5 4.7 
Ho 0.5 1.4 0.8 0.9 1.6 1.0 
Er 1.5 3.5 2.1 2.5 4.8 2.9  
Tm  0.23 0.45 0.33 0.34 0.66 0.37  
Yb  1.4 3.0 2.1 2.2 4.0 2.4  
Lu  0.23 0.49 0.30 0.34 0.54 0.38  

Cr*  96 50 75 77 24 102  
Co*  24 16 14 15 26 51 
As* 3.7 3.4 2 1.8 5.8 3  
Mo*  ND ND ND  36  ND ND  
Sb*  ND  0.6  ND  0.9  ND  0.5 
Au*  (ppb) ND ND ND  193 4 6  
Br* ND  4.5 6.3 7.2  ND  2  

ND = not detected 
NA = not available 
* = analysed by XRF 
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The data from the Tjärrojåkka-Cu show that the intermediate rocks in the 
footwall have a Si02  content of 55.57 to 64.46 wt% and a maximum K20 and  
Na»  contents of 4.70 and 7.75 wt%, respectively. The Fe203  contents of these 
footwall rocks ranges between 3.19 and 9.21 with TiO2  reaching a maximum 
of 0.66 wt%. BaO contents vary between a minimum of 0.05 and a maximum 
of 0.48 wt% while the maximum Zr content is measured to 379  ppm.  These 
footwall andesites show a maximum Cu grade of 348  ppm,  which compares with 
an average Cu grade of 2161  ppm  from the mineralised whole-rock samples. 
The hangingwall andesites have a Si02-range of 57.56-62.31 wt%, which falls 
within that of the footwall andesites. The most obvious differences between the 
hangingwall and footwall are illustrated by K20 and  Na»,  where the hangingwall 
rocks have maximum contents of 7.39 and 4.08 wt%, respectively, which is the 
converse to the relationship of these elements observed in the footwall. The 
Fe203  concentrations measured in the hangingwall vary between 4.15 and 8.33 
wt%. The hangingwall is characterised by slightly lower Zr contents than the 
footwall, whereas the TiO2  contents are slightly higher, 0.60-0.73 wt%. 
Compared to the hangingwall andesites, the footwall andesites display a greater 
range in their REE contents. The La content of the hangingwall varies between 
34.27 and 86.39  ppm,  mean 50.47  ppm,  while the La content of the footwall 
varies between 15.00 and 208.00  ppm,  mean 65.83  ppm.  The highest REE 
contents of the footwall are comparable to the highest concentrations observed 
in the mineralised areas. However, the samples with highest REE contents from 
both the footwall and mineralised zone appear to be atypical as they also have 
the lowest Zr concentrations. 
The samples described as diabases are characterised by a Si02  range of 44.07 
to 50.78 wt%, a higher CaO contents than the andesites, up to 9.16 wt% and 
substantially lower Zr contents, 39.70-121.58  ppm.  The diabases show the 
greatest variation in  Na»  and TiO2  with range of concentrations varying from 
1.82 to 4.97 wt% and 0.64 to 2.37 wt%, respectively. The range of measured 
K20 contents is comparable to those of the footwall andesites. 
The andesite samples analysed from the Tjärrojåkka-Fe body show a range of 
Si02  contents of 50.16 to 67.86 wt%, with K20 and Na20 ranges of 2.46 to 8.96 
wt% and 1.37 to 6.97 wt%, respectively. The K20 to Na20 contents display a 
relationship similar to those observed in the Tjärrojåkka-Cu occurrence. The 
TiO2  range is much tighter than that observed from the Tjärrojåkka-Cu andesites, 
0.34 to 0.72 wt%. The Zr contents range from 142.21 to 412.14  ppm,  with the 
highest values corresponding to the highest Si02  contents. 
The diabase sample from Tjärrojåkka-Fe body has a Si02  content of 47.68 wt%, 
and K20 and  Na»  contents of 2.63 and 4.83 wt%, respectively. The diabase also 
has the highest TiO2  content and lowest Zr content observed in the samples from 
the iron mineralisation. 
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Mineral chemistry 

Silicates 

Representative analyses of feldspars are shown in Table 3. Feldspars are among 
the most abundant minerals in the occurrences and can be divided into three 
groups (Fig. 3A): potassium feldspar (Or > 90 %) often microcline, albite  (Ab>  
90 %), and plagioclase  (Ab  55-75 %) ranging from labradorite to andesine and 
oligoclase. The potassium feldspars have a varying content of  Ba  substituted 
for  K.  Some samples from the apatite-iron occurrence contain more than 2 wt% 
BaO (Fig. 3B) and can be considered as barium varieties of feldspars (Deer et 
al., 1992). 

Table 3. Representative results of electron-microprobe analyses of feldspars. 

67306:250.61 74319:200.0 	75316:75.10 71305:166.62 71305:392.4 67306:250.61 67306:279.0 

Si02  63.42 63.08 64.32 64.91 69.09 64.15 56.64 
TiO2  ND ND ND 0.02 ND 0.02 0.05 
A1203  18.78 18.67 17.82 18.23 19.44 22.86 27.45 
FeO* ND 0.05 0.04 0.09 ND 0.07 0.32 
MgO ND ND 0.03 ND 0.02 ND 0.12 
BaO 2.60 1.37 0.74 0.26 ND ND ND 
CaO ND ND ND ND 0.05 4.00 8.90 
Na20 1.22 1.09 0.61 0.20 11.24 9.38 6.42 
K20 14.50 15.64 16.28 16.75 ND 0.13 0.18 
Total 100.51 99.89 99.83 100.45 99.85 100.61 100.06 

Or 92.25 93.49 96.40 98.84 0.14 0.96 1.17  
Ab  7.75 6.51 3.60 1.16 99.39 69.45 41.42 
An 0.00 0.00 0.00 0.00 0.47 29.59 57.40 

Number of cations based on  the basis 32 0 
Si 11.83 11.82 12.00 12.00 12.04 11.26 10.17 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Al 4.13 4.12 3.92 3.97 3.99 4.73 5.81  
Fe2**  0.00 0.01 0.01 0.01 0.00 0.01 0.05 
Mg 0.00 0.00 0.01 0.00 0.01 0.00 0.03  
Ba  0.19 0.10 0.05 0.02 0.00 0.00 0.00  
Ca  0.00 0.00 0.00 0.00 0.01 0.75 1.71  
Na  0.44 0.40 0.22 0.07 3.80 3.19 2.23 
K 3.45 3.74 3.87 3.95 0.00 0.03 0.04  

* All Fe as Fe2+ 
ND --- not detected 

Scapolite has a meionite content (Me = 100  X  Ca/(Ca+Na+K) between 30 and 
55 (Fig. 4A). The  Cl  content varies between 0.9 and 2.9 wt% while the F content 
commonly is low (<0.2 wt%) and the amount of CO2  varies between 1.2 and 2.8 
wt% (Table 4). The SO3  contents show great variation from 0 to 1.5 wt% (Fig. 
4B). The scapolite in the iron ore shows higher contents of  Cl  (2.3-2.9 wt%), 
which gradually decreases and becomes more S-rich in the Cu-mineralised 
samples. Scapolite from unmineralised wall rock is richer in CO2  than the 
scapolite close to the mineralisations. 
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Table 4. Representative results of electron-microprobe analyses of scapolite. 

67306:279.0 75311:255.96 	75311:13.0 71305:392.40 73311:91.40 75316:226.49 

Si02  54.43 55.29 53.72 53.39 51.78 50.80 
A1203  23.20 23.37 23.45 22.84 23.95 24.30 
FeO* 0.28 0.18 ND 0.08 0.12 0.13 
CaO 8.46 9.03 9.72 10.73 11.23 12.51 

Na20 8.82 7.53 8.32 6.94 7.71 7.01 
K20 0.89 0.70 0.69 1.08 0.75 0.69  
Cl  2.66 2.60 1.91 1.96 1.55 1.29 
F ND ND ND 0.07 ND ND 
SO3  0.39 NA 0.05 1.09 1.03 1.35 
CO2# 1.48 1.84 2.59 1.73 2.40 2.36 
Total 100.60 100.53 100.44 99.90 100.52 100.43 
C1=0 0.59 0.58 0.42 0.44 0.34 0.29 
F=0 0.00 0.00 0.00 0.03 0.00 0.00 
Total 100.01 99.95 100.01 99.43 100.17 100.14 

Number of cations on the basis of 12 (Si, Al) 
Si 7.99 8.01 7.92 7.98 7.77 7.67 
Al 4.01 3.99 4.08 4.02 4.23 4.33 
Fe2+* 0.03 0.02 0.00 0.01 0.02 0.02 
Ca 1.33 1.40 1.54 1.72 1.81 2.02  
Na  2.51 2.11 2.38 2.01 2.24 2.05  
K  0.17 0.13 0.13 0.21 0.14 0.13  
Cl  0.66 0.64 0.48 0.50 0.39 0.33 
F 0.00 0.00 0.00 0.03 0.00 0.00 
S 0.04 0.00 0.01 0.12 0.12 0.15  
C#  0.29 0.36 0.52 0.35 0.49 0.48 

* All Fe as Fe2+  
# CO2  and  C  calculated by difference 
NA = not available 

The composition of biotites, as shown in Table 5 and Fig. 5A, is between 
phlogopite/annite and eastonite. The Ti content is high varying from 1 to 3 wt% 
TiO2  with the highest contents in biotite associated with the Cu-mineralisation. 
The  Ba  content is higher in Cu-mineralised samples than in non-mineralised. 
The  Cl  content varies between 0.2 and 0.5 wt% and the F content between 0 
and 0.8 wt%. The biotites from the apatite-iron ore plot in two distinct groups 
with respect of the Mg/Fe and F content (Fig. 5B). In or close to the massive 
magnetite ore the Mg content is higher and the F content lower, than in the 
Cu-mineralised sample outside the massive ore zone. The biotites from the 
Tiarrojåkka Cu-mineralisation show little variation in F content. The sample 
that shows the highest F values is also rich in  Cl  (0.5-0.6 wt. %), while the other 
samples show little variation in  Cl  composition (Fig. 5C). 
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Table 5. Representative results of electron-microprobe analyses of biotite. 

69304:45.53 71305:449.15 74319:200.0 75311:255.96 73311:91.40 67306:250.61 

Si02  34.25 36.65 36.54 37.12 36.52 37.98 
TiO2 2.03 2.40 2.88 2.73 2.10 0.99 
A1203  17.48 16.22 15.35 13.12 14.10 14.55 
FeO* 22.24 18.45 16.60 17.85 17.14 15.37 
MnO 0.21 0.43 0.67 0.55 0.80 0.15 
MgO 8.35 11.47 13.18 13.91 14.23 16.18 
Ca0 ND ND ND 0.10 ND 0.04 
BaO 0.07 0.06 0.20 0.11 0.16 0.21 
1(20 9.89 9.80 10.00 9.79 9.62 9.71 
Na20 0.17 0.15 0.09 0.08 0.04 0.07 
F 0.77 0.18 0.32 0.33 0.73 0.42 
CI 0.58 0.56 0.19 0.44 0.30 0.50 
1120# 3.34 3.73 3.77 3.67 3.53 3.69 
Total 99.37 100.08 99.78 99.80 99.28 99.87 
C1=0 0.04 0.03 0.01 0.03 0.02 0.03 
F=0 0.16 0.04 0.06 0.07 0.15 0.08 
Total 99.17 100.02 99.71 99.70 99.11 99.76 

Number of cations on  the basis  of  22 0 
Si 5.38 5.56 5.54 5.67 5.59 5.70 
Ti 0.24 0.27 0.33 0.31 0.24 0.11 
Al 3.23 2.90 2.74 2.36 2.55 2.57  
Fe2+*  2.92 2.34 2.10 2.28 2.20 1.93  
Mn  0.03 0.06 0.09 0.07 0.10 0.02 
Mg 1.95 2.60 2.98 3.16 3.25 3.62  
Ca  0.00 0.00 0.00 0.02 0.00 0.01  
Ba  0.00 0.00 0.01 0.01 0.01 0.01 
K 1.98 1.90 1.93 1.91 1.88 1.86  
Na  0.05 0.04 0.03 0.02 0.01 0.02 
F 0.38 0.09 0.15 0.16 0.35 0.20  
CI  0.16 0.14 0.05 0.11 0.08 0.13 
OH# 3.46 3.77 3.80 3.72 3.57 3.67  

* All Fe as Fel l- 
# OH and H20 calculated by difference 
ND = not detected 
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Fig. 5. Diagrams showing compositional variation in biotite. A. Al-M"-Si diagram (atoms per 
formula unit).  B.  Plot of F against Mg/(Mg+Fe").  C.  Plot of  Cl  against Mg/(Mg+Fe"). 

The amphiboles in the Tjärrojåkka-Fe and Cu are Ca-rich ranging from 
tschermakite, Mg-hornblende to actinolite and tremolite (Table 6 and Fig. 6A). 
The most widespread types are tschermakite and Mg-hornblende while actinolite 
is found in veins in the  breccia  surrounding the apatite-iron body and in the Cu-
mineralisation. Tremolite occurs as veinlets in the massive magnetite ore. The 
amount of  Cl  in the amphiboles increases with the Fe content and is highest in the 
tschermakites (Fig. 6B). F is present in the amphiboles in the Cu-mineralisation 
(0.1-0.2 F per formula unit) while it is almost absent in the apatite-iron ore. 
Chlorite, titanite, epidote and allanite are minor constituents among the rock 
forming and alteration mineral assemblages and their chemistry will not be 
discussed in detail. The chlorites are Mg-Fe chlorites with up to 0.3 wt% 
F (generally around 0.1 wt%). Titanite is more common in the alteration 
assemblages in the Cu-mineralisation and contain between 0.2 and 1.2 wt% F, 
around 1-2 wt% Fe2O3  and traces of Ce. The Fep, content in the epidote varies 
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between 15.5 and 17.2 wt%. REE were not detected. These accessory phases 
may be important in controlling the trace element chemistry of the bulk rock 
during metasomatism. 

Table 6. Representative results of electron-microprobe analyses of amphiboles. 

73311:91.40 68313:263.75 71305:199.46 71305:166.62 68313:182.80 

Si02 40.75 43.70 50.06 53.76 57.23 
TiO2 0.89 0.34 0.43 0.06 ND 
A1203 10.27 8.98 4.84 2.18 0.38 
Cr203 ND 0.04 0.03 0.02 0.05 
Fe203* 7.17 6.64 3.71 2.43 0.47 
FeO* 13.16 11.10 10.72 9.67 3.55 
MnO 1.17 0.30 0.67 0.74 0.05 
MgO 9.31 11.69 14.23 16.06 22.21 
CaO 11.62 11.99 12.20 12.56 13.70 
Na20 1.56 1.26 0.94 0.33 0.13 
K20 1.73 1.14 0.52 0.19 0.02  
Cl  0.61 0.51 0.17 0.05 0.02 
F 0.22 ND ND 0.10 ND 
H20# 1.70 1.88 1.87 2.03 2.17 
Total 100.16 99.58 100.37 100.20 99.99 
C1=0 0.14 0.11 0.04 0.01 0.00 
F=0 0.09 0.00 0.00 0.04 0.00 
Total 99.93 99.47 100.34 100.14 99.99 

Number of cations on  the basis  of  23 0 
Si 6.25 6.56 7.26 7.69 7.90 
Ti 0.10 0.04 0.05 0.01 0.00 
Al 1.86 1.59 0.83 0.37 0.06  
Fe3+*  0.83 0.75 0.40 0.26 0.05  
Fe2+*  1.69 1.39 1.30 1.16 0.41  
Mn  0.15 0.04 0.08 0.09 0.01 
Mg 2.13 2.62 3.08 3.42 4.57  
Cr  0.00 0.00 0.00 0.00 0.01  
Ca  1.91 1.93 1.90 1.93 2.02  
Na  0.46 0.37 0.26 0.09 0.03 
K 0.34 0.22 0.10 0.03 0.00 
Cl 0.16 0.13 0.04 0.01 0.00 
F 0.11 0.00 0.14 0.05 0.00 
OH# 1.74 1.87 1.82 1.94 2.00  

* Fe2+ and Fe3+ calculated using the method of Droop (1987) assuming 13 cations 
and 23 (0 ,OH, F,  Cl)  
# H20 and OH calculated by difference 
ND = not detected 
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Fig 6. Composition of amphiboles. A. Classification of amphibole composition after Leake et 
al. (1997).  B.  Variation in  Cl  content in amphiboles. 

Apatite 

The analysed apatites classify as fluor-apatites with a F content between 1.6 and 
3.4 wt% (Table 7 and Fig. 7). The slightly high totals may be a result of either 
the breakdown of the mineral under the electron beam or a calibration problem 
due to partial breakdown of the standards with time. The apatites in the massive 
magnetite ore are the most  Cl-rich (0.9-1.6 wt%), with a few exceptions that 
show  Cl  values around 0.3 wt% (probably due to zonation) and have the same 
characteristics as the apatites in the footwall of the Cu-mineralisation. The 
apatites in the Cu-occurrence show higher F values than the ones in the Fe-ore. 
The apatites analysed from an outcrop sample are F-dominated.  

 

F  

  

 

OH 
(calc) 

 

Cl  
x 	outcrop (29IAE215) 
o Cu-mineralisation (75311:255.96) 

o Mag+Ap vein in footwall (75316:328.50) 
• Cu in Ap+Mag vein in  breccia  (67306:250.61) 
• Massive magnetite ore (68313:120.20) 

Fig. 7. F-Cl-OH diagram showing 
compositional variation in apatite 
(atoms per formula unit). 
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Table 7. Representative results of electron-microprobe analyses of apatite. 

75311:255.96 75316:328.50 29IAE215 68313:120.20 67306:250.61 

CaO 56.13 55.81 56.28 55.43 54.98 
MgO ND ND ND ND ND 
Sr0 0.11 0.09 0.05 0.09 0.08 
MnO 0.19 0.09 0.16 ND ND 
FeO* ND ND 0.07 ND ND 
La203  0.07 ND ND 0.09 ND 
Ce203  0.14 ND 0.08 0.15 0.09 
Nd203  0.20 ND 0.09 0.16 0.09 
P205 41.31 42.23 42.23 41.42 41.64 
SO3  0.12 0.08 0.05 0.11 0.10  
Cl  0.84 0.37 0.09 1.57 0.99 
F 2.09 2.41 3.29 1.54 1.96 
H20# 0.76 0.75 0.37 0.84 0.79 
Total 101.95 101.82 102.74 101.38 100.71 
C1=0 0.05 0.02 0.01 0.10 0.06 
F=0 0.46 0.52 0.70 0.34 0.43 
Total 101.43 101.27 102.04 100.94 100.21 

Number of cations on the basis of 26 (0,0H,F,CI) 
Ca 9.89 9.73 9.59 9.85 9.74 
Mg 0.00 0.00 0.00 0.00 0.00 
Sr 0.01 0.01 0.00 0.01 0.01  
Mn  0.03 0.01 0.02 0.00 0.00 
Fe2+* 0.00 0.00 0.01 0.00 0.01 
La 0.00 0.00 0.00 0.01 0.00 
Ce 0.01 0.00 0.00 0.01 0.01 
Nd 0.01 0.00 0.01 0.01 0.01  
P  5.75 5.82 5.68 5.81 5.83  
Cl  0.23 0.10 0.02 0.44 0.28 
F 1.09 1.24 1.66 0.81 1.02 
OH# 0.68 0.66 0.32 0.75 0.70 

* All Fe as Fe2+ 
# OH and H20 calculated by difference 
ND = not detected 

Oxides and sulphides 

Representative analyses for oxides (magnetite and hematite) and sulphides 
(chalcopyrite, pyrite and bornite) are presented in Tables 8A and  B.  The V205  
content in magnetite and hematite range from 0.1 to 0.9 wt%, with the highest 
values in the samples from the Cu-mineralisation.  Mn  was also detected in some 
of the samples.  Na  and Co were below the detection limit in all cases. 
The sulphides do not show great variations in the mineral chemistry. In a few 
samples chalcopyrite shows traces of Se,  Ag  and Au and some of the pyrites 
associated with the Cu-mineralisation have significant Co with contents up to 
1.8 wt%. The following elements were also analysed for but were below the 
detection limit: Cr,  Mn,  Ni,  Sb,  Te, Hg,  Pb,  Bi.  
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Table 8. Representative results of electron-microprobe analyses of A. sulphides and  
B.  oxides. 

A  Cp 
68313:166.4 

Cp  
69304:45.53 

Py 
69304:45.53 

Bo  
68313:29.0 

Cp  
75311:255.96 

Py 
75311:255.96 

Bo 
75316:226.49  

Wt% 
S 34.82 34.63 52.89 25.27 37.19 50.02 26.19 
Fe* 31.12 31.14 48.26 11.80 30.53 47.21 11.77 
Co ND ND 0.05 ND ND 1.67 ND 
Cu 33.86 33.74 ND 62.96 31.97 ND 61.82  
Zn  ND 0.15 ND ND 0.04 ND 0.04 
As ND ND 0.05 0.05 0.09 0.09 ND 
Se 0.07 0.06 0.04 ND 0.02 0.03 ND  
Mo  NA NA NA NA 0.09 0.06 NA  
Ag  ND 0.11 ND ND 0.05 ND ND 
Au 0.19 ND ND ND ND ND ND 
Total 100.06 99.82 101.29 100.07 99.99 99.08 99.82  

B Mag Mag Mag Hem Hem Mag Mag 
68313:166.4 69304:218.16 68313:263.75 75316:328.50 75316:226.49 74319:335.50 75316:328.50 

V205  0.34 0.55 0.47 0.37 0.92 0.42 0.56 

Si02  0.03 0.02 0.04 0.02 0.05 NA 0.05 

TiO2  0.03 ND ND ND 0.03 0.13 ND 

A1203  0.22 0.12 0.04 0.04 0.04 0.06 0.03 

Cr203  ND ND 0.04 ND 0.07 NA 0.04 

Fe203  52.06 51.99 52.19 99.41 97.21 52.11 52.11 

FeO 46.96 46.90 47.08 # # 47.01 47.01 

MnO 0.046 ND ND 0.07 0.05 0.13 0.10 

MgO ND 0.02 ND ND ND NA ND 

ZnO ND ND ND 0.05 ND 0.05 ND 

MO ND 0.16 ND 0.05 ND ND ND 

CaO ND 0.03 ND NA NA 0.09 NA 

Total 99.69 99.79 99.86 100.00 98.36 100.00 99.90 

* Fe as Fe2+ 
# All Fe as Fe3+ 
ND = not detected 
NA = not available  
Cp  = chalcopyrite,  Py  = pyrite, Bo = bomite,  Mag  = magnetite, Hem = hematite 

Alteration and ore paragenesis 

The alteration assemblages at Tjärrojåkka are highly variable with several of 
the alteration minerals occurring in numerous generations and settings, and 
with multiple reactivations of already existing veins and overlapping alteration 
stages. The most widespread alteration minerals are albite, magnetite, apatite, 
scapolite, biotite,  K-feldspar and amphiboles. The main alteration minerals and 
styles in the Tjärojåkka occurrences are summarised in Table 9. 
Field and drill core investigations indicate that the magnetite body was the 
first of the occurrences to form since chalcopyrite occurs in fractures and veins 
crosscutting the massive magnetite. Magnetite is by far the most common ore 
mineral in the Tiarrojåkka-Fe with minor hematite occurring as veins cutting the 
magnetite or as partly hematite-altered magnetite grains. Chalcopyrite, bornite, 
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Location Style 
..patial relation to Mineral 	Associated minerals Relative time relationship 
u-mineralisation to main magnetite and copper 

ore  forrang  stage 

K-spar, Cp,  Py, 
Mag  

K-spar,  Tit 

Ab,  Scap,  Plag,  Bio, 
Ap,  Py,  Cp  

Mag,  Amph, Cp,  Bo, 
Py,  Carb 

Scap,  Mag,  (K-spar),  
Plag 
Mag,  Bio, Apmh 

Bio, Mag 

Mag 

Amph, Epid, Cp,  Bo, 
Mag,  Qtz,  Tit  

K-spar, Amph 

K-spar, Amph, Cp,  
Bo,  Carb 

K-spar, Amph, Qtz, 
Carb  

Table 9. Main alteration minerals and styles in the Tjärrojåkka apatite-iron and Cu (-Au) occurrences. 

Tremolite 	Ap, (Carb)  

Mg-hornblende  K-spar, Cp,  Py, Mag  

Tschermakite 

Actinolite 

Magnetite 

Apatite 

Biotite 

Scapolite 

Plagioclase 

Albite  

K-feldspar 

Titanite 

Quartz 

Epidote  

Fluorite 	Muse  

Carbonates 	Amph, Qtz, Cp, Zeol 

Zeolites 	Py,  (Cp), Amph, Epid, 
K-spar, Carb  

Fracture filling, veinlets 

Disseminated, porphyroblasts 
and veinlets 

Disseminated, porphyroblasts 
and veinlets 

Veins, veinlets 

Pervasive and veins 

Veins, disseminated 

Pervasive 

Porphyroblasts, veins 

Pervasive 

Pervasive 

Pervasive and in veins 

In veins with Amph +  K-spar  

Veins 

Patches, porphyroblasts, 
veinlets often fracture-
controlled 

Infilling in vugs along 
foliation plane 

Veinlets, veins 

Fracture-contolled, often in 
reactivated veins 

Massive magnetite body 

Everywhere in wall rock 

Everywhere in wall rock 

Everywhere in wall rock 

Veins in the footwall of the 
Cu-mineralisation and in  breccia  
surrounding the massive  Mag  body, 
disseminated in  Plag  and  Ab  alteration 

Footwall of Cu-mineralisation; 
inside and around the Fe-ore 

Everywhere 

In diabases; locally in wall rock around 
massive Fe body; in hanging wall of 
Cu-mineralisation 

Around massive Fe body 

Footwall of Cu-mineralisation; between 
the Cu and Fe occurrences; around aroun 
the Fe body 

Locally in the wall rock around the Fe ore, 
in the mineralised zone in the Cu-mineralisation 

Hangingwall and in Cu-mineralisation; in  K  
alteration around Fe ore 

Everywhere 

Everywhere 

Footwall of Cu-mineralisation, in periphery 
of main mineralised zone 

Both in the  breccia  and in the massive Fe body; 
in the footwall in Tjärrojåkka-Cu (more abundant to  E)  

None 	 Syn-post massive  Mag.  
Pre-Cu mineralisation 

Close to none 	Post massive  Mag, 
syn-post Cu-mineralisation 

Close to none 	Post massive  Mag, syn-post 
Cu-mineralisation 

Post massive  Mag, syn-post 
Cu-mineralisation 
Veins mostly pre-Cu 
mineralisation, sometimes  
syn-Cu (intergrown with  Cp)  

Pre- main Cu mineralisation 

Post massive  Mag, syn-post 
Cu-mineralisation 
Pre-main Cu-mineralisation  

Syn-post massive  Mag,  
Pre-Cu mineralisation  
Syn-post massive  Mag,  
Pre-Cu mineralisation  

Syn-Cu mineralisation  

Syn-post Cu mineralisation 

Post main ore stage 

Post main ore stage 

Post main ore stage 

Post main ore stage 

Post main ore stage  

Close 

Close to none 

Some 

Some 

Some 

None 

None 

Close 

Close 

Some 

None 

None 

None 

Mainly in the  breccia  around the Fe body; in 	 None 
mineralised zone in Tjärrojäkka-Cu (more abundant to  E)  

Trem  = tremolite, Mg-hbl = magnesium-hornblende, Tsch = tschermakite, Act = actinolite,  Plag  = plagioclase,  Ab  = albite,  K-spar  =  K-feldspar, Scap — scapolite,  Bio  = biotite, Muse = muscovite, Chl = chlorite, Qtz = quartz, Carb =- carbonate,  Ap  = apatite, Tit = titanite, Epid epidote, Zeol = Zeolite,  Mag  = magnetite,  Cp  — chalcopytiye,  Py  = pyrite 



pyrite and minor molybdenite occur as veins and disseminations in the  breccia  
and rarely in fractures in the massive magnetite body. Gold (electrum) and silver 
telluride are trace constituents found in chalcopyrite (Fig. 8A). From textural 
relationships the sulphides post-date the massive magnetite ore but do occur 
inter-grown with magnetite in veins outside the massive ore. 
Within the massive magnetite ore red or green apatite, tremolite and carbonate 
veinlets fill fractures (Fig. 8B). The wall rock has been affected by extensive 
pervasive albite and plagioclase alteration leaving the rock light grey-coloured 
or reddish due to the presence of finely disseminated hematite. Scapolite occurs 
locally as porphyroblasts and later veinlets. The albitised and scapolitised rocks 
have an overprint of pervasive  K-feldspar alteration and veins of  K-feldspar + 
Mg-hornblende ± titanite ± quartz ± magnetite ± sulphides along the foliation. 
Epidote is common in veins together with  K-feldspar, as late veinlets (Fig. 8C) or 
as an alteration of previous existing amphibole grains. Amphibole also occurs in 
late veins cutting epidote. Allanite occurs occasionally in the matrix associated 
with epidote, otherwise REE-minerals are rare. Quartz veins have been observed 
in two generation. Carbonate veins (usually calcite) are later in the paragenesis, 
and often represents the final stage of infill in existing veins and vugs, or have 
exploited pre-existing fractures. Locally zeolites ± carbonate ± pyrite were the 
last phase to form in vacancies. 
Albite + magnetite alteration is particularly well developed in the area between 
the apatite-iron body and the copper mineralisation. It is locally overprinted by 
veins and pervasive  K-feldspar alteration sometimes associated with a weak 
copper mineralisation. 
The copper mineralisation consists essentially of chalcopyrite, bornite, pyrite and 
magnetite as disseminations, patches and in veinlets, locally with disseminated 
molybenite. Bornite occurs in the part of the mineralisation richest in copper, 
while pyrite is more abundant in the eastern part and at deeper levels. Chalcocite 
and covellite have also been observed  (Ekström,  1978). Locally oxidation of 
the copper sulphides has resulted in the formation of malachite and chrysocolla. 
Chalcopyrite and bornite are mainly associated with pervasive  K-feldspar 
alteration and veins of amphibole ±  K-feldspar ± quartz ± magnetite ± carbonate 
in both andesites and diabases. Silver telluride, silver sulphide and native gold 
occur as micron-sized minor phases. Gold has been observed in a quartz vein 
together with amphibole and chalcopyrite.  Ekström  (1978) also observed gold as 
inclusions in silicates associated with chalcocite and bornite. 
The footwall of the copper body is characterised by pervasive albite alteration 
spatially associated with magnetite and red, green, white or rarely blue apatite 
veins cut by later disseminations and veins of chalcopyrite (Fig. 8D) and carbonate 
veinlets. The magnetite exhibit in some cases martite texture (Fig. 8E).  K-feldspar 
postdates the albite alteration (Fig. 8F). Scapolite (porphyroblasts and veins) 
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was formed at an early stage in the hanging wall, and subsequently overprinted 
by pervasive  K-feldspar alteration. Scapolitisation has affected the diabases to 
a greater extent than the andesites. Amphibole occurs in several generations as 
porphyroblasts, in veins on its own, or together with  K-feldspar ± titanite ± quartz 
± carbonate ± chalcopyrite ± bomite. The porphyroblasts contain inclusions of 
quartz,  K-feldspar, plagioclase and iron oxide. Biotite occurs together with 
scapolite and is commonly affected by later chlorite alteration. Epidote occurs as 
patches in the matrix, together with  K-feldspar ± amphibole ± carbonate ± quartz 
in veins or as a late mineral phase cutting all the earlier phases in thin veinlets. 
Some of the epidote at greater distance from the mineralisation is probably a 
product of regional metamorphism. Zeolites (stilbite and chabazite) are fracture-
controlled post-ore stage minerals sometimes occurring in reactivated veins with 
earlier formed amphibole -± epidote ± carbonate  ±Cp  -±  Py.  Fluorite has been 
observed in profile 600E in association with sericite and pyrite. REE minerals 
comprise allanite occurring as rims on epidote and late REE-carbonates in the 
magnetite-apatite altered footwall. Barite and thorite are minor constituents also 
observed in the Cu-minerlisation. 
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Fig. 8. Photographs of alterations and textures. A. Chalcopyrite with gold and hematite 
as late infilling in fractures in massive magnetite in the Tjärrojåkka apatite-iron occurrence 
(backscattered electron (BSE) image).  B.  Typical massive magnetite ore with apatite, 
amphibole and carbonate infilling.  C.  Epidote veinlets crosscutting  K-feldspar-amphibole 
alteration in porphyritic andesite.  D.  Chalcopyrite crosscutting magnetite in the footwall 
of the Cu-mineralisation.  E.  Martite texture in magnetite vein in the footwall of the Cu-
mineralisation. F. Earlier formed albite being altered to K-feldpar (backscattered electron 
(BSE) image). 
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Discussion 

Element mobilisation and whole-rock geochemistry 

Element mobilisation and redistribution is common during  hydrothermal  
alteration, however, in terrains that have been subject to extensive regional 
alteration, metamorphism and/or metasomatism the quantfication of element 
mobility is difficult. In the case of the Tjärrojåkka occurrences the degrees 
of element mobility and transport are best illustrated by considering the 
geochemical sytematics of the andesitic rocks associated with the copper body. 
The data show that the footwall andesites have a greater concentration of Na,0 
and lower concentration of K,0 compared to the hangingwall andesites and the 
mineralised zone (Fig. 9A). This suggests that the footwall has been subject 
to a relative enrichment in  Na  while the hangingwall and mineralised zone are 
characterised by a relative enrichment in  K.  
The distribution of both the major, minor and trace elements suggests that the 
degree of mobility within the  K-enriched hangingwall and  Na-enriched footwall 
is systematically different. This is particularly well illustrated by TiO2, Zr and 
the REEs. A plot of Ti vs Zr (Fig. 9B) shows that the rocks in the footwall and the 
mineralised zone to some extent display a greater spread of Zr contents compared 
to the hangingwall andesites. This suggests that Zr was mobile during the  Na-
enrichment and mineralising event. Ti behaved in a relatively conservative 
manner during both the  K-enrichment and  Na-enrichment events, but was 
mobile to some degree within the mineralised zone. Hence the Winchester and 
Floyd (1977) plot (Fig. 9C) may be used for the accurate classification of rocks 
within the  K-enriched hanging wall, but due to Zr mobility in the  Na-enriched 
zone would give slightly spurious results for the footwall andesites. The spread 
of data in the plot Yb./Th vs Cen/Th plot (Fig. 9D) shows that while the LREE 
were mobile in both the hanging wall and the footwall, the HREE only show 
significant mobility in the  Na-enriched footwall. The greatest degree of REE 
mobility occurred in the actual mineralised zone. 
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Fig. 9. Whole-rock geochemistry plots of the host rocks to the Tjärrojåkka copper 
mineralisation. A. K20-Na20 plot showing the distribution of the elements in the footwall, 
hangingwall and mineralised samples.  B.  Ti-Zr plot illustrating the mobility of Zr in the  Na  
altered and mineralised zones.  C.  Classification diagram after Winchester & Floyd (1977) 
revised by Pearce (1996).  D.  Cen/Th vs. Ybn/Th plot for the intermediate rocks. Ce and Yb 
chondrite normalised after Anders and Grevesse (1989). 

Alteration paragenesis and the evolution offluid chemistry 

Several generations and overlapping alteration stages indicate a complex, long 
history of fluid activity in the area (Fig. 10 A and  B).  Similarity in alteration 
minerals and paragenesis may partly be a product of the common host rock to 
the Tjärrojåkka-Fe and Tjärrojåkka-Cu, but also indicates similarities in the ore 
fluid compositions. The alteration paragenesis in the two occurrences is similar 
with albite and plagioclase forming at an early stage associated with magnetite 
and apatite. The apatite-amphibole-carbonate veinlets in the massive magnetite 
body fill fractures probably formed during cooling of the magnetite body. 
Scapolite was formed mainly before the main Cu-sulphide-forming stage. The 
albitised and scapolitised rocks are overprinted by later  K-feldspar alteration 
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associated with the formation of the Cu-mineralisation. Several different types 
and generations of amphibole occur both associated with Cu-minerlisation and 
in post-mineralisation assemblages. Epidote and zeolites were the last phases to 
form from post main-ore stage low-temperature fluids. 

APPATITE-IRON 
OCCURRENCE Magnetite stage Copper sulphide stage Post main ore stage 

Magnetite 
Hematite 
Chalcopyrite 
Bornite 
Pyrite 
Molybdenite 
Gold 
Apatite 
Scapolite 
Albite 
Plagioclase  
K-feldspar 
Tremolite 
Mg-hornblendefTschermakite 
Biotite 
Titanite 
Quartz 
Epidote 
Carbonate 
Zeolites 

COPPER 
OCCURRENCE Magnetite stage 	Copper sulphide stage 	Post main ore stage 

Magnetite 
Hematite 
Chalcopyrite 
Bornite 
Pyrite 
Molybdenite 
Gold 
Apatite 
Scapolite 
Albite 
K-feldspar 
Mg-hornblende/Tschermakite 
Actinolite 
Biotite 
Titanite 
Quartz 
Epidote 
Carbonate 
Zeolites 

V 

M=massive, V=in veins, VL=veinlets, P=pervasive, F=fracture filling, D=disseminated, Loc=locally occurring, ?=uncertain 
Solid  line=major  mineral forming event 
Hatched line=minor mineral forming event 
The length of the line is not in exact proportion with the time interval of the alteration. 

Table 10. Simplified paragenetic sequence of main ore and alteration minerals in the 
Tjärrojåkka A. apatite-iron and  B.  copper sulphide occurrences. 
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Ba,  Cl,  S and F are enriched in the alteration minerals in the Tjärrojåkka 
mineralisations and can be used as indicators of fluid evolution. Variation in the 
content of  Cl,  S and F in apatite, scapolite, amphibole and biotite clearly suggest 
differences in the physical or chemical environment, or both, during deposition 
of the different ore types. 
Barium varieties of  K-feldspar (> 2 wt% BaO) occur in the Cu-mineralised  
breccia  surrounding the apatite-magnetite body indicating high concentrations 
of  Ba  in the  hydrothermal  fluids. The  Ba  content is gradually decreasing toward 
the Cu-mineralisation and is lowest in the non-mineralised samples. Scapolite 
shows a trend with more  Cl-rich varieties around the magnetite body gradually 
getting more SO3  and CO2-rich in the Cu-mineralisation. The scapolite furthest 
away from the Cu-mineralisation is more CO2-rich and SO3  poor than scapolite 
from other occurrences, and can be interpreted as representing a regional 
metamorphic or distal scapolite. The same features have been observed in  
Malmberget  apatite-iron ore where the scapolite is  Cl-rich (3.8 wt%) and in the 
Nautanen Cu-Au mineralisation scapolite is dominated by SO3  and CO2  (Frietsch 
et al., 1997). Absence of SO3  in the fluids in the Tjärrojåkka-Fe probably caused 
the formation of  Ba-feldspars instead of barite. In contrast the presence of SO3  
in scapolite and the existence of minor barite in the Cu-mineralisation indicate 
S03-bearing fluids. 
The biotites do not show great variation in chemistry in different parts of the 
systems. One set of biotite differ from the other in being the most Fe-rich and 
also show the highest content of  Cl  and F. All amphiboles are Ca-rich with the 
highest F content in the Cu-mineralisation.  Cl  is enriched in the tschermakites. 
The apatites analysed from an outcrop sample are the most F-dominated and can 
be interpreted as metamorphic apatites, while the ones from the mineralisations 
are more  Cl-rich and formed related to the mineralising processes. Compared 
to apatite from the Kiirunavaara apatite-magnetite ore  (Harlov  et al., 2002) the 
apatites in Tjärrojåkka are richer in  Cl  and H20 and poorer in F. La and Ce is 
generally lower while Nd shows similar values to the apatites in Kiirunavaara. 
Magnetite and hematite have similar geochemistry compared to magnetite 
from Kiirunavaara and El Laco in Chile and are rich in V and low in Ti and Cr  
(Nyström  and Henriquez, 1994). 
The fact that late REE-carbonates occur in the footwall of the Cu-mineralisation 
and allanite rims on epidote are common, indicates a late movement of REE. 
Previous studies have shown that allanite and apatite may form as replacement 
products of monazite during  hydrothermal  alteration (Finger et al., 1998; Wing et 
al., 2003), which could explain the low content of REE in apatite and the absence 
of monazite. Another possibility could be REE leaching from apatite during late 
stage alteration and metamorphism, which has been suggested to account for 
REE depleted apatite rims and the development of late stage monazite and 
allanite in the Kirunavaara magnetite body  (Harlov  et al., 2002). 
Overall the alteration minerals related to the apaite-iron ore are more  Cl  and 
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Ba-rich than the ones in the Cu-mineralisation that show higher contents of 
F and S03. Late hematite, accessory amounts of barite, and SO3  in scapolite 
indicate that more oxidising conditions were present during the formation 
of the Cu-mineralisation. Some preliminary S-isotope data also indicate the 
presence of sulphate in the system  (Martinsson,  0., unpublished data). This 
could be interpreted in two ways; either there were two different systems, 
one more CI-Ba-rich forming Tjärrojäkka-Fe and another one F-S03-0O2-rich 
forming Tjärrojåkka-Cu, or there was one evolving system reflecting changes 
in temperature and fluid composition. Reduction of  Cl  in fluids can be achieved 
either by fluid mixing or by loss of  Cl  to minerals, with the latter being a 
common feature in Cu-Au deposits in the Cloncurry district, Australia (Baker, 
1998). There the loss of  Cl  gave rise to hornblende and biotites with  Cl  contents 
up to 3.5 wt% and other  Cl-bearing phases as scapolite and apatite. However, 
in Tjärrojåkka the  Cl  content in the biotites and amphiboles is much lower (< 
0.6 wt%), but scapolite and apatite are more  Cl-rich in the apatite iron-body 
and could have influenced the reduction of salinity. Some preliminary fluid 
inclusion work on the Tjärojåkka occurrences indicates moderately to highly 
saline systems  (Broman  &  Martinsson,  2000;  Edfelt  et al., 2004), which is in 
accordance with data from other Cu-mineralisations in the region. 

Tjärrofakka as an IOCG type deposit 

The Tjärrojåkka Fe-oxide Cu-Au occurrences shear many characteristics 
(structural control, abundance of iron oxides, anomalous concentrations of REE, 
albite-K-feldspar-scapolite alteration) with deposits classified as IOCG deposits 
(e.g. Hitzman et al., 1992; Hitzman, 2000; Marschik & Fontbotd, 2001). 
The apatite-magnetite body is characterised by a massive magnetite core 
surrounded by a  breccia  and was the first of the occurrences to form. It has 
similar characteristics with the Kiirunavaara apatite-iron ore with magnetite as 
almost the only iron oxide and a  breccia  developed along the wall rock contacts  
(Martinsson,  2003). Tjärrojåkka differs from the Kiruna type apatite-iron ores in  
Norrbotten  only by its high content of sulphides in the  breccia.  Both intrusive 
magmatic and  hydrothermal  processes have been suggested for the formation 
of the iron ores in  Norrbotten  (e.g. Hitzman et al., 1992;  Nyström  & Henriquz, 
1994), but from the existing data at Tjärrojåkka it is not possible to prefer one 
of the other. However, the extensive alteration and veins around the Tjärrojåkka 
apatite-iron ore indicate that  hydrothermal  processes were active at a later stage 
during the ore formation. 
The Tjärrojäkka copper mineralisation is located in strongly sheared andesites 
and diabases with sulphides as disseminations and veins along the foliation 
and show similarities in ore fluid characteristics, alteration mineralogy and 
ore assemblages with both Tjärrojåkka-Fe and other Cu-mineralisations in the 
region (e.g. Nautanen, Pikkujärvi, Kiskamavaara). 
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Conclusions 

The Tjärrojåkka occurrences can be classified as belonging to the Fe-oxide 
Cu-Au type of deposits but represents two end members of the spectrum. The 
Tjärrojåkka apatite-iron occurrence has the typical characteristics of the Kiruna-
type iron ores, except the high concentrations of sulphides in the surrounding 
ore  breccia.  The Cu-mineralisation is similar to most other Cu-occurrences in 
the region. 
The present investigation indicates that Zr was mobile during  Na-alteration and 
the main ore mineralising stage while Ti was "conserved". LREE were mobile 
together with both  Na  and  K  while HREE also showed mobility in the  Na-altered 
footwall and mineralised zone. 
Several generations and overlapping alteration stages indicate a complex, long 
history of fluid activity in the area. The two occurrences at Tjärrojåkka show 
a similar evolution in alteration and mineralogy but with more oxidising and 
S03-bearing fluids involved in the Cu-mineralisation. The possibility of one 
evolving system creating both occurrences exists, with the Cu-mineralisation 
representing slightly later and more low-temperature products. However, without 
geochronological data and more detailed fluid inclusion and isotopic studies it 
cannot be excluded that they formed during two unrelated mineralising events. 
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Appendix 1. Analytical conditions and standards used for mineral analyses using a Cameca SX50. 

Element Silicates Apatite Sulphides Oxides 

Peak Count. time Standards Peak Count. time Standards Peak Count. time Standards Peak Count. time Standards 
(sec) used (sec) used (sec) used (sec) used  

Ag  La 15/20 pag cor 
Al Ka 10/15 cor, jad2 Ka 10 
As La 20/10 gaa 
Au Loc 30/90/15 pau  
Ba  La 10/15 BAR2 
Ca Ka 10/15 wol Ka 10 wol Ka 10/15 wol, dio 
Ce La 25/15 ceg,  bas  La 50 ceg  
Cl  Ka 10/20/15  hal  Ka 10  hal  
Co Ka 10/25 co2 Ka 25 co2 
Cr Ka 20/25 CRO, per Ka 10/20 CRO Ka 20 CRO 
Cu Ka 10/25 pcu, cu2 
F Ka 10/30 rmf, edi, baf Ka 30 ap4 
Fe Ka 10/15 FEO, eag Ka 15 eag Ka 10/15  fes  Ka 20/15 FE0  
K  Ka 10/15 kbr 
La La 20/15/25 lag, lap La 50 lag 
Mg Ka 10 mgo2, mgo Ka 20 mgo2 Ka 15 mgo2  
Mn  Ka 20/10/25 pmn Ka 20 pmn Ka 10/20 pmn Ka 20/15 pmn  
Mo  La 20 pmo  
Na  
Nd 

Ka 5/10/15 jad2, jad 
La 50 ndg  

Ni  Ka 20 ni2 Ka 10/25 ni2 Ka 10/25 ni2  
P  Ka 10 ap4, apl Ka 10  sep  
Pb Ma 20 pbse 
S Ka 20/15 BAR2 Ka 25 BAR2 Ka 10/15  fes  
Se La 20/25 pbse 
Si Ka 10/15 dio, eag Ka 15 dio 
Sr La 20/40  sto,  cel La 100  sto  
Th Ma 25/10  mon  
Ti Ka 10/15 rut Ka 20 rut 
V Kß 30 pvv Ka 30/60 pvy  
Zn  Ka 20 zn2 Ka 10/25/20 zn2, zns2 Ka 20/25 zn2, zns2 

dio = diopside, eag = olivine, edi = edeinite, FE0 = heamatite,  fes  = pyrite, gaa = gallium aresenide,  hal  = halite, jad = jadeite, jad2 = jadeite, kbr = potassium bromide, lag 
= lanthanum glass, lap = lanthanum phosphate, mgo = periclase, mgo2 = periclase,  mon  = monazite, ndg = neodymium glass, ni2 = nickel, pag = silver, pau = gold, 
pbse = lead  selenide,  per = chromium, pcu = copper,pmn = manganese, pmo = molybdenum, pvy = vanadium, rmf rubidium manganese fluoride, rut = rutile,  sep  — 
scandium phosphate,  sto  = strontium titanate, wol = wollastonite, zn2 = zinc, zns2 = sphalerite 



Appendix 2. Description of drill core samples analysed for mineral chemistry. 

Sample no. 	Profile 	Occurrence 	Description 

29IAE215 outcrop outcrop Andesite,  K-spar  altered 
67306:250.61 400W Tj-Fe Mag+Ap vein with Cp+Py in  breccia, K-spar  altered 
67306:279.0 400W Tj-Fe Scap+Bio alteration with disseminated Mag+Ap 
68313:120.20 400W Tj-Fe Massive  Mag  with Ap+Amph+Carb fracture infill 
68313:166.40 400W Tj-Fe Massive  Mag  with Ap+Carb+Cp+Au fracture infill 
68313:182.80 400W Tj-Fe Massive  Mag  with Hem vein and Ap+Amph+Carb fracture infill 
68313:263.75 400W Tj-Fe Mag+Amph vein with disseminated  Cp  in  breccia, K-spar  altered 
68313:29.0 400W Tj-Fe Disseminated Cp+Bo+Mag+Ap in  K-spar  altered rock 
68313:76.60 400W Tj-Fe Cp+Py+Mag in Amph+Qtz vein in K-spar+Bio altered rock with disseminated Cp+Py+Mag 
69304:218.16 400W Tj-Fe Cp+Py+Mag in Plag+Bio altered rock 
69304:45.53 400W Tj-Fe Disseminated Cp+Py+Mag in K-spar+Bio altered rock 

to 71305:166.62 320E Tj-Cu Amph+K-spar+Tit vein cutting Mag+Ap alteration in footwall 
to 71305:199.46 320E Tj-Cu  Ab,  Scap and  K-spar  altered rock in hangingwall 

71305:392.40 320E Tj-Cu  K-spar  and  Bio-altered hangingwall 
71305:449.15 320E Tj-Cu  K-spar  and  Bio-altered hangingwall 
73311:91.40 320E Tj-Cu Cp+Py+Mag in veinlets of Amph, mineralised zone 
74319:200.0 600E Tj-Cu Cp+Bo disseminated in  K-spar,  Bio,  Amph-altered rock, mineralised zone 
74319:335.50 600E Tj-Cu Mag+Ap+Amph vein with  Cp  in footwall 
75311:13.0 320E Tj-Cu Amph+Epid+Qtz vein in  K-spar  and Scap-altered hangingwall 
75311:255.96 320E Tj-Cu Cp+Py+Mag in Amph veinlets, mineralised zone 
75316:226.49 120E Tj-Cu Scap+Bio-altered hangingwall 
75316:328.50 120E Tj-Cu Mag+Ap+Amph vein in footwall 
75316:75.10 120E Tj-Cu  K-spar  and Amph altered rock in hangingwall 

Amph = amphibole,  Ap  = apatite,  Bio  = biotite, Carb = carbonate, Epid = epidote,  K-spar  =  K-feldspar,  
Plag  = plagioclase, Qtz = quartz, Scap = scapolite, Tit = titanite 
Au = gold, Bo = bornite,  Cp  = chalcopyrite, Hem = hematite,  Mag  = magnetite,  Py  = pyrite 
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